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Classical over-the-barrier model for neutralization of highly charged ions above thin dielectric films
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We apply the classical over-the-barrier (COB) model to charge transfer between highly charged ions (HCIs) and
targets consisting of thin dielectric films on metals. Distances for the onset of classically allowed above-surface
electron capture are obtained as a function of HCI charge state, film thickness, film permittivity, and film-metal
electron binding energies. The model describes the crossover between the previously existing COB model for
bulk metals and bulk dielectrics as the thickness of a dielectric film on a metal substrate increases through
three distinct regimes. For ultrathin films with low permittivity and positive electron affinity, over-the-barrier
charge transfer initiates from the metal electrons behind the film and critical distances are greater than those
from bare metal targets. This result is consistent and compared with the recent observation of potential emission
enhancement above thin Cg films on Au(111) with increasing film thickness [Bodewits, Hoekstra, Kowarik,
Dobes, and Aumayr, Phys. Rev. A 84, 042901 (2011)].
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I. INTRODUCTION

Slow highly charged ion (HCI) interactions with solids
continues to be an active area of research at the interface
of condensed matter and atomic physics. Due to the complex
interaction between projectiles with charge states Q > 1 and
the multitude of target electrons involved in the neutralization
process, a complete picture for electron capture, emission,
and the formation of material defects remains challenging
and has only been attempted for a few specific material
systems, i.e., bulk metals [1] and bulk ionic crystals [2,3].
For these cases, the classical over-the-barrier (COB) model
gives quantitative predictions that are in good agreement with
electron emission statistics [4,5], x-ray spectra [6], and ion
image acceleration measurements [7,8]. The foundation of
the COB model is that the first electron transfer from target
to ion occurs in a classically allowed region and populates
a high n (principal quantum number) state in the ion. For
HCIs approaching metal surfaces, filled levels in the metal
become resonant with the high n states while the HCI is still a
few nanometers from the surface. Consequently, initial charge
transfer takes place predominantly via fast transitions over the
top of the strongly perturbed vacuum potential barrier between
the HCT and the surface. Once captured by the projectile, these
electrons relax to inner-shell vacancies through the emission
of Auger electrons and photons. The critical distance (R,.) for
the onset of charge transfer can be well approximated using
classical potentials [1] due to the “point-charge”-like nature of
the ion at a relatively far distance from the target electrons.
R. and ion velocity (v,) set a characteristic time scale
(t & R./v,) for above-surface electronic processes before ion
impact.

Within the COB model, the basic material properties that
govern the onset of above-surface neutralization and determine
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R, are electron binding energy in the solid (work function) W,
energy band gap Eg, and permittivity €. The addition of a
thin dielectric film on a metal surface introduces new W, Eg,
and € for the surface layers without modifying the bulk. Thus,
experimentally, the deposition of a thin film provides a method
for changing the electronic structure of the surface and testing
the role of surface-versus-bulk material properties during HCI
neutralization. This approach was used in a measurement of
the above-surface emission of Auger electrons as a function
of LiF film coverage on Au(111) up to 1 (monolayer) ML and
served to decouple the role of target binding energy and band
gap in K-shell filling for that system [9,10]. Those authors
remark that even for a single monolayer of LiF coverage, the
high binding energy of the LiF results in a suppression of
the K-shell filling, suggesting that for LiF/Au(111), the target
surface takes on the characteristics of the thin film rather than
the bulk material.

In some cases, however, dielectric thin film covered targets
retain the seemingly metallic character of the underlying bulk
substrate. Recent results on HCI interactions with thin Cg
films deposited on Au(111) show electron emission yields
increasing as a function of the Cg film thickness [11]. This
suggests that the increasing film thickness may enhance rather
than suppress the efficiency of Auger relaxation relative to a
clean metal surface, even after the deposition of ~5 ML of
dielectric material.

