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Atomically controlled electrochemical nucleation
at superionic solid electrolyte surfaces
Ilia Valov1*, Ina Sapezanskaia2, Alpana Nayak3, Tohru Tsuruoka3, Thomas Bredow4,
Tsuyoshi Hasegawa3, Georgi Staikov1, Masakazu Aono3 and RainerWaser1,2

Electrochemical equilibrium and the transfer of mass and charge through interfaces at the atomic scale are of fundamental
importance for the microscopic understanding of elementary physicochemical processes. Approaching atomic dimensions,
phase instabilities and instrumentation limits restrict the resolution. Here we show an ultimate lateral, mass and charge
resolution during electrochemical Ag phase formation at the surface of RbAg4I5 superionic conductor thin films. We found that
a small amount of electron donors in the solid electrolyte enables scanning tunnelling microscope measurements and atomically
resolved imaging. We demonstrate that Ag critical nucleus formation is rate limiting. The Gibbs energy of this process takes
discrete values and the number of atoms of the critical nucleus remains constant over a large range of applied potentials. Our
approach is crucial to elucidate the mechanism of atomic switches and highlights the possibility of extending this method to a
variety of other electrochemical systems.

The ability to control the physicochemical properties of
surfaces at the atomic scale is of primary interest for a wide
range of fields, including energy conversion, nanoelectronics

and information technology, and nanoionics1,2.
An electrochemically formed new phase consisting of a few to

some tens of atoms in contact with a foreign substrate is expected to
be thermodynamically unstable (as far as it can be physically defined
as a phase). The charge, transferred in the elementary act(s), cannot
exceed these tens of electrons, which is beyond the sensitivity limits
of modern instrumentation. An uncertainty is also introduced
by the fact that the well-defined macroscopic quantities are
averaged and even single-crystalline substrates show local structural
defects leading to microscopic inhomogeneities of the material
properties. Therefore, the atomically resolved measurements of
electrochemical processes require: a high precision in detecting
mass and charge flow; a stabilization of thermodynamically
metastable clusters of few atoms; and a knowledge of the local
atomic structure and topography.

Despite the fact that the scanning tunnelling microscope (STM)
provides atomic resolution and the ability to electrically manipulate
surfaces, no reports can be found on measurements of superionic
conducting solid electrolytes. The reason is the poor electronic
conductivity of this class of materials suppressing the quantum
mechanical tunnelling required by the STM. However, mixed
electronic and ionic conducting solids with prevailing electronic
conductivity (σe ≥ 103σion) were the subject of STM experiments
and led to the development of the concept of the atomic switch
demonstrating the ultimate scalability of the cation-based resistive
switchingmemories3,4 and thememristive systems5.

The atomic switch is based on the electrochemical surface
reaction of formation and dissolution, respectively, of nanosized
metallic clusters of Ag or Cu on applying a short voltage pulse in
the vacuum gap between the STM tip and a mixed electronic/ionic
conducting solid, for example Ag2+δS and Cu2+δS. Following its
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introduction6, this technique was further developed to manipulate
the resistance in the tunnel gap, where attempts have been made to
elucidate themechanism of the atomic switch7–10.

The kinetics of the electrochemical formation of the small cluster
(new phase) can be limited by the electron charge transfer or by
the statistical process of (re)arrangement of the deposited atoms in
an energetically stable configuration, that is, the formation of the
critical nucleus. If the number of atoms (Nc) constituting the critical
nucleus is lower than approximately 20, the thermodynamics
and kinetics of the cluster are given by the atomistic theory of
nucleation, accounting for the discrete character of the system11–13.

Once formed, the nucleus may further grow, establishing a
single atomic contact to the STM tip. This mechanical contact
thermodynamically stabilizes the cluster. Knowledge of the tip–
sample distance enables estimation of the number of atoms in
the cluster, the partial charge used in the redox process and
the Faraday efficiency.

