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It has been proposed that miniature circuitry will ultimately be crafted from single atoms. Despite many advances in the study
of atoms and molecules on surfaces using scanning probe microscopes, challenges with patterning and limited thermal struc-
tural stability have remained. Here we demonstrate rudimentary circuit elements through the patterning of dangling bonds on a
hydrogen-terminated silicon surface. Dangling bonds sequester electrons both spatially and energetically in the bulk bandgap,
circumventing short-circuiting by the substrate. We deploy paired dangling bonds occupied by one moveable electron to form a
binary electronic building block. Inspired by earlier quantum dot-based approaches, binary information is encoded in the elec-
tron position, allowing demonstration of a binary wire and an OR gate.

molecular cascades in which sequentially toppling molecules

were arranged in precise configurations to achieve binary logic
functions'. Many notable approaches towards molecular electron-
ics?®, atomic electronics’” and quantum-dot-based electronics'®"*
have also been explored. The quantum dot-based approaches'®*
are particularly attractive, as they could provide a low power yet fast
basis® to go beyond today’s CMOS technology®. These approaches,
however, require cryogenic temperatures to minimize the popula-
tion of thermally excited states and achieve the desired functional-
ity. Variability among quantum dots and sensitivity to uncontrolled
fields are known to pose additional challenges®. The prospect of
partially circumventing these issues was reported in studies of sili-
con dangling bonds (DBs)—that is, unsatisfied bonds—on the oth-
erwise hydrogen-terminated silicon surface (H-Si)'>***.

Silicon DBs behave like quantum dots because they are zero-
dimensional and exhibit three distinct charge states (positive, neu-
tral, and negative) depending on their electron occupation (zero,
one, or two electrons, respectively)*>”’. Consequently, DBs have
two charge transition levels: the neutral to negative (0/—) transi-
tion and positive to neutral (4/0) transition. Crucially, because
these DB energy levels lie within the bulk bandgap they are elec-
tronically isolated from the bulk®”*. Silicon DBs approach the
ultimate small size (single atom) for a quantum dot and therefore
exhibit a larger energy level spacing, relaxing temperature require-
ments compared to larger conventional quantum dots". Because
all dots are identically composed of only one atom, inhomogene-
ities are limited to local environment variability, which in prin-
ciple can be effectively eliminated.

H-Si was first identified as an attractive candidate for
nanoscale patterning in 1996. DBs can be patterned at pre-
cise lattice locations, allowing their positions and spacing to be
exactingly defined”>***°. Only recently have capabilities reached
the levels necessary to enable prototyping of structures on this
surface. DBs can now be deterministically placed or erased (con-
trolled H atom placement) using a scanned probe®?*. Very
recently, prospects for atom-scale fabrication have improved
through the application of machine learning methods to auto-
mate some of the most challenging aspects of scanned probe
atom-scale imaging and fabrication®. It has also been established
that structures made from DBs on the silicon surface are robust,

_|_ he prospect of atom-scale computing was initially indicated by

being stable against diffusion even at 200 °C, corresponding to a
diffusion barrier of 1.4 eV (ref. '),

In this Article, we use these new tools and methods to character-
ize the charge distribution in DB ensembles, and extend earlier scan-
ning tunnelling microscope (STM)'*******! and non-contact atomic
force microscope (nc-AFM) studies”***. Pairs of closely spaced
DBs have only a single negative net charge at low bias*’. Addition
of a nearby negative charge can sufficiently bias or ‘tilt’ the potential
landscape of the DB pair so as to place the shared charge to one
side of the pair or the other, corresponding to a well-defined binary
zero or one. Thus, the pairs become the natural medium to encode
binary information by localization of charge, as well as to perform
logic operations. The ability to create*** and perfectly erase’*
DBs is then used to fabricate and actuate rudimentary circuit ele-
ments. We employ the single-electron charge sensitivity of nc-AFM
to probe the charge configuration and functionality of a fabricated
binary wire and a logical OR gate (Supplementary Video 1).

Charge transitions in DBs

The nc-AFM images and spectra in Fig. la—e characterize the
neutral and negative charge states of an isolated DB (correspond-
ing STM details in Supplementary Fig. 1)*. In frequency shift (Af)
images, recorded at constant height and selected fixed biases
(Fig. la-c), the background H-Si appear as bright protrusions
arranged in the 2 X 1 surface reconstruction of Si(100)*’ and the DB
appears as a variably-dark depression, agreeing with previous AFM
observation®. The charge transition of the DB is observed as a step-
like feature at —350mV in the blue Af versus bias voltage spectrum
(Af(V), Fig. 1d). Steps in Af(V) spectra taken above molecules and
atoms are known to correspond to single-electron charge transi-
tions*”**-/, as changing the charge state of an entity underneath the
tip changes the electrostatic force experienced by the tip, registering
as a shift in resonance frequency.

