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Reversible charge storage in a single silicon atom
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4Institut Jean Lamour, UMR CNRS 7198, Nancy Université, Bd. des Aiguillettes, BP 23, 54506 Vandoeuvre Les Nancy Cedex, France
(Received 12 September 2013; published 10 December 2013)

The ultimate miniaturization of electronic devices at the atomic scale with single electrons requires controlling
the reversible charge storage in a single atom. However, reversible charge storage is difficult to control as usually
only one charge state can be stabilized. Here, combining scanning tunneling microscopy (STM) and density
functional theory (DFT), we demonstrate that a single silicon dangling bond of a hydrogenated p-type doped
Si(100) surface has two stable charge states (neutral and negatively charged) at low temperature (5 K). Reversible
charge storage is achieved using a gate electric field between the STM tip and the surface.
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Single-atom electronics is of both fundamental and tech-
nological interest. A number of elementary effects, includ-
ing single-atom transistor1,2 and single-atom Kondo effect,3

have been recently demonstrated.4–7 To achieve not only
single-atom but, moreover, single-electron operation, it is
crucial to control the charge state of a single atom. Single-
electron charging has been performed with single atoms8,9

and molecules10,11 weakly interacting at low temperature
with an insulating layer8–10 or a metallic substrate through
van der Waals interactions.11 Semiconductor silicon surfaces
passivated by hydrogen12–15 or boron16,17 atoms offer unique
opportunities to manipulate the charge states of single atoms
strongly interacting, via chemical bonds, with the substrate.
Indeed, on passivated silicon surfaces, the removal of a single
hydrogen or boron atom creates a silicon (Si) dangling bond
(DB) state whose energy lies within the substrate band gap
where no delocalized surface state exists. As a consequence,
the Si dangling bond state is well localized and only weakly
coupled to other electronic surface states. Recently, it has been
shown that, for the n-type doped hydrogenated Si(100) surface,
Si dangling bonds are negatively charged and their charge state
is modified by Coulomb interaction with neighbor Si dangling
bonds.12–15 However, their charge state is fixed and cannot
be varied at will, unless one modifies the positions of the
dangling bonds relative to each other, which is hardly feasible.
On boron passivated Si(111) surfaces, the Si dangling bond is
positively charged and one can access its neutral and negative
charge states only when a high tunnel current passes through
the dangling bond.16,17 In this case, the neutral and negative
charge states are not stable, even at low temperature, and the
Si dangling bond recovers its initial positive charge state as
soon as the tunnel current is switched off.

In this Rapid Communication, we show that, on a p-type
doped hydrogenated Si(100) surface, Si dangling bonds (Si-
DB) have two stable charge states (neutral and negative). The
reversible charging and discharging of a single Si-DB, i.e.,
the reversible transition between the two stable charge states,
is activated by using a gate electric field between the tip of
a STM located on top of the dangling bond and the surface.

These results are explained by spin-polarized DFT calculations
of the Si dangling bond state energy.

The experiments are performed on hydrogenated surfaces
of degenerate n-type (As, ρ = 5 m� cm) and p-type (B,
ρ = 5 m� cm) doped Si(100). Varying the type of doping
is crucial as it enables to move the Fermi level of the
substrate relative to the charge states of the Si dangling
bonds and thus to explore the best conditions for charging
and discharging the Si dangling bonds. The hydrogenation
of the surface is performed in situ in ultra-high vacuum
(UHV) as previously reported.23 A low temperature (5 K),
UHV STM is used to image and manipulate the Si dangling
bonds.

Calculations are performed using a 6 × 6 slab containing
four silicon layers. The silicon bottom layer is saturated with
hydrogen atoms as well as the silicon top layer except for
one Si atom, which simulates the individual Si-DB. Thus the
total number of atoms in the slab is 251. To take into account
the effect of the dopant type, one silicon atom is replaced by
one arsenic (As) or one gallium (Ga) dopant atom for n- and
p-type doped silicon calculations, respectively. Here, a Ga
dopant atom is chosen instead of a B (boron) dopant atom in
order to minimize the deformation of the silicon surface, which
would occur with a boron atom. Indeed, the strong surface
deformation calculated with boron is artificial as, in reality,
the dopant atom might be deeper than in the slab used here.
The whole system, apart from the H bottom layer, is allowed
to relax until the forces on each ion are lower than 0.01 eV/Å.
The spin polarized electronic structure has been calculated
with 10 k points using the LAPW method as implemented in
the WIEN2K code.18 The exchange and correlation effects are
treated by the Perdew-Burke-Ernzerhof generalized gradient
approximation functional.19 The calculated gap energy is equal
to 1.14 eV. Note that the number of silicon layers and k