Thin films of 150 nm RbAg4I5 thermally evaporated on 500 nm
Ag films deposited on platinized Si wafer substrates were investi-
gated by the STM technique. The choice of RbAg4I5 as a model
system was justified by the well-known defect structure and trans-
port properties of this material and the demonstrated superionic
conductivity at room temperature (Supplementary Section S7).
The STM imaging and spectroscopy were crucial prerequisites to
calibrate the tip–sample distance and to observe and visualize
the surface structure and morphology before and after the elec-
trochemical formation and dissolution of Ag clusters. To enable
the measurements, we used RbAg4I5 doped with a small amount
of Fe (0.1 at.%). Density functional theory (DFT) calculations
showed that irrespective of their particular site position in the
cation sublattice, Fe dopant atoms induced new occupied levels
approximately 1 eV below the conduction band, contributing to
the increase of the electronic partial conductivity (Supplementary
Fig. S5). Thus, the crystallographic structure and the superionic
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properties were preserved, that is, the transference number of the
ions is tion > 0.99, but an electronic conductivity of the order of
σe= (10−2−10−3)σion (measured by theHebb–Wagner polarization
technique14,15) was sufficient for quantum mechanical tunnelling
(Supplementary Fig. S4).

In the STM tip–tunnel gap–(Ag)RbAg4I5–Ag system, we define,
on a microscopic level, three boundary states qualitatively describ-
ing the initial, an intermediate and the final stages before and after
the formation of the metallic Ag cluster in the tunnel gap. These
states account for the creation and disappearance of new interfaces
and the corresponding change in the distribution of the potentials,
as illustrated by the physical model in Fig. 1.

Approaching a tunnelling distance, the Fermi level of elec-
trons of the STM tip and the sample, or their electrochem-
ical potentials µ̃e(tip), µ̃e(Ag), equilibrate and the condition
EF(tip)= EF(Ag) or, respectively, µ̃e(tip) = µ̃e(Ag) is fulfilled
presuming no net current flow.

The main potential drop is concentrated between the STM
tip and RbAg4I5 (Fig. 1a). The electric potential gradients in the
solid electrolyte and at the RbAg4I5/Ag interface can be practically
neglected. The physical model for an electrical double layer in
electrochemical systems16 can be applied considering the tunnel gap
as an extended Helmholtz (dense) part. Thus, the voltage applied
between the STM tip and the Ag electrode equals the voltage drop
between the STM tip/vacuum and the vacuum/RbAg4I5 interfaces;
that is, ϕ(tip/vacuum)−ϕ(vacuum/RbAg4I5)=1ϕ. This is strictly
valid in the initial stages when either no or only very few Ag
atoms are deposited.

An applied voltage shifts the Fermi level of the STM tip
relative to the sample (1EF(tip) = −e1ϕ) and an effective
tunnelling current is induced.

Electrons arriving at the RbAg4I5 surface with an energy
lower than the Fermi energy of the redox reaction (1), that
is, EF < EF(Ag+/Ag), can only tunnel but cannot contribute to
the electrochemical reaction. After achieving the energy level of
EF > EF(Ag+/Ag), the tunnel electrons can overcome the energy
barrier for the Ag+/Ag redox reaction.

Ag++e−
Ag (1)

Assuming elastic tunnelling, the application of a potential difference
−1ϕ, that is, EF(tip)+ e1ϕ > EF(Ag+/Ag), will shift the equilib-
rium of reaction (1) to the right; that is, atomic Ag will be deposited
at the vacuum/RbAg4I5 interface. Keeping the electroneutrality at
the RbAg4I5/Ag interface, an equal amount of Ag will be oxidized
entering the RbAg4I5. Here we take into account that the chemical
potential µAg at the interface RbAg4I5/Ag is thermodynamically
fixed and reaction (1) is reversible and, therefore, the Ag electrode
is considered as non-polarizable. Another factor ensuring negligible
polarization is themuch larger surface area of the Ag electrodewhen
compared with the working electrode area (STM tip).

Thus, at EF < EF(Ag+/Ag) we performed the STM imaging and
at EF > EF(Ag+/Ag) we performed electrochemical measurements
of the reaction kinetics.

Figure 2 shows atomically resolved STM images of a superionic
solid electrolyte.

The STM images depict the (110) face, complementing the X-ray
diffraction (XRD) measurements showing the strongest signal for
the (110) reflection (Supplementary Fig. S3) and, in particular,
revealing the absence of any surface reconstructions. The deviations
from the reported lattice parameters are on average less than 5%
but for different samples we also observed up to 15% deviation. We
relate it to thermal and/or vibration shifts, which are, however, not
surprising for STMmeasurements at room temperature.