The seemingly contradictory results of LiF and Cg films
on Au(l11) motivate our application of the COB model
to studying electron capture by HCIs above metal surfaces
covered with thin dielectric films. Additionally, our recent
charge dependent stopping power measurements [ 12] motivate
a study of charge transfer above thin films. Until now, above-
surface charge exchange for HCIs interacting with thin films
has not been treated systematically with the COB model. In
this article, we describe the application of the COB model to
the initial charge exchange between HCIs and target electrons
in solids covered with thin films. We develop a simple physical
model that describes the crossover from the thin film to bulk
target regimes as a function of the film’s electronic properties
and thickness. Adding a thin film to a bulk surface leads to
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new boundary conditions when constructing the electronic
potential energy landscape and modifies the critical distance
at which electrons can be captured by the ion. For the case of a
metal surface covered with a thin dielectric film, we calculate
ion capture distances and compare these results with bulk
metal and dielectric targets. New studies of highly charged ion
interactions with thin films will require this type of predictive
model to gain insight into the role of bulk versus surface
electrons during neutralization.

In this work, we find three distinct regimes for the onset of
charge transfer as a function of the key parameters: thin film
thickness, permittivity, binding energies, and dielectric band
gap. These regimes are as follows: “vacuum limited” capture of
electrons from the bulk metal (regime i), “film limited” capture
of electrons from the bulk metal (regime ii), and capture of
electrons from the thin dielectric film (regime iii). These three
regimes bridge the classical over-the-barrier model for bulk
metals and bulk dielectrics as the thickness of a dielectric film
on a metal substrate increases.

The article is organized as follows. First, we introduce in
Sec. II the basic framework and assumptions of the existing
COB picture for electron capture by HCIs above bulk metal
and insulator targets. Then, using the framework from Sec. II,
we describe in Sec. III how the potential of an “active
electron” in the first stage of above-surface neutralization
is modified by the presence of a thin dielectric film at the
surface. Also in Sec. I1I, we derive thickness dependent critical
distances starting with parameters for ultrathin Cg, films on
Au(111), and the dependence of critical distances on film
permittivity, band gap, and metal work function are discussed.
In Sec. IV, we discuss comparisons between the model and
three experimental systems: Cgo/Au(111), LiF/Au(111), and
Al,O03/Co. Finally, the results are summarized in Sec. IVD
and Sec. V.

This article presents the revised version of a previously
published model [13]. The main improvement in the model
presented here is in the calculation of the ion’s image potential
as well as a more thorough discussion and interpretation
of the dependences on charge state and target parameters.
Here, we solve Poisson’s equation exactly for the metal-
dielectric-vacuum system, matching the boundary conditions
at both the metal and dielectric surfaces. The previously
published version did not include the electric field boundary
constraint at the dielectric-vacuum interface. As will be
shown below, both versions of the model demonstrate the
same qualitative behavior when calculating electron capture
distances. However, some numerical results change when
discussing the Al,O3/Co system.

Our approach is not to compete with state-of-the-art theory
or give an exact treatment. Rather, we provide a simple physi-
cal model that will apply generally to a wide variety of targets
consisting of thin dielectric films on surfaces. The starting
place for this study is the success of continuous band models
used in device and solid-state physics [14,15]. When an HCI
approaches a thin-film-covered metal target at normal inci-
dence, the electric field applied in the direction connecting the
ion and its image has the same z-dependent functionality asin a
multilayer metal-insulator heterostructure. This similarity nat-
urally leads to the “band bending” physics described in Sec. I1I.
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II. BULK TARGETS

Since the work here is an extension of the COB modeling
for bulk materials [1,16,17], we begin with a brief summary
for the case of an HCI with initial charge state Q, at a distance
R outside of a bulk surface. The potential energy V for an
“active electron” in the region between the surface and the
HCI is composed of three contributions: attraction between
the electron and the ion (V;), attraction between the electron
and its own image (V,), and repulsion between the electron
and the HCT’s self-image in the target (V):

V(z) = Vi(r,R) + V/(z) + V/(r,R). (1)

The origin is set at the surface of the bulk where r and
R = RZ are the position vectors for the electron and the
ion, respectively. The target’s electric permittivity € modifies
the image terms by a dielectric function 8 = (¢ — 1)/(e + 1)
(in atomic units):

Qe

V[(I‘,R) = —m’ (2)

V/(r.R) = —|rﬂ+Q;2|, (3)
2

Vi(z) = —’34—2. (4)

The distance R, for COB capture of electrons from the
target occurs where the maximum V (z) between the HCI and
the target drops below the highest occupied state in the target.
From Egs. (2)—(4), this critical distance is [16]

R ~ V2Qe(e - 1) n e—1 . 5)
Wi+ 1) 4W(e + e

R, has a square-root power-law dependence on the charge
state, and inverse dependence on W. In the ideal metal case
(B — 1), the critical distance reduces to R. ~ /20/W.

