Adatom dynamics and the surface reconstruction of Si(110) revealed using
time-resolved electron microscopy
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Surface dynamics lie at the heart of many areas of materials and chemical science, including heterogeneous
catalysis, epitaxial growth and device fabrication. Characterizing the dynamics of surface adsorption, reactions and diffusion at the atomic scale is crucial to understanding and controlling such processes. Here we use
aberration-corrected scanning transmission electron microscopy to analyze the diffusive behavior of Pt atoms
adsorbed on the Si(110) surface, and characterize the effects of the electron beam on adatom motion, including a bias introduced by the raster scan of the probe. We further observe the evolution of the Si(110) surface,
revealing evidence of developing surface steps attributed to the 16×2 surface reconstruction. These results
demonstrate a framework for studying complex atomic-scale surface dynamics using aberration-corrected
electron microscopy.
The silicon surface is one of the most widely-studied
due to its importance in the semiconductor industry, and in particular the growth of oxide and metal
films for metal–oxide–semiconductor field-effect transistors (MOSFETs). Direct imaging of the surface is typically performed using scanning tunneling microscopy
(STM), which has revealed long-range reconstructions
such as the Si(111)-7×7 surface1 , or else the structures
and properties are inferred from diffraction or spectroscopic techniques. The clean Si(110) surface is known to
exhibit a similarly long-range 16×2 reconstruction, with
steps and terraces running in h112i directions2 . Theoretical calculations using density functional theory (DFT)
have indicated that pairs of Si pentagons arranged into
zigzag chains are integral to the stability of this surface3,4 . Further investigations of the oxidation behavior point to preferential growth in the h112i direction,
with oxygen atoms clustering at these pentagonal pairs
during the early stages of oxidation5–7 . The stability of
the surface is also heavily influenced by the presence of
metal adatoms, and the diffusive behavior of these atoms
is important in the initial stages of metal silicide film
growth8 . An atomic-scale understanding of these dynamic processes is therefore fundamental to the design
and engineering of surface systems.
While in situ STM studies can be performed at high
temperatures and at frame rates of 10 s−1 or higher9 ,
the hardware challenges are significant, and the achievable resolution can often degrade over time10 . An alternative tool with comparable temporal and spatial resolution is aberration-corrected scanning transmission electron microscopy (STEM), which facilitates further char-
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acterization through quantitative imaging and atom-byatom spectroscopy11,12 . Time-resolved experiments using STEM typically employ the electron beam to excite and subsequently record dynamic behavior at the
atomic scale. Examples include observations of atomic
motion in graphene13 , on surfaces14 , and in bulk materials15 . Combined with developments in environmental
STEM16 for in situ imaging, time-resolved STEM is an
extremely promising technique for surface studies with
single atom sensitivity. Recently, cross-sectional imaging has been used to analyze the surface reconstruction
of clean SrTiO3 at elevated temperatures17 . However,
to fully realize its potential as an in situ characterization technique requires an understanding of the beam–
specimen interaction, and in particular the effect the
beam has on atomic motion. Furthermore, computational processing methods are becoming increasingly important as temporal datasets grow in both size and complexity.
In this Letter we use aberration-corrected STEM to
probe the reconstruction of the Si(110) surface as well
as the dynamic behavior of Pt adatoms. Using the electron beam to excite the adatoms, we apply image processing algorithms to separate the dynamics of the substrate from the adatoms, which we then analyze independently. Molecular dynamics (MD) simulations are
performed to explore the distinctive surface features observed in the substrate, while automated particle tracking enables analysis of the diffusive motion of the Pt
adatoms.
A thin Si lamella was prepared from a monocrystalline
wafer using focused ion beam (FIB) milling, and Pt
atoms were deliberately sputtered across the Si surface
during this process (see Supplementary Material for details). Annular dark-field (ADF) STEM imaging was
performed on an FEI Titan3 (S)TEM operating at a pri-
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mary beam energy of 300 keV18 . Image sequences were
acquired at a rate of 4 frames s−1 , which is sufficient to
track the movement of the adatoms with an estimated
dose rate of 2 × 106 e − nm−2 s−1 . The high accelerating voltage in this experiment will induce changes in
both the substrate and the adatoms due to elastic collisions between the energetic electrons and the Coulomb
field of the atomic nuclei. Such interactions can be isolated to be the prevalent cause of beam induced sample
changes in metals and many semiconductors19 . The maximum transferable momentum during an elastic scattering event is sufficient to displace adatoms out of stable
binding sites, leading to motion across the surface until another stable site is encountered. For weakly bound
(surface) atoms even sputtering can occur20,21 . In contrast, inelastic scattering events such as ionization and
excitation, are equilibrated fast enough to prevent a mechanical response of an atom in sufficiently conducting
materials like Si under present conditions19,22 . Hence,
effects of beam induced heat and charge accumulation
can be neglected in our case.
The image sequences were initially denoised with the
PGURE-SVT algorithm23 , which uses singular value
thresholding to exploit spatio-temporal correlations in
small image patches. Figure 1a shows an as-acquired
frame from one of the sequences, and the processed frame
is shown in Figure 1b for comparison. Following the denoising, the image sequences were aligned using a nonrigid registration algorithm designed for STEM imaging24 . While PGURE-SVT exploits local correlations to
filter noise in an unaligned image sequence, the subsequent alignment means the global correlations of the Si
lattice can then be utilized for further processing. This
is achieved using robust principal component analysis
(RPCA)25 . The frames are stacked into columns of a
matrix, which is then modelled as the sum of two components. One is a low-rank matrix, here corresponding
to the temporally correlated Si lattice, and the other is a
sparse “error” component, relating to the relatively uncorrelated mobile adatoms. Here we use an online RPCA
algorithm to track small changes in the low-rank component over time26 . Figures 1c,d show the results of the
RPCA processing, with the Si lattice and Pt adatoms
clearly separated (Multimedia View). Any changes in
the substrate can now be analyzed independently of the
diffusive adatom behaviour.
We first investigate the dynamic behaviour of the Pt
adatoms on the Si surface by looking at the sparse component of the RPCA decomposition (Fig. 1d). At the
experimental accelerating voltage of 300 kV, a collision
with an electron can impart up to 4.5 eV to a Pt atom20 ,
which will be more than sufficient to excite the adsorbed
atom out of a surface site and thus diffuse over the surface. Here the length of the sequence and the clear separation of the substrate and adatoms using RPCA opens
up the opportunity to perform automated particle detection and tracking, in a manner similar to established
fluorescence microscopy techniques27 .