Next, the initial stages of Ag cluster formation were studied
by applying a negative voltage to the STM tip fulfilling the
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Figure 1 | Schematic presentation of the distribution of the
electrochemical (µ̃e), chemical (µe) and electrical (ϕ) potentials (related
by µ̃e=µe−zeϕ) at three boundary situations. a, Equilibrium for the
initial state of the system. The vertical arrows indicate the shift of the
equilibrium and the induced processes when a voltage is applied. b, After
the formation of the Ag nucleus at the RbAg4I5 interface (two new contact
interfaces are present—vacuum/Ag and Ag/RbAg4I5). c, After the
mechanical contact between the metallic filament and the STM tip (the
interfaces STM tip/vacuum and vacuum/Ag disappeared).

condition EF(tip)+ e1ϕ > EF(Ag+/Ag). Owing to the specifics of
the system, no steady-state measurements can be performed, but
rather short-voltage-pulse experiments. On applying a negative
voltage pulse, a switching event occurs (short-circuiting the vacuum
gap) in times ranging between somemilliseconds and nanoseconds,
with switching times ts being exponentially dependent on the value
of the applied potential.

In Fig. 3 the current–time dependence is shown by applying a
cathodic voltage pulse.

Five regions were distinguished. In region (1), at a constant
voltage of +100mV, a current of 1 nA (in tunnelling current
modus) was set to avoid deposition of Ag atoms at the surface.
In region (2), after applying the negative voltage pulse of
−100mV, first the current rapidly changes to a value of −0.8 nA
and then decreases slightly. No Faradaic reaction occurs. In region
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Figure 2 | STM imaging of RbAg4I5 surfaces. a,b, STM images of a RbAg4I5 grain (a), and monatomic steps (b) with the corresponding (x–z) profiles.
c,d, Atomically resolved (110) face. The brighter spots show the I− ions. The images were recorded using a set-point tunnelling current of 1 nA at tunnelling
voltages of 50 mV, 75 mV and 75 mV for images a, b and c, respectively (below the decomposition voltage of RbAg4I5). Further STM images are shown in
Supplementary Fig. S7.

(3), a Ag filament starts forming and the current rises abruptly.
In region (4), the filament short-circuits the tunnel gap and
the conductivity reaches the value for a single-point quantum
conductance G0= 2e2/h. The filament becomes larger, the current
increases and additional quantum steps can be observed. In region
(5), the filament broadens, further reducing the resistance, and
finally the current reaches its maximum value limited by an external
reference resistor of 10 k�.

The switching time ts, that is, the time between applying the
voltage pulse and the time of achieving the single quantum contact,
is defined as the time difference ts= t4− t2= tn+ tg, with tn= t3− t2
being the nucleation time and tg= t4− t3 being the time of nucleus
growth. FromFig. 3 it can be clearly seen that themain contribution
to ts is that of region (2) whereas the influence of region (3) is
negligible; that is, ts∼ tn. Applying more negative voltages down to
−600mV and/or higher temperatures results in shortening of the
time tn but no detectable influence of those two factors on the time
tg was observed.

We unequivocally relate the short-circuiting of the tunnel gap to
a formation of a Ag nucleus induced by the electrochemical reaction
given by equation (1). The elementary steps of formation of one or
few Ag atoms at the RbAg4I5 surface represents an electrochemical
reaction limited by the initial stage(s) of formation of a new
phase (Ag) on a foreign substrate, that is, the nucleation. The
nucleation rate J (s) is given in accordance to the atomistic model
for electrocrystallization, for applied cathodic potentials (1ϕ < 0)
higher than kT/e by:

J =NAg+Z00ℵ
kT
h

exp
(
−
1G6=+Φ(Nc)

kT

)
︸ ︷︷ ︸

J0

exp
(
−
(Nc+α)e1ϕ

kT

)
(2)

where NAg+ and Z0 are the numbers of Ag+ ions and of active
sites, respectively, which in the case of STM analysis can take a
value of unity; 0 is the Zeldovich factor, which tends to unity

for small clusters and high cathodic 1ϕ;ℵ is the transmission
probability of an electron; h is the Planck constant; 1G6= is the
free activation enthalpy of the charge transfer reaction (at1ϕ= 0),
Φ(Nc) is the specific surface energy of the critical nucleus and α is
the cathodic transfer coefficient. The pre-exponential term marked
by J0 (nuclei/s) is constant at given constant thermodynamic
conditions and it changes only if the number of atoms of the critical
nucleus or the charge transfer mechanism changes (Supplementary
Section S1). The nucleation rate–voltage dependence given in
logarithmic coordinates ln J versus 1ϕ has a similar form to the
Tafel dependence and is used to calculate the parameter Nc. In
the lower limit boundary condition, that is, Nc = 0, the slope of
this dependence transforms to the classical Tafel slope derived
from the Butler–Volmer equation17,18. We define the time required
to create the critical nucleus as tn (nucleation time). During tn,
atomic rearrangements take place until the atomic configuration
with a minimum energy is reached. No net Faraday current flows
during this process.

After the critical nucleus is stabilized, it starts growing. The
growth rate is characterized by an abrupt increase of the current
starting at time t3. As evident from Fig. 1b, two new interfaces are
introduced after the critical nucleus is formed. The potential drop
and, hence, the current are determined by the contributions of both
the tunnel gap and the electron charge transfer (given by the Butler–
Volmer equation) dynamically changing with increasing nucleus
size. After short-circuiting the tunnel gap by the Ag cluster (Fig. 1c),
the potential drop is located at the interface Ag-cluster/RbAg4I5.
The time for the growth process is given by tg. Figure 3 indicates
that tg can be neglected and presuming tn∼ ts the relation between
ts and1ϕ is derived from equation (3):

ts= t0exp
(
(Nc+α)e1ϕ

kT

)
(3)

with t0 = 1/J0(s). For cathodic voltages, 1ϕ takes negative values
and the switching time decreases exponentially with increasing
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Figure 4 |Voltage and temperature dependence of the switching time. a,b, Dependence of the switching time ts on the applied voltage for T= 300 K (a),
and on the temperature at two constant voltages (b). As the nucleation is a stochastic event, a statistical dispersion of ts values is expected. Every data
point is extracted from an analysis such as the one shown in Fig. 3.

cathodic voltage. Figure 4a shows the switching time as a function
of the applied voltage in semi-logarithmic coordinates.

Two linear regions can be distinguished—region 1 between
−75mV and −300mV and region 2 between −300mV and
−600mV. The corresponding reciprocal slopes were calculated to
be b1=21mV and b2=125mV, and accounting for kT/e=25mV,
the parameter (Nc+α) is estimated to be 1.25 and 0.2, respectively.

To determine Nc, knowledge about α is required. The transfer
coefficient α is generally defined as the change in the activation
energy normalized to the applied potential difference, but also (as
originally introduced18) it gives the geometrical position of the
potential energy barrier maximum in the dense Helmholtz part of
the electrical double layer. Thus, by varying the tip–sample distance
d (the tunnel gap), we also change the geometrical position of the
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Figure 5 | STM observations of Ag clusters formation and stability. a,b, 3D STM imaging of RbAg4I5 surface before applying a voltage pulse (a) and after
the cluster is formed (b). c, The smallest filament we were able to detect. d–f, Determination of the filament height by I–z measurements. In d, the pulse
length was 10 ms (1ϕ=−250 mV); for e the pulse length was the same but1ϕ=−350 mV; and in f the pulse length was 50 ms. z0 denotes the initial z
position. The change in the current is associated with a z variation due to partial growth and dissolution of Ag (Itunnel depends exponentially on the
tip–sample distance).

potential energy maximum (for Ag+/Ag reaction) and, therefore,
the transfer coefficient α. It will vary and must be determined
for each constant d.

To determine α we used the condition that in region 2 the
applied cathodic potentials were sufficiently negative and we have
achieved the condition Nc = 0 and, thus, the value for the transfer
coefficient can be estimated: α= 0.2. As we performed our experi-
ments always at the same d, the value determined for α was further
used in our calculations for different voltages. Thus, in region 1
we found Nc = 1 and in region 2 Nc = 0. Nc = 1 has the physical
meaning that each atom of Ag created at the RbAg4I5 surface can be
considered as a nucleus of the new phase and Nc= 0 means that an
empty nucleation site acts as a critical nucleus and the single created
Ag atom represents a supercritical cluster of the new phase.

