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Within the last few years, single-atom catalysts, consisting of single metal atoms on a metal-oxide
support, have been synthesized and shown to offer high efficiency [1-3]. Analytical electron microscopy
in the scanning transmission electron microscope (STEM) provides a means of identifying individual
atoms at known locations on the substrate. However such measurements are difficult, so the
experimental conditions need to be optimized. We present below some results of calculations that
indicate that an important parameter is the microscope accelerating voltage, which should be chosen to
be as low as possible, consistent with adequate resolution.

This conclusion stems from the possibility of knock-on displacement of the atom along the surface or
into the vacuum of the microscope. The average number of atom displacements within a recording time
T is Na = od (J T/e) = od De where o4 is a displacement cross section, J is the current density in the
electron probe and De is the electron dose (particles per unit area). Setting Na = 1 gives De = 1/04, setting
a limit to the number of characteristic x-ray photons that can be used to identify the metal atom.

The average number of such photons is Nx = 6x De where ox is a cross section for x-ray detection, which
we evaluate as okwk1, ok being the ionization cross section of atomic shell k, mk is the corresponding
fluorescence yield and n is the x-ray collection efficiency (which we take as 0.1, assuming a large-area
detector with solid angle ~ 1 sterad). With De = 1/c4, we have: Nx = ox/cd and under conditions under
which knock-on displacement of surface atoms is possible, ca can easily exceed ox, giving Nx < 1 (see
Fig. 2). Reliable elemental identification is then impossible.

Atomic displacement is avoided if the binding energy of the atom Ea exceeds the maximum energy
transfer Emax from the primary electron, whose value is given by relativistic kinematics [4]. Detectability
of the peak is then determined by its signal/noise ratio, for example using the Rose criterion for a
spectrum (SNR > 3). The Poisson statistical noise is approximately (Nx+Nbv)'? (Nb is the background
count), giving SNR = Nx/(Nx+Nb)'"2, which has been evaluated in Fig.2 by taking D. = 6 x 10?7 e/m? (for
example 0.1 nA probe current, 0.3 nm probe diameter, T = 1 s dwell time). In this example, the Ni atom
would just be identifiable (SNR ~ 3). The background count can be included as Nov = NsovnbDe, where
ob is a bremstrahlung cross section [5] and Ns is the number of substrate atoms within the beam.
Although most of the bremstrahlen come from the substrate (assumed to contain Ns ~ 60 atoms of mean
atomic number 10), N << Nx for a reasonable thin support and a small-diameter probe.

The value of Eq will depend on the atomic site of the atom, so some atoms may be detectable and others
not. Ejection may be less efficient if the atom lies on the beam-entrance surface of the specimen. Eqd is
certainly lower for momentum transfer along the surface (adatom motion rather than surface sputtering)
but the maximum energy available is a factor or 2 — 4 lower [6]. In all cases, Emax is roughly
proportional to the incident energy Eo, so use of a low beam energy could be important. Recent EDXS
identifications of single Er [7] and Pt [8] atoms used an accelerating voltage of 60 kV. EELS may be a
preferable technique for identifying certain elements due to its greater signal-collection efficiency [9].
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Figure 1. (a) Metal atoms on the bottom and top surface of a thin support. (b) Characteristic x-ray peak
and its background.
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Figure 2. Number Nx of x-ray photons emitted by a single Ni atom and signal/noise ratio of the
characteristic K-emission peak, as a function of the atomic binding energy Ed, the atom assumed to lie
on the beam-exit surface of the specimen. For Eqd > Emax ~ 4.1 eV, we assume an atom dwell time of T =
1 s and current density 10° A/cm? (e.g. 0.1 nA probe current, 0.3 nm probe diameter).
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