Equation (5) is applicable to metals and narrow band gap
semiconductors [16] where the capture distance is greater than
the dynamic screening length A, of the target electrons (e.g.,
Ap = vy/wg = 0.1 nm for Au, where v and w, are the Fermi
velocity and surface-plasma frequency, respectively) [17].
For ionic crystals, the expression in Eq. (5) breaks down
as interactions between an electron in transit and discrete
charges in the target (residual vacancies, ionic cores) increase
in strength at close capture distances [2,3]. Equation (5) also
differs from the general expression derived in Ref. [18], which
includes the direct Coulomb interaction with the residual
vacancy.

The question of correctness of the static versus optical
dielectric functions for HCI-surface interactions (both with
normal and grazing impact trajectories) has been addressed
in the literature, in particular for LiF [2]. Here the authors
show that neither the static nor optical permittivity perfectly
models the dielectric response at finite velocities and that
an exact calculation of the frequency-dependent dielectric
function yields an intermediate value between these optical
and static limits at normal incidence. For values greater than a
characteristic time-scale parameter (z + R)/v > 400 a.u., the
exact permittivity differs from the static limit by less than 50%.
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For generality, we use the static permittivity limit as an input
parameter of the model for the different materials discussed.
This gives an upper bound for the dielectric screening and
allows comparison between different systems. To account
for time-dependent effects, ¢ and B can be treated with
exact frequency (w) dependent dielectric functions €(w) and

B(w) [2].

III. DIELECTRIC THIN FILMS ON METALS

In this section, we modify the COB model result by
adding a thin dielectric film on top of the metal, derive
the modified distance (R.), and explore the dependence of
R/ on the important materials parameters. In comparison to
the clean metal case, the presence of a dielectric thin film
adds a new (metal-dielectric) interface and introduces a new
boundary condition. The potential energy profile is constructed
as shown in the point-charge schematic in Fig. 1(a). Both
the ion and active electron induce dielectric responses within
the target in Fig. 1(a). Matching the boundary conditions at
both the metal-dielectric and dielectric-vacuum interfaces is
accomplished using an infinite series of image charges with
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FIG. 1. (Color online) (a) Point charges are shown to represent the
electron potential energy terms: HCI interaction (V;), self-image (V.),
and ion-image (V;) terms. (b) Potential energy profile for an electron
along z is shown when the ion is far (>50 nm) from the metal surface
using parameters for a Cgo film on an Au(111) substrate: s = 2.4 nm,
e=4E,=25eV,W=53¢eV,¢p=05¢eV,and Q = 24.
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diminishing weights [19]. These series are represented by Q’,
¢', and ¢” in Fig. 1(a).

In Fig. 1(b), the potential energy for an active electron
is plotted along the surface normal coordinate z for an ion
position that is far from the surface (R > 50 nm). The potential
energy is the sum of terms representing V., V;, and V, depicted
in Fig. 1(a). These potential energy terms are modified with
respect to Egs. (2)—(4) due to the new boundary conditions
introduced by the presence of the thin film. In Fig. 1(b), the
potential has a —Q/|z — R| dependence in the vicinity of the
ion. Near the surface, the image forces influence the shape of
the potential. Image planes are formed at surfaces of both the
metal and dielectric regions as described within the dielectric
continuum model [20-24], which is discussed in context in
Sec. III C.