FIG. 1. (a) A frame from an ADF-STEM sequence of Pt
adatoms on Si(110). (b) The same frame following processing
to remove noise. (c) The low-rank component recovered by
RPCA processing. (d) The sparse component containing the
Pt adatoms after applying RPCA. (Multimedia View)

A wavelet-based feature detector was used to extract the approximate positions of the adatoms from sequence 1, which were further refined by fitting 2D Gaussians to a small window around each atom. The positions were then combined into trajectories using a reinforcement learning approach to particle tracking (see
Supplementary Material for details); in total, 309 particle tracks were analyzed with lengths of 2–56 s. The
mean-squared displacement (MSD) of the trajectories is
seen to be linear in time (Fig. 2a), which indicates that
the Pt adatoms are undergoing a normal diffusion process
as a result of the beam-induced motion. This finding is
in contrast to the anomalous diffusion of Cu on graphene
oxide reported recently28 . Note that at long times the
noise in the MSD increases due to a smaller number of
trajectories available for averaging.
Analysis of the magnitude and direction of the atom
displacements in Figure 2b reveals a preference for leftto-right adatom jumps in approximately the [001] direction. Figure 2b plots the probability of a displacement,
P (∆x, ∆y), weighted by the magnitude to give additional importance to long jumps (which are likely beamdriven) and reduce the influence of very small displacements (likely caused by measurement error or particles
staying in place). Two important points can be drawn
from this plot. The first is that there is a preference for
jumps in line with the Si dumbbells, which are tilted a few
degrees off the horizontal axis (cf. Fig. 1). Figures 2c,d
overlay two of the adatom trajectories on the substrate
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FIG. 2. (a) MSD of the atom trajectories extracted from
the ADF-STEM sequence. The best-fit line is shown in
black along with the fitted exponent. (b) The probability of
adatom displacements, P (∆x, ∆y), weighted by the displacement magnitude. (c,d) Two of the Pt adatom tracks overlaid
onto the background image of the Si lattice (Fig. 1c).