points considered in our simulations (i.e., four layers and 10
k points) is sufficient to provide converged electronic states
for both n- and p-type doped silicon samples. This results in a
calculated surface gap energy that is similar to the one obtained
in previous work.20–22
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The numerical simulation of the tip-induced band bending
is performed by solving the 2D Poison equation upon the
STM junction.29 The calculation code uses a tungsten tip with
a radius of curvature of R = 50 nm separated from the surface
by a distance d = 1.0 nm. The band gap of the silicon surface is
set at 1.1 eV with a donor concentration of 4.7 × 1019 cm−3.
For these simulations, the conduction band and valence band
effective mass of the carrier is taken equal to 0.34me and the
silicon dielectric constant is 11.9 at 5 K.

The STM topographies of a single Si-DB are compared
in Fig. 1 for hydrogenated p-type and n-type doped Si(100)
surfaces in the occupied (VS < 0) and unoccupied (VS >

0) states.23,24 A single Si-DB results from a missing hydrogen
atom of a dihydride dimer.24 Such Si-DBs are residual dangling
bonds remaining after the hydrogenation process. To verify
that these bright features are indeed Si dangling bonds, the
hopping of the neighbor hydrogen atom to the Si-DB site is
activated with the STM tip as described in Refs. 21–25. For
p-type doping, the Si-DB appears bright both in the occupied
and the unoccupied state topographies [see Figs. 1(a)–1(c)].
For n-type doping, the Si-DB appears bright in the occupied
state STM topography while it appears surrounded by a dark
halo in the unoccupied state [see Figs. 1(d)–1(f)]. The dark
halo, also observed at room temperature,12,25 has been assigned
to a charge screening effect due to the negative charge of the
Si-DB.12,25,26 On the contrary, for p-type doping, the STM
topographies [see Figs. 1(a) and 1(b)] do not show such
signature of charge screening effect. Therefore the Si-DB is
considered to be in its neutral state for p-type doping.

FIG. 1. (Color online) Comparison of the Si-DB structure of p-
and n-type hydrogenated Si(100). (a) and (b) (38.5 × 22.3 Å2)
occupied and unoccupied state STM topographies of a single Si-DB
on the p-type doped Si(100):H surface, respectively. (c) Ball and stick
sketch of the p-type Si(100):H surface. The dark blue, blue, and light
blue balls are silicon atoms of the fourth, third, and second layers.
The light green balls indicate the positions of the first silicon layer.
The silicon dimer with the Si-DB is colored in orange. The white
balls are H atoms and the grey ball is a Ga dopant atom. (d) and
(e) (38.5 × 22.3 Å2) occupied and unoccupied state STM topogra-
phies of a single Si-DB on the n-type doped Si(100):H surface. (f)
same as (c) for the n-type doped Si(100):H surface. The purple ball
is an As dopant atom.

To explain why the Si-DB is in a negative charge state for
n-type doped silicon whereas it is in a neutral charge state for
p-type doped silicon, we calculate the electronic ground-state
structure of the hydrogenated Si(100) surface and the Si-DB
by using spin polarized density functional theory (DFT) and
by taking into account the type of doping. The calculated spin-
polarized density of states (DOS) projected onto the Si-DB
and the dopant atom are shown in Figs. 2(a) and 2(b) for
the p- and n-type doped silicon substrates, respectively. For
p-type doping [see Fig. 2(a)], the calculated Fermi level energy
is found to lie in the spin-up Si-DB state, which is therefore
partly occupied. The spin-down Si-DB state is unoccupied and
lies ∼180 meV above the Fermi level. As a result, the Si-DB
of the p-type doped hydrogenated Si(100) surface is close to
be neutral as observed experimentally. For n-type doping [see
Fig. 2(b)], the calculated Fermi level energy is found on top of
the spin-up and spin-down Si-DB states. Thus two electrons
occupy the Si-DB state, explaining the negative charge state
of the Si-DB in this case.12,21,24–27 Our DFT calculations show
that, from p-type to n-type doping, not only the charge state
of the Si-DB is changed (from neutral to negatively charged),
but the tilt angle of the silicon dimer holding the Si-DB is
also modified from −9.3◦ (the Si-DB is in the low position) to
+7.5◦ (the Si-DB is in the high position) [see Figs. 2(c) and
2(d)].