The activation energy of the nucleation process can be obtained
from the temperature dependence of the switching time from the
slope (∂ lnts/∂T )1ϕ . In Fig. 4b the results at constant voltages of
−100mV and −200mV are shown. The mean activation energy
was found to be 1Ga = (1.0± 0.1) eV. This result proves, first,
that the electrochemical barrier (nucleation) and not the tunnelling
barrier controls the overall reaction rate and, second, it definitely
excludes the diffusion of Ag+ ions in the RbAg4I5 to be rate limiting,
because this shows a very different value of approximately 0.12 eV
(ref. 19). However, we should note that the determined energy
barrier includes both terms—the charge transfer and the surface
energy term given in the first pre-exponential factor of equation (2),
respectively in equation (3).

To image clusters by STM analysis and determine their lifetime,
pulses of different amplitudes were applied with a switched on
feedback modus. Thus, by quickly withdrawing the tip, the clusters
were not allowed tomechanically contact the STM tip (no switching
event occurs). The deposited clusters (if stable) were imaged after-
wards in a positive-voltage regime. In Fig. 5, images of the RbAg4I5
surface before and after the deposition of a stable cluster are shown.

No upper limit of the filament size was found, but there is a
lower size limit determined by the thermodynamic stability of the
Ag phase. The smallest cluster we succeeded to detect by STM
imaging was approximately 5 nm in diameter and 3 nm in height

(Fig. 5c). Stability of smaller clusters with a height of down to
1 nm was indicated by current–displacement (I–z) measurements
shown in Fig. 5e. However, their long-term stability could not be
confirmed by imaging.

Free-standing clusters below this size were unstable.We detected
their formation and lifetime only by I–z measurements. Figure 5d
shows the current (z) oscillations during the formation and a
complete dissolution of metastable clusters. After the end of the
pulse, the current value equals the value before the pulse; that is, no
irreversible morphology change had occurred. For higher cathodic
voltages, the clusters can be stabilized and a step-wise growth can be
observed (Fig. 5e,f). Thus, we demonstrated free-standing clusters
and observed their dynamics. The Faraday efficiency was estimated
for both atomic switches and free-standing larger clusters using a
conical (and tetrahedral shape) shape and the three-dimensional
cluster volume as imaged by the STM, respectively. The Faraday
current was 10−8 times lower than the total current of the pulse. We
associate the low efficiency with the much lower energy barrier for
the electron tunnelling, determined to be on average only 80meV
(Supplementary Fig. S6), in comparison with the barrier of the
electrochemical process.

In this study we offer an alternative approach for studying
electrochemical reactions on a microscopic level with an ultimate
lateral, mass and charge resolution based on the atomic-switch con-
cept. By increasing the electronic partial conductivity of RbAg4I5,
we were able to use the STM technique on superionic conducting
solids, which allowed for recording of an atomically resolved image
of a solid electrolyte at room temperature. We demonstrate that the
very initial stage of an electrochemically driven formation of a new
phase is limited by the critical nucleus formation.

We suggest the possibility of extending our method to other
solid- and liquid-based ionic conductors that are used in sensors,
fuel cells and catalysts.

Methods
Thermal evaporation. We used platinized Si wafers as substrates to deposit our
thin-film systems. First, the substrates were covered with 100 nm Ag by thermal
evaporation. Then, 150 nmRbAg4I5 was deposited by evaporation from amixture of
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AgI andRbI in a ratio of AgI/RbI=78:22. In theAgI powder, 0.1 at.%of Fe provided
additional electronic states in the film. Alternatively, AgI, RbI and 0.1 at.% Fe were
melted at 400 ◦C for 2 h in vacuum glass and then quenched and annealed at 160 ◦ C
for 15 h. The sample wasmilled, the crystal structure was controlled by XRD and the
powder was used for thermal evaporation. Nomeasurable difference in the electrical
properties was observed, but the films prepared by co-evaporation showed a higher
level of crystallinity. The thermal evaporation process was carried out in vacuum
(<10−3 Pa) at a substrate temperature of 70 ◦C and a deposition rate of 1 Å s−1 to
ensure optimal conditions for homogeneous coverage and film crystallization. The
thickness of the films was estimated by a quartz crystal microbalance.