image extracted with RPCA (Fig. 1c), and show that
there is a tendency for the adatom to sit atop a dumbbell rather than off it, although the image resolution is
insufficient to elucidate the complete local structure. On
the reconstructed surface one Si atom of the pair will
sit higher than the other, potentially providing a stable
site for the Pt atom. The role of oxygen atoms in binding the Pt to the substrate cannot be ruled out either,
and although DFT calculations could resolve this ambiguity over stable sites, the size and complexity of the
(oxidized) surface reconstruction and the beam-induced
changes make this a potentially challenging computation.
The second observation from Figure 2b is the preference for jumps in the [001] direction. This is in the fast
scan direction of the STEM probe, suggesting that the
adatoms are, in effect, being “pushed” by the electron
beam. The aberration-corrected probe resembles an Airy
pattern29 with an estimated full-width half-maximum of
1.2 Å of the central disc. In comparison, the experimental pixel size is 0.24 Å, meaning that a significant fraction
of the electron dose will fall outside the pixel being imaged. The large probe tails thus increase the likelihood of
an adatom being displaced when the probe is nearby30 .
Since the probe will always approach the Pt adatom from
the left in this experiment, we suggest that this contributes to the directional bias, and therefore the scan
direction is another important consideration for in situ
studies of adatom dynamics, alongside aspects such as
accelerating voltage, beam current and dwell time. Understanding the relationships between beam effects and
the underlying physical process is crucial for a full characterization of surface dynamics, and future experiments
that vary the scan direction, for example between indi-

vidual frames as in the RevSTEM technique31 , may shed
further light on the origins of the directional bias observed in Figure 2b.
We now turn our attention to the low-rank component
of the RPCA decomposition. Figure 1c exhibits several
bright chevron-like features on the Si surface running in
h112i-type directions. These features are even clearer
in Figure 3a,b (Multimedia view), where the Si atomic
columns are resolved into distinct dumbbells (spacing
1.36 Å, Fig. 3e). The h112i direction is particularly significant, since it is both the direction of the steps on the
clean 16×2 reconstruction, and also the preferred growth
direction for oxide formation on Si(110)5 . Determining
the exact origin of these features is thus important for
understanding how the beam is affecting the substrate,
especially as the features are seen to move and become
sharper and brighter over the course of the sequence. The
line profiles in Figure 3e show that early in the sequence
the chevron features are only just visible, but after 45 s
of acquisition there is a clear change in the intensity of
neighbouring Si dumbbells.
One of the advantages of ADF imaging is that the scattered intensity scales with the thickness and the atomic
number, Z, as Z ∼1.711 . This facilitates elemental characterization and atom counting with atomic resolution, as
well as direct comparison with theoretical structures and
simulated ADF images32 . Using quantitative ADF imaging, analysis of the intensity of a Si atomic column with
a Pt atom atop compared to a bare Si column gave an estimated thickness of the lamella of 7 nm (corresponding
to approximately 18 Si atoms in a column). Quantitative
analysis can also be used to determine whether the bright
h112i features are caused by the Si surface reconstruction
or oxidation. Assuming a Z exponent of 1.7, the intensity of a single Si atom is equivalent to approximately
2.5 O atoms. This suggests that the intensity variations
are more likely to be caused by Si rather than O atoms,
which are expected to be more mobile under the electron
beam and thus be blurred out during the image acquisition and processing. It is highly likely that the electron
beam will preferentially sputter off oxygen and other low
atomic number contaminants, leaving behind a cleaner
Si surface33 .
To confirm that the distinct features observed are indeed caused by the Si surface reconstruction and not oxide formation, we performed a series of MD simulations
of the oxidation of clean Si, and used simulated STEM
images to relate the MD results to the experimental images. The size of the 16×2 reconstruction limits the feasibility of ab initio MD simulations. Instead, we carried
out classical MD simulations using the reactive force field
(ReaxFF) developed specifically for the Si-O system34 ,
which was designed to bridge the gap between expensive
quantum mechanical calculations and empirical classical
potentials. We found that ReaxFF successfully describes
the DFT-calculated surface reconstruction shown in Figure 3c4 , and that it also replicates the spontaneous dissociation of O2 into atomic oxygen on the surface of silicon,
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FIG. 3. (a) The low-rank background of an ADF-STEM sequence of Pt adatoms on Si(110) after 10 s. (b) The same region 45 s later. Chevron-like features are indicated by dashed
grey lines. (Multimedia view) (c) The 16×2 reconstruction
of the Si(110) surface, viewed from above and along the [112]
direction, with surface Si atoms highlighted. (d) A simulated
ADF-STEM image of the structure in (c), with the step running diagonally across the image, indicated by a dashed grey
line. (e) Line profiles from the experimental and simulated
STEM images in (a), (b) and (d). The dashed grey line indicates the position of the step on the clean surface.