The Af(V) spectrum of the DB can be explained qualitatively by
considering its (0/—) charge transition level relative to the position
of the tip’s Fermi level as the bias voltage is swept, as detailed in
other works**"*!. Isolated DBs on a highly n-type doped crystal,
as studied here, are negatively charged at zero bias’>*”"'. When the
tips Fermi level is energetically above the (0/—) charge transition
level of the DB (Fig. 1f), the DB is doubly occupied and there-
fore negative (region I in Fig. 1d). At the step in the Af(V) curve,
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Fig. 1| Probing charge state transitions of a DB. a-c, 2 x 2 nm? constant height Af images of an DB at different bias voltages (z,,=—-350 pm and
V=-600mV (a), V=-300mV (b), V=0V (c); scale bars are 1Tnm). d, Frequency shift versus sample bias (Af(V)) measured above the hydrogen-
terminated surface (teal curve) and the DB (blue curve) showing a charge transition step (z,,=—350 pm; see Supplementary Fig. 1 for STM details).
Colour-coded vertical lines indicate the fixed sample bias at which the Af images shown in a-c were taken. Green shaded regions | and Il denote the negative
and neutral charge state bias regions, respectively. e, Scan profiles extracted from a-c at the dashed lines as indicated. All scale bars are Tnm. f, Qualitative
band diagram of the tip-sample system when the DB is negatively charged. The tip Femi level is above the negative to neutral charge transition level
DB(0/-), rendering it doubly occupied. g, Band diagram when the DB is neutral, showing the tip Fermi level below the DB's charge transition level. Roman
numerals in the green shaded regions in f and g correlate to the bias regions indicated in the DB's Af(V) curve in d. VB, valence band. CB, conduction band.

the tip's Fermi level becomes resonant with the (0/—) charge transi-
tion level and the tip extracts an electron from the DB. Because the
(0/=) charge transition level of the DB at this bias voltage lies in the
bandgap, the coupling to the tip is stronger than to the bulk and
there is no efficient re-supply of electrons from the bulk to refill the
DB. As a result, the DB is rendered neutral (Fig. 1g). Consequently,
the step in Af(V) in Fig. 1d corresponds to the transition of the DB
between its negative (right of the step, I) and neutral (left of the
step, II) charge states”’. The associated difference in Af between the
hydrogen atoms (teal curve in Fig. 1d) and the DB at the marked
fixed biases explains the contrast differences in the constant height
nc-AFM scans of Fig. la—c. Profiles taken across the DBs in these
images are shown in Fig. le and highlight the difference in Afat the
DB’s location. The magnitude of the attractive Af shift indicates the
charge state of the DB: a negatively charged DB (green and black
line, Fig. 1e) appears darker and more attractive than a neutral one
(orange line, Fig. 1le). Therefore, the contrast difference between
DBs can be used as a direct indicator of their charge state.

Binary electronic building blocks
In Fig. 2, we build upon the established fundamental characteris-
tics of an isolated DB to demonstrate the step-by-step fabrication

and characterization of a DB pair and the biasing of that pair by
a negative charge positioned nearby. We began with an isolated
DB (Fig. 2a—c). The isolated DB was created by applying a voltage
pulse with the tip**** (see ‘Creating and erasing of DBs’ in Methods
for details). The characterization of the isolated DB qualitatively
resembles the observations presented in Fig. 1. To show that the
second DB is identical to the first, the first DB was erased by con-
trollably capping it with an H atom’-*, so that the second DB
could be studied in isolation. In this way it was ensured that the
properties attributed to a DB pair are not due to a second DB of
aberrant character. After erasure of the first DB, the new DB was
created two lattice sites away (teal marker), and the characteriza-
tion was repeated (Fig. 2d-f). The Af(V) spectra of both DBs in
isolation (Fig. 2¢,f) exhibit a charge transition step at —135mV,
confirming that they are identical.

By recreating the left DB (blue marker, Fig. 2h) a pair is formed'>*.
The Af(V) spectra (Fig. 2i) taken at each of the paired dots are iden-
tical. When compared with Af{(V) spectra obtained above the iso-
lated DBs (Fig. 2¢,f), they exhibit a new step at 265 mV. The first step
appears at the same energy as that of the isolated DBs (—135mV).
These observations can be understood by noting that below (more
negative sample bias) —135mV both DBs are neutral, between
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Fig. 2 | Biasing of DB structures. a,d,g j,m, Filled state STM images of the isolated left (a), isolated right (d), coupled (g), biased right (j) and biased left
(m) DB assemblies (V=-1.8V, /=50pA). b,e,h k,n, Corresponding frequency shift (Af) images. z,.,.=—350 pm for b,e and z,,,= —300 pm for h,k and