The reversible manipulation of the charge state of the Si-DB
of the p-type doped hydrogenated Si(100) is performed as
shown in Fig. 3. The Si-DB is first imaged with a surface
voltage of +1.7 V as a bright feature [see Fig. 3(a)], thus
indicating its neutral charge state. Then, the Si-DB is imaged
at a relatively high negative surface voltage of −3.7 V.
During this latter STM topography [see Fig. 3(b)], one clearly
observes the hopping of the neighbor hydrogen atom from one
side to the other of the silicon dimer holding the Si-DB.25,28

After this manipulation, the unoccupied state STM topography
of the Si-DB is strongly modified as compared to the initial one
[see Fig. 3(a)] and appears as a faint bright spot surrounded
by a large dark halo [see Fig. 3(c)]. The similarity of this dark
halo with the STM topography of the n-type doped Si-DB
[see Fig. 1(e)] indicates that the Si-DB on the p-type doped
hydrogenated Si(100) surface has been negatively charged
upon manipulation. The probability of this negative charging
process is 100% for manipulations at surface voltages between
−3.7 and −2.5 V and rapidly decreases to zero for surface
voltages higher than −2.5 V. The negative charge state of the
Si-DB is seen to be stable for hours, even if we stop imaging
with the STM for some time, move the STM tip far away
from the Si-DB, and then record again the STM topography
of the same area at VS = +1.7 V. The manipulation of the
negative charge state of the Si-DB back to its initial neutral
charge state is performed as follows. The negatively charged
Si-DB is imaged at a high positive surface voltage of +3.0 V
[see Fig. 3(e)]. Afterwards, the STM topography at VS =
+1.7 V [see Fig. 3(f)] is identical to the initial topography of
Fig. 3(a), thus indicating that the Si-DB is back in its neutral
charge state. The probability of this reverse manipulation
from the negative to the neutral charge state is 100% for
manipulations at surface voltages higher than 2.2 V. Reversible
charging and discharging have been tested over ∼50 different
Si-DBs. These results demonstrate the reversible transition
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(a) (b)

(c) (d)

FIG. 2. (Color online) Calculation of the electronic structure of the p- and n-type doped Si(100):H surface with a Si-DB. (a) and
(b) Comparison of the calculated spin polarized projected density of states (PDOS) onto the dopant atom and the Si-DB for a p- or n-type
doped Si(100):H surface, respectively. (c) and (d) Ball and stick representation (side view) of the relaxed structure of the p- or n-type doped
Si(100):H surface, respectively, indicating the tilt angle of the silicon dimer where the Si-DB is present.

between two stable charge states (neutral and negative) of the
Si-DB.

The manipulation of the charge state of the Si-DB of the
p-type doped silicon is ascribed to the electric field applied
between the STM tip and the hydrogenated silicon surface.
Indeed, in its initial neutral charge state, the unoccupied spin-
down state of the Si-DB is located only ∼100 meV above
the Fermi level [see Figs. 2(a) and 4(a)]. Applying a negative
surface voltage in the range −2.5 to −3.7 V induces downward

VS = -3.7VVS = +1.7 V VS = +1.7V

(a) (b) (c)

(d) (e) (f)

Charging

Discharging 

VS = +1.7V VS = +3.0 V VS = +1.7V

FIG. 3. (Color online) Charging and discharging of a single
Si-DB on a p-type doped Si(100):H surface. (a)–(c) Series of
successive (38.5 × 34 Å2) STM topographies recorded at various
surface voltages used to induce the charging of the Si-DB. (d)–(f)
Series of successive (38.5 × 34 Å2) STM topographies recorded
at various surface voltages showing the discharging process of the
Si-DB. All STM topographies are recorded on the same Si-DB
with a tunnel current of 110 pA. Each STM topography takes
about 40 s.