which is the first step in the oxidation process on other
low-index surfaces35 . Details of the MD simulations can
be found in the Supplementary Material.
Figure 3d shows a simulated ADF-STEM image of a
7 nm thick slab with a clean, reconstructed Si surface,
and line profiles across the step (Fig. 3e) show that the
simulation closely matches the observed intensity variations. Adding even a small amount of oxygen (64 atoms
or ca. 1 ML coverage) to the surface has a significant effect on the line profiles (see Figure S2 in the Supplemen-

tary Information), disrupting the surface reconstruction
and obscuring the h112i step. These simulations indicate
that the change in height of the Si surface is the major
contribution to the image intensity, and that the bright
h112i features are indeed caused by the step in the 16×2
reconstruction.
Since STEM is a projected imaging method, it is important to consider that the observed features may exist on both the top and bottom surfaces, making the
separation of their contributions to the image intensity
difficult. However, sputtering of oxygen by the electron beam is likely to occur preferentially on the bottom
surface of the lamella, due to the predominant momentum transfer component parallel to the electron beam.
Hence, the oxygen coverage on the top surface is expected
to be more stable by comparison. Quantification using
electron energy-loss spectroscopy (EELS), furthermore,
shows that the oxygen content decreases over time under
the electron beam (see Supplementary Material). Combined with the knowledge that the oxidized Si surface
does not exhibit the bright h112i features of the clean
surface, we conclude that sputtering of oxygen by the
electron beam leads to the 16×2 surface reconstruction
on the bottom surface only. This is consistent with the
behavior seen in the line profiles in Figure 3e. Note that
the intensity values in this figure are measured from the
low-rank component rather than the raw experimental
data. The intensity profile, therefore, lacks a constant
background which would otherwise be present.
In conclusion, we have demonstrated an approach to
observing and understanding the dynamics of surfaces
using atomically-resolved STEM image sequences. By
exploiting temporal correlations between frames, we analyzed the dynamics of surface adatoms induced by the
electron beam, and further explored the surface reconstruction of Si(110). The methods presented here are
widely applicable to the study of atom dynamics with
aberration-corrected STEM, and are particularly important for developing in situ imaging techniques for surface
science. Crucially, combining quantitative ADF imaging
with MD simulations maintains both the temporal resolution and the low dose imaging conditions, which are
key criteria to observe atomic-scale dynamics.

SUPPLEMENTARY MATERIAL

See Supplemental Material for details of the sample
preparation, image processing, MD simulations, particle
tracking and EELS analysis, and two movies showing the
surface and adatom behaviour.
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