n with V=0V. Qualitative potential energy well sketches are included at the bottom of each panel and the biased states in k,n also have their binary
representation shown below. ¢ fil,0, Corresponding colour-coded Af(V) spectra taken on top of the quantum dots in the frequency shift maps
(z,,,=—300pm). The charge transition onset for the isolated DB cases at —135mV is marked with a vertical dashed line for reference. p-r, DB(0/-)
charge transition levels for the isolated, paired, and perturbed DBs, respectively. Red solid lines are the charge transition level experimentally measured.
Blue lines are the corrected energy level in the absence of any tip-induced band bending. For q, two degenerate energy states exist. We illustrate the case
of the electron localized on the left, but localization on the right also occurs. s, Corrected electrostatic energy shifts of the DB charge transition levels as a
function of DB-to-DB distance for negatively charged DBs. Fits with and without screening factored in are plotted. Error bars reflect the read-out error of

the electrostatic energy shift, estimated to be £10 mV.
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Fig. 3 | Information transmission through a DB binary wire. a,b Filled
states STM image (a) and corresponding constant-height Af image (b) of
an eight-pair wire with a non-paired perturber DB (red circle) on the right.
¢, Symmetric nine-pair wire created from pairing up the red perturbing

DB in b. d, Constant-height Af image of the nine-pair wire, with the
symmetry-splitting plane marked by a dashed purple line. e, STM image of
a nine-pair wire after adding a perturbing DB (red circle in f) on the left. f,
Constant-height Af image showing the wire binary state under the field of
the perturber (red). All STM images were taken at V=-17V and /=50 pA.
All Af images are 24 nm x 3nm in size and were taken at zero bias with a
relative tip elevation of z,,=-330 pm. Guides are placed below b, d and f to
show the location and bit state of the pairs.

—135mV and 265mV only one DB is negatively charged, and above
265mV both are negatively charged (see section ‘Pair of two DBs’
in Supplementary Information for more details). Therefore, under
the imaging conditions of Fig. 2h (0V), only one DB is negatively
charged at a time, confirming the pair has one net negative charge,
as reported in previous studies'>*>. Furthermore, the energetic posi-
tion of the charge transition level of a paired DB is the same as that
of an isolated DB, because the neutral character of its partner does
not give rise to an electric field. In other words, a paired DB acts like
an isolated DB for much of its Af(V) due to the electron localization
on only one DB site. This observation of charge localization for a DB
pair with a single intervening hydrogen atom is unexpected; previ-
ous explorations™***** have reported that the individual quantum
states of the two DBs should hybridize, resulting in molecular-like
orbitals that would delocalize charge across the structure. This
hybridization is inconsistent with the observations reported here,
and we suggest two possible explanations. First, previous studies
are based on STM experiments measured at higher energies and the
hybridized states are believed to be related to excited states of the
DB ensembles®”. At the low energies probed in our experiments,
structures derived from DBs are possibly weakly coupled ground
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states®”’”. Second, DBs are known to exhibit structural relaxation
depending on their charge state’™”*. Density functional theory
calculations have found an approximately 200 meV stabilization of
negatively charged DBs, with the nuclear position of the host atom
raised by 30 pm relative to that of the neutral state’*"*2. Work has
been reported™ that has specifically examined DB pairs and struc-
tures made of DB pairs, with anisotropy in structural relaxation
accounting for the reported device functionality. However, despite
factoring in this structural relaxation, it was still found that charge
was delocalized across the pairs, in contrast to our work. The full
implications of lattice relaxation on the electronic structure of DB
ensembles when combined with low-energy examination warrants
future detailed investigation to explain these contradictory results.

Adding to the argument for localization, the streaky appear-
ance of the DBs observed in Fig. 2h indicates that the localization
fluctuates between a left and right state. The charge fluctuations we
observe here are suspected to be the result of the tip, which, as it is
scanning over the pair, occasionally gets too close due to noise in the
oscillation amplitude set point, mechanically lifting the silicon atom
beneath it and making the switch energetically favourable*>*. This
behaviour is due to short-range interactions between the tip and
sample, and occurs with small tip-sample separations (<400 pm
absolute tip height). The dividing line between the two regimes,
one where charge states are imaged stably, and the other where the
tip mechanically displaces the surface atoms, can be of the order
of 20pm (ref. **). which is in line with amplitude set point noise
estimates (see ‘Measurement system set-up’ in Methods). Here, the
tip height was chosen to provide optimal contrast, while on aver-
age ensuring the tip was not interacting strongly. However, we
acknowledge other explanations are possible to explain streakiness.
The charge could access the conduction band and be repopulated
from the bulk, the tip may aid as a tunnel ‘hopping’ island from left
to right, electrons could tunnel from tip to DB, or electron-hole
recombination could periodically destabilize the charge.