Characterization. TheRbAg4I5 film thicknesses were controlled by high-resolution
scanning electron microscopy using a Zeiss DSM 982 Gemini at voltages between
1 kV and 20 kV; working distances of 2–3mm and magnifications up to
×200,000 have been used.

XRD measurements were performed to confirm the structure of the deposited
films with an X’Pert PRO PANalytical system from Phillips with CuKα1 irradiation
(λ= 1.5406 nm). The assignment of the reflections was performed according to
the JCPDS files: 03-0921, 74-1416, 83-0581, 83-1951, 01-0513, 73-0385, 44-0063,
02-0645 and 39-1159.

The ionic and electronic partial conductivities were determined using the
Hebb–Wagner polarization technique with a Ag bottom electrode and Pt ion
blocking electrodes with an area of 3×10−6 cm2 deposited on the samples by a
photolithographical process. The current–time measurements were performed as a
function of the applied voltage with a Keithley 428 current source amplifier.

The STM experiments were carried out at 10−4 Pa using Pt tips for
atomic-switch experiments and W tips for the imaging and current–displacement
(I–z) spectroscopy. The Pt tips were sharpened with a focused ion beam and the
W tips were etched in aqueous NaOH solution and subsequently properly rinsed
in deionized water. Both the tips were cleaned by annealing in a vacuum chamber
by holding the tip apex close over a glowing W wire. Constant-voltage pulses were
applied using a pulse generator (NF WF1946) and the output signal was measured
using a digital oscilloscope (Wave Runner 6100, LeCroy).

The switching experiments were started after a stable tunnelling contact
between the STM tip and the sample was established at a positive tip potential
of 1ϕ = 50 mV and a constant current of I = 1 nA unless stated otherwise. As
soon as the drift stabilized, the tip–sample distance was fixed by switching the
STM feedback control off. Subsequently, rectangular voltage pulses of opposite
tip polarity between −50mV and −600mV and duration between 10–7 s and 1 s
were applied. The data analysis performed on the basis of the I–t characteristics (as
exemplarily shown in Fig. 3) accounts for the reference resistance of 10 k�.

The atomically resolved images were obtained at a tunnelling current of 1 nA, a
sample bias voltage between 20mV and 150mV and a scanning speed rate between
200 nm s−1 and 1,000 nm s−1. The non-atomically resolved images were processed
by parabolic plane subtraction.

Quantum-chemical calculations. The accompanying quantum-chemical model
calculations were performed with the crystalline-orbital program package
CRYSTAL09 (ref. 20). On the basis of our experience with other systems, we
applied the DFT–Hartree–Fock hybrid method PW1PW (ref. 21) for electronic
structure calculations of Fe-doped and undoped RbAg4I5. The heavier elements
Rb, Ag and I were described with quasi-relativistic Stuttgart-Dresden ECP28MWB
effective core potentials22–24 and slightlymodified valence basis sets.

Fe was given amodified Def2-TZVP all-electron basis set25.
In the crystallographic structure26 with Z = 4, the Ag occupies

Wyckoff positions 24e, 24e′, 8c and 4b with occupation numbers
f = 0.391,0.229,0.111,0.084. As the quantum-chemical models require a
specific repeat unit with certain positions for all atoms, a pre-selection of realistic
Ag distributions was performed in preliminary test calculations. It turned out
that the most stable structure contains 8 Ag on site 24e (f = 0.333), 6 Ag on site
24e′ (f = 0.250), 1 Ag on site 8c (f = 0.125) and no Ag on site 4b, close to the
experimental averages.

Fe doping was modelled by adding a neutral Fe atom to the lattice at
one of the vacant Ag lattice sites. Four sites were taken into account, position
24e (0.2287.0.2020,0.0299), position 24e (−0.0036,−0.1494,0.2154), position
8c (0.1739,0.1739,0.1739) and position 4b (0.125,0.375,−0.375). The first
three sites are energetically similar to PW1PW (within 10 kJmol−1), so that
at this level of theory no distinction is possible. Only the 4b site leads to
a significantly higher energy and is therefore excluded from the electronic
structure calculations.
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