A. Ton potential (V;, V;) and boundary conditions

We first consider the terms due to the ion and its dielectric
response in the target (the electron’s self-image term is
discussed in Sec. III C). The general approach is to modify
Egs. (3) and (4) to account for the presence of a thin dielectric
film. Obtaining the modified potential landscape requires a
solution to Poisson’s equation matching the following general
boundary conditions [19,25]:

V =0 at the metal surface, (6)
AE|=0and AD;, =0 atthe thin film surface. ~ (7)

As in the clean metal case, the electron potential energy
vanishes at the surface of the metal [Eq. (6)]. AE) and AD;
are the differences in the electric field parallel to the surface and
electric displacement normal to the surface at the interfaces.
Solutions to Poisson’s equation that match the boundary
conditions in Eqgs. (6) and (7) for metal-insulator-vacuum
systems can be obtained using integral representations in
cylindrical coordinates. The result is that the combined terms
Vi (r,R)and V;/(r,R) from Eq. (1) are replaced by the potentials
matching the boundary conditions in Eqs. (6) and (7) and
which are solved explicitly in Refs. [26,27], which we will
call Vycr(z).

The slope of the ion’s potential in the film (electric
field) decreases with increasing permittivity €. For € =1,
the dielectric region has the same permittivity as the vacuum
region, and there is no change to the slope of the potential
within the film compared to the vacuum. As a check, we can
consider when € — oo and the potential energy in the film
looks like that of an ideal conductor. Indeed, when € = oo,
the potential energy is the same as if the metal surface is just
extended into the vacuum by the thickness of the film s. In
this limit, the film perfectly screens the external charge Q and
the potential vanishes at z = s satisfying Eq. (6). The film
permittivity governs the potential barrier height for electrons
in the metal in the region 0 < z < s by modifying the electric
field strength due to the charge Q.

B. Energy levels in the solids

The thin dielectric film is represented in the model by four
important parameters: the film thickness s, the film’s electric
permittivity €, the bottom of the conduction band Ep,,, and
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the top of the valence band E,,. For the purposes of this
model, we assume that above the film’s conduction band
minimum, the film is composed of a continuum of allowed
states that permit the transport of electrons easily from the
metal. Similarly, below the valence band, we assume the levels
are filled with a reservoir of electrons that are available to be
captured by the incoming HCI if the vacuum barrier should
fall low enough to permit charge transfer. However, since the
thin film has no free charge, as the ion approaches, its strong
electric field will bend the bands of the insulator and pull
down both the conduction and valence bands on the vacuum
side, while the metal side will remain unperturbed. To account
for this effect, the conduction band V,;,,(z) and valence band
Vubm(2) are referenced to the perturbed “vacuum” energy, i.e.,
they are less than the value of Vyci(z) by the value Epp
and E,p,, respectively. This maintains a constant gap energy
Eg,p for all values of z through the dielectric film. This effect
can be seen clearly in later figures where the ion is close
enough to the surface to strongly perturb the film’s energy
levels.

Similarly, the metal (in the region z < 0) is parametrized
as a continuum of filled states up to the Fermi energy Er. The
vacuum work function W is the difference between the Fermi
energy (Er) and the vacuum level (Eyyc).

C. Electron self-image

Since we are interested in the potential experienced by areal
charge (as opposed to a virtual test charge) transferring to the
HClIs, we must consider the effect of the electron’s self-image.
The self-image is described using an electrostatic model
developed by Cole to describe electrons trapped in image
potential states at the surfaces of dielectric films on metals [24]
using classical electrostatics for a thin homogeneous dielectric
slab lying on a metal substrate. This approach is called the
dielectric continuum model (DCM) and appears in various
forms in the literature [20-23].

Here we use the DCM to describe an electron’s self-image
(V) in Fig. 1(a). Due to the discontinuity in € across the
dielectric-vacuum interface, the electron’s image potential is
defined piecewise between the vacuum region outside the film
and inside the film. For the vacuum region outside the film,
the image potential is

=B (1—p2He? =B
Vou(z.8) = 4(z —s) + 48 Z z—s4+ns ®

n=1

o0

The first term is the image potential outside a semi-infinite
dielectric, and the sum expresses the series of corrections due
to the presence of the metal substrate, and the finite thickness
of the film.