Next, a third DB is added five lattice sites away from the teal DB
(orange marker, Fig. 2k). The Af image now reveals a clear contrast
between DBs in the pair (blue and teal marker, Fig. 2k). The A(V)
spectra taken above the three DBs (Fig. 21) confirm that the blue
and orange DBs are both negatively charged at 0V where the Af
image was obtained, whereas the teal DB remains neutral. As the
negatively charged DB appears darker than a neutral one in the Af
image; this demonstrates that the charge is biased to reside on the
blue DB in the pair. We denote this pair’s charge configuration a
binary zero and refer to the orange DB as an electrostatic perturber.
By subsequently erasing the orange DB and adding a perturber (red
marker) on the left side (five lattice sites away from the blue DB),
we demonstrate that the opposite biased case can be achieved giving
a binary one (Fig. 2m-o). Taken together, these observations show
the binary character of the DB pair.

Some perturbation of DB spectra” and pairs of DBs* using
local charges has been examined using STM methods before,
as have charge state change dynamics in isolated DBs using an
applied bias between tip and sample***'. These STM observations,
however, were done under high-bias conditions. As observed in
Fig. 2j,m the two perturbing DBs exhibit different characters in
the STM image. This is a consequence of the perturbative tip field
under high-bias conditions, which can ionize deep dopants™,
affecting the local potential landscape and in turn changing the
STM contrast of the DB. However, at the low-bias conditions used
in AFM imaging and spectroscopy, these effects are not present,
permitting a uniform potential landscape, where all the DBs
exhibit the same character. Additionally, free of these strong tip
fields, AFM provides new information about these charge transi-
tions that were previously hidden in the bandgap of the material,
and allows us to extract information about the DB interactions
from shifts in the AFM spectroscopy.
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Fig. 4 | OR gate constructed of dangling bonds. a,d,g jm, Constant-current filled state STM images (V=-1.8V, /=50 pA) of the OR gate in various
actuation states. b,e,h k,n, Corresponding constant-height Af images (V=0V, z,,=—-350 pm) of the gate, showing electron locations as the dark
depressions, with the output marked in blue. ¢,fil,0, Models of the gate. ¢, Three pairs constituting the uninitialized OR gate. f, Initialized gate with added
red perturber below to satisfy the first row of an OR gate truth table, as indicated by the gate symbol. i,l,0, Models for the remaining OR gate truth states.
All the models of the gates correspond to the experimental data shown vertically above them. Dashed boxes and numbers indicate the pairs and their
binary state, and the single red perturbers are stand-ins for connecting wires or connections to other gates and structures. Scale bars are 2 nm.

We note here that for both tipped cases, the charge transition of
the negative DBs are shifted to —50mV from —135mV for an iso-
lated DB (marked by the dashed vertical line). This is due to the two
negative DBs being in close enough proximity to interact and mutu-
ally shift their charge transition levels to a less negative value—that is,
they are close enough to slightly perturb each other—without one or
the other being ionized as in the paired case from Fig. 2h. The neutral
DB exerts no effect on the negative DBs. In contrast, the presence of
two negatively charged DBs next to the neutral DB strongly shifts its
charge transition to 395mV (Supplementary Fig. 2f;1).

The experiments in Fig. 2 can be explained with simple
electrostatics and by assuming that negative DBs act as point
charges. The red lines in Fig. 2p-r depict the measured energies
of the DBs’ (0/—) charge transition levels for the isolated, paired,
and biased cases, respectively, extracted from the Af(V) spectra
of Fig. 2. The tip-induced band bending (see the section ‘Details
on tip-induced band bending’ in Supplementary Information)
was calculated and factored in to obtain the corrected DB(0/—)
charge transition levels in the absence of the tip (solid blue
lines, Fig. 2p-r). The (0/—) charge transition level of the
corrected isolated DB (Fig. 2p) is 0.23 eV below the Fermi level.
This is in agreement with (0/—) charge transition energies for
Si(100)/SiO, interface dangling bonds (P,, centres)” where a
value of 0.27 + 0.1 eV was reported. We note that ab initio calcu-
lations report notably lower values for the negative DB state than
our obtained value***74°6>7,

640

Figure 2q highlights that closely spaced DB pairs have a single
negative charge on one side or the other. As a result of Coulomb
repulsion only the (0/—) charge transition level of one of the DBs
is below the Fermi level and that of the other DB is lifted above
the Fermi level, rendering it neutral. However, the pair system is
degenerate. We have illustrated the case where the right DB is neu-
tral and the left DB is negative, but note that the opposite can occur,
as evidenced by the streakiness discussed earlier. However, which-
ever side it chooses in the pair, it appears to stay localized until an
outside force changes it.