band bending that decreases the energy of the unoccupied
spin-down state below the Fermi level [see Fig. 4(b)]. As a
consequence, an electron transfer from the Si substrate to the
Si-DB can be activated. To estimate the downward tip induced
band bending, we solve the two-dimensional Poisson equation
of the STM junction using the calculation code of Ref. 29. For

(a) (b)

FIG. 4. (Color online) Schematic energy band diagram of the
STM junction during the charging process of a single Si-DB on a
p-type doped Si(100):H surface. (a) Energy band diagram of the STM
junction at V s = 0 V. According to the calculation of Fig. 2(a), the
spin-down state energy of the Si-DB is unoccupied above the Fermi
level. The Si-DB is in its neutral charge state (in average) and down
position with a calculated angle of −9.3◦ relative to the horizontal
plane. (b) Energy band diagram of the STM junction at V s =
−2.5 V. Due to the tip induced band bending, the two spin states
of the Si-DB have energies below the Fermi level. The Si-DB is in its
negative charge state and up position with an angle around +7.5◦.
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a surface voltage VS = −2.5 V (threshold value for negative
charging), we calculate a downward band bending of −76 meV
at the surface. This amount is sufficient to lower the energy
of the unoccupied Si-DB state below the Fermi level [see
Fig. 4(b)]. The resulting electron transfer from the silicon
substrate to the Si-DB is expected to be accompanied by a
change of the tilt angle of the Si dimer from −9.3◦ [tilt angle
for the neutral charge state of the p-type doping in Fig. 4(a)] to
a value close to +7.5◦ [tilt angle for the negative charge state
of the n-type doping in Fig. 4(b)]. This change of the Si dimer
structure is crucial to explain the stability of the negative charge
state of the p-type doped Si-DB.8 The reverse manipulation
from the negative charge state to the neutral state is therefore
arising from an upward band bending when applying a positive
surface voltage [see Figs. 3(d)–3(f)]. Upward band bending is
shifting the negative charge state energy above the Fermi level
of the Si(100) and induces electron transfer from the Si-DB
to the silicon substrate. A similar gating mechanism has been
proposed to explain charge localization in molecular layers on
metallic surfaces.11

In conclusion, we have shown that a single silicon dangling
bond of a hydrogenated p-type doped Si(100) surface has two
stable charge states (neutral and negative) at low temperature
(5 K). Unlike previous calculations in which a Si-DB on
a p-type doped Si(100):H sample is found to be positively
charged at 77 K for dopant concentration ∼0.05 � cm,20 the
trend of our work clearly indicates that a Si-DB can be initially
found neutral in strongly doped Si samples (i.e., ∼0.005 � cm)
at 5 K. This is markedly different from the case of n-type
doped Si(100) where the Si-DB has only one stable charge
state (negative). It is important to note that the stabilization

of the two charge states of the p-type doped Si(100) relies
on (i) the lone pair character of the Si-DB state, (ii) the
proximity of the Si-DB state energies with the Fermi level,
and (iii) the change of tilt angle of the silicon dimer. This
demonstrates that the existence of multiple charge states of
a single atom does not necessarily require the electronic
decoupling between the atom and the substrate. Indeed, the
Si-DB is strongly interacting, through chemical bonds, with
the silicon substrate contrary to previous studies8−11 where the
charged atom or molecule was only weakly interacting with
the substrate through an insulating film and/or van der Waals
interactions. Furthermore, we have shown that the charge state
of the Si-DB can be reversibly changed by using a gate electric
field between the STM tip and the surface. This is very similar
to the operation of a flash memory30 where a floating gate is
reversibly charged by activating the electron transfer using a
control gate. However, thousands of silicon atoms need to be
charged in a single flash memory cell. Here, we have shown
the reversible charge storage in a single silicon atom. This
demonstrates the ultimate miniaturization of a memory cell
down to a single atom, compatible with the silicon technology
at 5 K. Finally, we emphasize that understanding the charging
of Si-DB of p- and n-type doped hydrogen-terminated silicon
is also crucial for a number of new device technologies
where the use of hydrogen-terminated silicon surfaces is a
key issue.31
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