Inside the dielectric, the image potential is screened by
the dielectric media as €. Additionally, within the film, the
reference energy becomes the conduction band V,, instead
of the vacuum level:

62

ez’
Equation (9) differs from the expression for Vi, given in

Ref. [22] which leads to a positive singularity at the dielectric-
vacuum interface. Instead, the image potential shown above

Vin = Ecbm - (9)
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tends toward the solid-state value of E,, at the surface of
the dielectric film [20]. The behavior of the self-image term
treated with the DCM is shown in Fig. 1(b). The image forces
pull down the bands in the dielectric film in close proximity
to the metal surface. Figure 1(b) also displays an energy gap
¢ = max(V,p,) — Er within the film whose height is deter-
mined by the relative alignment of the Fermi energy in the
metal and conduction band minimum of the dielectric. ¢ is
the potential barrier between electrons in the metal and the
vacuum in the region 0 < z < s, and will depend on R, €, Q,
and s.

D. Evaluating the critical distance R/

Starting with the potential diagram in Fig. 1(b), we pose the
question of whether electrons in the dielectric or metal transit
first, as the ion moves toward the surface. The metal has filled
levels up to E, but is buried underneath the dielectric film.
On the other hand, the surface of the dielectric film is exposed
to the vacuum but contains more tightly bound electrons than
in the metal [V, (s) < EFf].

Figure 1(b) displays the two relevant energy barriers
between metal target electrons and the ion. First, the barrier
of approximate height ¢ and width s defines an energy barrier
within the dielectric material. This barrier is defined by the
portion of the dielectric’s band gap that extends above Ef.
Second, a vacuum barrier with approximate height W and
width (R — s) exists in the region outside the dielectric film
(z > ).

As the ion approaches the surface, its electric field decreases
the heights of both of the barriers until they fall below Eg
and transport from electrons in the metal becomes classically
allowed. Alternatively, electrons from the valence band in the
dielectric film can be captured by the ion when the height of
the vacuum barrier max[V (z > s)] falls below Vi, (s).

The ion’s position outside the target when either classical
transport condition is met is the critical distance R, for the
onset of charge transfer. For very thick films, the target behaves
similar to a bulk insulator, and the first electron will be captured
from the valence band of the dielectric thin film.

The critical distance for a given charge state, therefore, will
depend on the initial width and height of the barriers in the film
and vacuum regions (for electrons in either the film or metal).
The physical parameters that set the initial height and width
of these barriers are the film thickness s, film permittivity e,
and relative alignment of Ep,;, Epn, and Er with respect to
the vacuum level. As shown below, these parameters will also
determine whether the first electron will be captured from the
metal or the dielectric thin film.

Figures 2(a)-2(c) shows the evolution of the barrier heights
in the vacuum and in the dielectric regions as the ion (Q = 24)
approaches the surface. The metal’s Fermi level is plotted as
a horizontal line in each of the plots (Er = —5.3 eV). The
energy of the valence-band electrons V., (s) is plotted as a
dotted line from where it is bent down by the impinging ion’s
electric field. The energy gap in the dielectric (E, = 2.5 eV)
and the nonconducting region of the vacuum are denoted
as white space. The continuum of filled states in the metal
and dielectric valence bands are shown in dark gray and the
unoccupied states in the conduction bands are filled in light
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FIG. 2. (Color online) Potential profiles for an ion (Q = 24) at
distances (a) R = 10.5 nm, (b) R =7.3 nm, and (c) R =5.2 nm
away from the metal surface. Film parameters are s = 2.4 nm, € = 4,
E, =25¢€V,initial ¢ = 0.5 €V, and Er = —5.3 eV [dashed line in
(a), (b) and solid line in (c)]. The valence-band energy V., (s) is
plotted as a dotted line. Critical distance R, = 5.2 nm is shown in (c).

gray. Figures 2(a)-2(c) plot the potential profile in the vacuum
and dielectric regions as the ion approaches the target and
reaches distances from the metal surface of R = 10.5 nm,
R =7.3 nm, and R = 5.2 nm. Parameters are chosen to
represent a s = 2.4-nm-thick Cgq film deposited on Au(111).