Adding the perturber DB (Fig. 2r) is such an example, and fixes
the charge on one side. From the corrected DB(0/—) charge transi-
tion levels we can extract the energy shift as a function of its separa-
tion from another negatively charged DB (Fig. 2s). We fit the data
with the screened Coulomb energy equation™,

e

U(r)= e "/l

4reer

where e is the elementary charge, ¢, is the permittivity of free space,
€ is effective dielectric constant at the surface, r is the distance
between DBs and Ly is the Thomas—Fermi screening length. From
the fit (black dashed line, Fig. 2s), € and L, were extracted to be 5.6
and 5 nm, respectively. We note that without factoring in the screen-
ing effect, the fit results in a physically invalid negative offset energy
(grey dashed line, Fig. 2s).
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Figure 2 summarizes the underlying principles of our approach,
where we define the two biased configurations of the pair as two
binary states. By creating larger ensembles, more complex function-
ality can be achieved. We now provide two additional examples: a
binary wire and a logical OR gate.

Binary wire

Figure 3 demonstrates that the electrostatically determined binary
state of a DB pair can be extended over a line formed of many paired
DBs. Figure 3a shows an STM image of a wire constructed from
eight pairs, with a lone perturber on its right. The constant-height
Af image below (Fig. 3b) shows that the perturber (red marker)
tips the eight pairs to the left. In Fig. 3¢, an additional DB is pat-
terned next to the red DB so that it forms a ninth pair. The Afimage
(Fig. 3d) demonstrates that such an ensemble, lacking a perturbing
electrostatic input, becomes self-polarized, with the pairs on either
side of its midpoint adopting opposite polarizations (division indi-
cated by the purple dashed line). In Fig. 3e,f a new perturber (red
marker) is patterned on the left side of the ensemble, reversing the
state. The sequence of images in Fig. 3 demonstrates the basis for a
binary wire. Because we are limited at this point to negative charges
as inputs, we are restricted to demonstrating the two states of the
wire by pushing with charges from an input placed at one end of the
line or the other.

Logical OR gate

Figure 4 shows a logical OR gate can also be achieved through a
two-dimensional arrangement of DBs. In its uninitialized form the
gate consists of three pairs arranged in a Y shape (Fig. 4a-c). We
define the two upper branches as the gate’s inputs, and the lower
branch as the gate’s output (the dashed boxes depict the three pairs
defining the gate). In the absence of perturbers, the mutual elec-
trostatic repulsion among the electrons within the pairs causes the
electrons to localize to the outermost DBs (Af image in Fig. 4b).
The addition of a perturber below the output branch (Fig. 4d-f)
forces the output electron towards the centre of the gate structure
and initializes the gate (Fig. 4e,f). The perturber (red dot in Fig. 4f)
allows the first row of the truth table for an OR gate to be realized
(see Supplementary Table 1). The inputs can now be toggled with
perturbers placed at either of the input branches (Fig. 4g-i and j-1)
or both (Fig. 4m-o), with the effect being that the electrostatic push
from the perturber below the output branch is overcome, enforcing
an output of 1 at the designated output. Together these configura-
tions satisfy the remaining rows of the truth table. The charge fluc-
tuations observed in Fig. 4n are suspected to be the result of the tip
scanning over the structure (compare discussion of Fig. 2h).

It is anticipated that more complex functionality can be achieved
by linking multiple gates together with the binary wires presented in
Fig. 3. Such a theoretical design is shown in Supplementary Fig. 6, with
two interconnected OR gates linked by a single-bit binary wire. There,
the bottom OR gate has an initializing electrostatic perturber and
sets the correct state for the whole ensemble, allowing more complex
operation. This design was simulated using SimAnneal, a ground-state
electron configuration testing package™ (details in section ‘SimAnneal’
in Supplementary Information). Through patterning of bits in
different arrangements and with varied coupling strengths, other gate
designs are foreseen (as shown in ref. *°). The perturber inputs used
in all tested and theorized logic designs are intended to be replaced in
future implementations with binary wires or metallic leads®.

Conclusions

We have demonstrated a set of rudimentary binary circuit elements
formed of silicon DB gap states. Precise atomic fabrication allowed
the reproducible patterning of bits formed of DB pairs holding
only one negative charge. Electrostatic perturbers were used to tip
the potential energy landscape of the pairs and thus set the binary
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state of the bits, mapped as the electrons’ spatial arrangements.
Assemblies of bits formed a binary wire and a logical OR gate.

We anticipate that, with our approach, connections to external
circuitry can be made through atomic wire leads® with readout
transduced by single-electron transistors (refs. *-*°) or quantum
point contacts'”**. A wafer bonding approach®® could also be
used to permanently encapsulate and environmentally protect the
circuitry, allowing it to be removed from the fabrication environ-
ment and transported. Although there are indications that field-
controlled computing approaches like ours might operate in a very
low power and yet ultra-fast regime'>'**’, detailed studies of power
consumption and speed of operation remain to be done. There have
also been previous indications that the polarization of a bit persists
at room temperature'>'>*, but, because effects such as excitation of
electrons to the conduction band*** could disrupt logic functions,
further testing is required to understand whether room-temperature
operation is feasible. Many challenges remain, but recent advances
towards exact and automated DB patterning suggest that increased
complexity could be possible**"*.

Methods

Measurement system set-up. Experiments were carried out using a commercial
(Scienta Omicron) qPlus AFM system operating at 4.5 K. Nanonis control electronics
and software were used for both STM and AFM data acquisition. For all constant-
height frequency shift images and the bias-dependent spectroscopy, z,,=0pm
corresponds to the relative tip elevation defined by the STM imaging set points on
the site of hydrogen-terminated silicon I=>50 pA and V=—-1.8 V. The tuning fork

had a resonance frequency of 32.8834450kHz, with a quality factor of 40,000. The
tuning fork was driven with an oscillation amplitude of 50 pm and recorded to be at
50+ 20 pm. To minimize drift during AFM image acquisition, the tip was left to settle
for 12hours after approach to allow piezo scanner stabilization. All STM and AFM
images are raw data. The tip height has to be carefully chosen for every tip-sample
combination to obtain optimal contrast, while ensuring the tip does not mechanically
displace the surface atoms due to covalent or van der Waals interactions**. The
transition region where the regimes blend is approximately 20-30 pm wide and

is centred at approximately z,, = —300 pm from the specified STM set point.

This approximate z,, will change slightly for different tip-sample combinations.

Sample preparation. Highly arsenic-doped (~1.5Xx 10" atom cm~?) Si(100) was
used. Sample preparation involved degassing at ~600 °C for 12 hours in ultra-high-
vacuum (UHYV), followed by a series of resistive flash anneals reaching 1,250°C to
remove oxide, and finally holding the Si substrate at 330 °C for two minutes while
molecular hydrogen (pressure=10"°torr) was cracked on a 1,600 °C tungsten
filament. The series of resistive flash anneals has been shown to reduce surface
dopant density, creating a depletion region ~70 nm below the sample surface with a
donor concentration ~10'® atom cm™ (refs. **7).

Tip preparation. A focused ion beam (FIB) was used to cut a micro-tip from
electrochemically etched 50 um polycrystalline tungsten wire, then weld it to the
end of a qPlus-style AFM sensor®®. UHV preparation involved having the oxide
layer removed by electron bombardment heating treatments, followed by field
evaporation to clean the apex in a field ion microscope (FIM)®. Further sharpening
was conducted using a FIM nitrogen etching process to obtain the smallest possible
tip radius of curvature®. Final in situ tip processing was done through creation of

a bare silicon patch through tip-induced hydrogen desorption, followed by gentle
controlled contacts with the tip on the reactive patch®.

Creating and erasing DBs. To create a DB, a sharp artefact-free tip is positioned
on top of a surface hydrogen atom at 1.3V and 50 pA, and pulses of 2.0-2.5V for
10ms are applied until the hydrogen is removed*>***’. Some percentage of the
time, the removed single hydrogen atom ends up functionalizing the tip apex. This
functionalized tip can be positioned over a DB and mechanically brought towards
it to induce a covalent bond and passivate it*"*

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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Further details on Af(V) Spectroscopy

Supplementary Figure 2 reproduces the bias-dependent frequency shift spectra shown in Fig. 2 of
the main text, but with a vertical offset. The vertical offset allows clear discernment of all features
and shifts in the graph for the DB pair (Supplementary Figure 2a,b,c), the pair biased to the left
(Supplementary Figure 2d,e,f), the pair biased to the right (Supplementary Figure 2g,h,i), and the
symmetrically biased pair (Supplementary Figure 2j,k,I). The error to read out the corresponding

shifts of the change transition energies are estimated to be £10 mV.

Pair of two DBs: For both DBs, the charge transition step is observed at -135 mV, identical to the
case of the individual DBs (Fig. 2c,f in the main text). The reason is that only one DB of the pair
can harbour an electron in this voltage range (-135 to 265 mV) and the remaining neutral DB does
not exert an electric field on its neighbouring DB. Furthermore, once the negative charge is
localized on one DB, its neighbouring DB has its negative to neutral charge transition level
instantaneously shifted upward by the Coulomb field of its charged neighbour above the Fermi-
level of the sample. This is qualitatively depicted in Supplementary Figure 3b. Assuming the blue
DB is negative in this example case, as the sample bias is increased further past the second step
(>265 mV), the Fermi level of the tip is raised above the charge transition level DB(0/-) of the teal
DB, which captures an electron and becomes negative too (Supplementary Figure 3c). This

corresponds to both DBs being negative, and to the second step in the Af{V) spectrum at ~+265 mV



in Supplementary Figure 2c. Both DBs can also be made neutral by reducing the sample bias to
bring the tip Fermi level below the charge transition levels for both DBs, as shown in

Supplementary Figure 3a.

One DB Perturbing a Pair: We next consider the “2+1” experiment with a single negative DB
perturbing a pair as shown in Figs. 2j-o of the main text. The A4f{V) spectra with added offset are
reproduced in Supplementary Figure 2f,i. First, we examine the curves for the perturber and the
paired DB furthest from the perturber (orange and dark blue in Supplementary Figure 2e,f, red and
teal in Supplementary Figure 2h,i). In all cases the sharp charge transition step is observed at
approximately -50 mV. Contrasting this with the charge transition value for a lone DB (-135 mV),
it is apparent that an absolute shift of 85 mV occurred. This shift can be explained by the presence
of the negative charge at the perturbing DB (for bias values between -50 mV to 395 mV),
electrostatically shifting all nearby DB levels. In other words, referencing specifically
Supplementary Figure 2f, when a Af(V) spectrum is taken with the tip over the blue DB, the step
is at -50 mV because the far orange perturbing DB is negative and shifts the level 85 mV closer to
zero. The related qualitative band-bending diagram is depicted in Supplementary Figure 4b
(corresponding to region 11 in the reproduced Af{V) spectra at the bottom). When both orange and
blue are negative (-50 mV to 395 mV), they cause a potential energy increase for the middle teal
DB pushing its DB (0/-) level above the sample Fermi level, leaving it neutral. Hence, when taking
a Af(V) spectrum over the teal DB, the tip level must be swept to ~+395 mV before it can cross the
teal’s DB (0/-) transition level and capture an additional electron to become negative
(Supplementary Figure 4c). As done for the pair, the tip level can also be swept below the charge

transition levels for all three (< -50 mV) rendering them all neutral (Supplementary Figure 4a).

Symmetrically Perturbed Pair of DBs: We finally consider the “1+2+1” experiment where the
two close DBs were symmetrically perturbed by two DBs. The “outside” DBs (red and orange
labels, Supplementary Figure 2j-1) show a relatively small shift of 22 mV of the (0/-) charge
transition levels, due to the distance of 12 lattice sites between the perturbers. Furthermore, the
presence of two negative charges raises the charge transition levels of the inner dots (blue and teal)
to +80 mV.



Supplementary Table 1: Truth table of an OR Gate.

OR Gate Input1 | OR Gate Input 2 Output Figure
0 0 0 de f
0 1 1 4h,i
1 0 1 4K,
1 1 1 4n,0

Sim-Anneal

The sequential OR gates of Supplementary Figure 6 were simulated and output using the
Sim-Anneal engine in the Silicon Quantum Atomic Designer software *°. Each iteration of the gate
inputs was run for 10,000 anneal cycles at 4K assuming a Fermi-level V(=0.270 and a Debye
Length of 4.3 nm.

Details on Tip-induced Band Bending

During AFM imaging, even at zero applied bias, the tip affects the electrostatic potential
and, under certain conditions, the occupation of the DB system. The effect can be linked to the
contact potential difference, whose source is the difference between the work functions of the tip
and the sample. For a tungsten tip, the work function varies with the crystal orientation and is
typically taken to be between 4.5 and 5 eV. For a silicon sample, the work function varies
significantly with doping type and level. For n-type Si at low temperature, the work function is
close to the electron affinity, typically 4.05 eV, being less than this value for a degenerate sample,
and greater for a non-degenerate sample. In our case, for our tungsten tip the work function was
assumed to be 4.5 eV, while for the silicon sample, considering the low-temperature and a surface
dopant concentration of 108 cm™, it was estimated at 4.1 eV.

This difference in work functions leads to band-bending locally under the tip apex that can
shift the electronic levels of dangling bonds, thereby potentially emptying or filling them. We refer

to the shift as tip induced band bending (TIBB). TIBB is strongest immediately under the tip apex.



For the above quoted work functions, the TIBB is in the upward direction at zero applied bias
voltage, i.e., levels get shifted upward with respect to the sample fermi level Er sample. While the
contact potential difference is a constant, the TIBB changes with both tip-sample separation, as
well as applied tip-sample bias (See Supplementary Figure 5). If an electronic level for a DB is

shifted above Er sample, then it cannot stay filled (occupied) in electrochemical equilibrium.

The exact value of TIBB depends not only on the contact potential V¢, but also on the
following parameters: sample doping level (Nqg), tip-sample bias (Vst), tip shape, apex radius (Ry),
and the distance (height) between the tip and the surface (d). The TIBB in Supplementary Figure 5
was calculated using our best estimates for the above parameters. A 3D finite-element Poisson

equation solver was employed to calculate the TIBB using methodology described in reference 7.

Supplementary References

70. Ryan, P.M., Livadaru, L., DiLabio, G.A. & Wolkow, R.A. Organic nanostructures on
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Supplementary Figure 1: STM Characterization of a Dangling Bond. (a) 4x4 nm? filled states
STM image (V = -1.8 V, | = 50 pA) and (b) 4x4 nm? empty states STM image (V = 1.3V,
| =50 pA) of a DB. (c) Tunnelling current vs. sample bias (1(V)) spectroscopy plotted in log scale
of the DB (blue curve) and hydrogen-terminated surface (teal curve). Spectroscopy positions
indicated in (a).
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Supplementary Figure 2: Frequency Shift Spectroscopy in Dangling Bond Structures. Colour
coded spectra from main text Figure 2 reproduced with vertical offsets for the Af(V) to show key
features for the pair (a-c), left tipped (d-f), right tipped (g-i), and symmetric (j-1) cases (being
STM, constant-height AFM, and vertically offset Af(V), respectively for each case). The charge
transition onset for the isolated DB cases, taken from the pair in (c), is marked with a vertical long-
dashed line for reference. A short-dashed line, only in (f) and (i), indicates the shifted charge
transition in the presence of one additional charge (the perturber). The finely dotted lines indicate
the charge transition onset for bringing in the second charge to the pair (c) as well as for the
perturbed dot (f,i) in the presence of the charge of the perturber. In (l), the shifted charge transition
onset of the perturbers in the presence of its symmetric perturbing partner is marked by a short-
dashed line only running over the orange and red spectra. The transition for bringing in an
additional electron for the middle pair is marked by the short-dashed line. STM images in
(@),(d),(g), and (j) were taken with V = -1.8 V, | = 50 pA. The 4f'images in (b), (e), (h) and (k)
were taken with zr=-300 pm, and V=0 V. All 4f(V), were also taken at zr; = -300 pm (the same
as reported in main text Figure 2).
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Supplementary Figure 3: Diagrams for Charge Transitions in a Dangling Bond Pair.
(a) Diagram of the system when both DBs are neutrally charged. The tip is assumed to be
positioned above the dark blue DB. The DB’s negative to neutral charge transition levels are
plotted on the left, and are colour coded to the Af(V) reproduced from main text Figure 2 below.
The Fermi level for tip and sample are given by the dotted lines. The tip Fermi level is below both
charge transition levels, meaning both are singly occupied. This corresponds to region Il for
sample bias < less than -135 mV. (b) Diagram for the same system when the sample bias is between
-135 mV to 265 mV. Only the blue DB is negative. The teal DB is neutral, as its charge transition
level has been shifted above the Fermi level of the sample from the negative charge of the blue
DB. This corresponds to region Il in the A4f{V) spectra. (c) Diagram for sample bias values greater
than 265 mV (region 1) in the Af(V) spectrum of two closely spaced DBs where both are negatively
charged. The Fermi level of the tip is now above the negative to neutral charge transition level
DB(0/-) of both DBs, rendering them both negative.
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Supplementary Figure 4: Diagrams for Charge Transitions in a Biased Pair of Dangling
Bonds. (a) Diagram of the system when all DBs are neutrally charged. The DB’s negative to
neutral charge transition levels DB(0/-) are colour coded to the Af(V) spectrum at the bottom
reproduced from main text Fig. 2. The Fermi level for tip and sample are given by the dotted lines.
The tip Fermi level is below all charge transition levels, meaning all are singly occupied. This
corresponds to region III for bias <-50 mV. (b) The diagrams for the same system when the sample
bias is decreased to between -50 mV to 395 mV. The perturbing orange DB and blue DB are both
negative, lifting the level for the teal above the Fermi level of the sample and rendering it neutral.
This corresponds to region Il in the Af(V) spectra. (c) Diagrams for sample bias >395mV (region I)
in. The Fermi level of the tip is now above charge transition level of all DBs, rendering them all
negative.
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Supplementary Figure 5: Calculated Tip-Induced Band Bending as a Function of Height and
Bias. (a) Tip-induced band bending as a function of tip-sample height. No bias is applied between
tip and sample. (b) Tip-induced band bending as a function of sample bias for a fixed tip-sample
separation of 0.4 nm. For both plots, we assumed a donor concentration of 108 cm™ at the surface,
gradually increasing to 2x10° cm™ in the bulk over a range of approximately 100 nm, a work
function difference between tip and sample of 0.4 eV, and a tip radius of 10 nm.
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Supplementary Figure 6: Sequential OR Gates. (a) Two OR gates in sequence (symbols and
boxes in solid purple and blue), connected by a binary wire (one bit long in this example; black
dashed box). Functionality is shown by adding inputs (black dots = perturber DB representing
connections to other pair-based binary structures or anticipated electrical contacts) to the purple
gate’s upper input branches with (b) (1,0), (c) (0,1), and (d) (1,1). In (e), the input of the lower
blue OR gate is toggled to (0,1). In the latter configuration, any further input to the first gate would
not change the output state from ‘1°.
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