Ultrathin Cgp films have a highest occupied molecular
orbital (HOMO) to lowest unoccupied molecular orbital
(LUMO) gap of approximately E, = 2.5 eV and the
Fermi energy of Au(111) substrate lies within the band gap
(Er = —5.3 eV) of the dielectric film, making ¢ = 0.5 eV
[28]. The position of the valence-band maximum in the
absence of an external field is E;, = —7.3 eV. Electric
permittivity of the film is taken to be € = 4 [29,30]. The energy
levels were taken from Refs. [11,28].

As the ion approaches the surface, a maximum in the
potential energy profile along z develops in the vacuum
(s < z < R)due to competition between the ion’s electric field
and the electron’s self-image attraction toward the surface of
the film (z = s). This behavior is qualitatively similar to the
saddle point in front of a clean metal target. However, in Fig. 2,
a second potential maximum develops within the dielectric
material (0 < z < s) as the ion pulls down V,;, and due to
the electron’s image attraction toward z = 0. In this case, we
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demonstrate that classical transport will be allowed first from
the metal.

Following the ion’s approach in more detail beginning at
an ion distance of R = 10.5 nm in Fig. 2(a), the ion’s electric
field decreases the height of the vacuum barrier and bends
the bands in the dielectric film to decrease the height of ¢.
At this ion position, metal electrons at Er are blocked by the
energy barriers in the film and in the vacuum (depicted as
the white area in the film above Er). Electrons at V,,,(s) in
the dielectric are also blocked by the vacuum barrier and so no
classical transport is allowed.

As the ion approaches to R = 7.3 nm in Fig. 2(b), the
film’s barrier has dropped to approximately the energy Er so
that ¢ = 0. Here, only the vacuum barrier prohibits classical
transport from electrons in the metal into the vacuum, and
metal electrons could occupy available states in the conduction
band near the dielectric-vacuum interface. The film’s electrons
at Vi, (s) are blocked by the vacuum barrier, so there is still
no classical transport allowed.

As the ion arrives at R = 5.2 nm in Fig. 2(c), the barriers in
both the vacuum and dielectric have fallen below E . Electrons
at energy Vyp, (s) in the valence band of the dielectric cannot
escape due to a large potential barrier remaining in the vacuum.
Thus, the first electron to be captured by the ion originates
from the metal. This distance is R/, i.e., the critical distance
for electron capture by HCIs outside a metal covered with a
dielectric thin film.

Comparing R/, to the predicted critical distance for a clean
Au target from Eq. (5) in the limit (8 — 1), we find that
R/ = 5.2 nm is greater than the result expected for a clean
metal of R, = 1.9 nm. For these parameters, the thin dielectric
film enhances the critical distance by more than a factor of 2
compared to clean Au. In the case when an ion approaches
a bare metal surface, the final vacuum barrier limiting charge
transfer is located very close to the surface, since the free
charge in the metal screens the electric field and the electron
potential remains close to the vacuum potential at the surface.
By introducing a film on the metal surface, the initial energy
barrier is much lower, and therefore can be pulled down by the
ion’s electric field more easily, making charge transfer possible
when the ion is much farther from the surface. The net effect
is that the insulating film acts to help “impedance match” the
metal states to the continuum above the surface.

In the next sections, we investigate the experimental
parameters that lead to the enhancement of critical distance
due to the deposition of a thin film (R, > R.). Although this
case demonstrated an enhancement, some thin dielectric films
can suppress, or completely block, classical transport from the
metal.

E. Three regimes of electron capture

In the previous section, we saw that a total of three
different electron reservoir and energy barrier combinations
exist. Here we show that each of these combinations results
in a different electron capture regime. For a carefully selected
set of parameters (in this case representing a 3.4-nm thick
Ceo/Au(111) system [11]), simply changing the charge state
can illustrate each of the three regimes (Fig. 3). These regimes
are vacuum limited electron capture from the metal (regime 1),
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FIG. 3. (Color online) For 3.4 nm of C¢ on Au(111), we show
electron potential energy plots at R, for charge states Q = 9,24,54

film limited electron capture from the metal (regime ii), and
electron capture from V,,,(s) in the dielectric film (regime iii),
shown in Figs. 3(a)-3(c), respectively.

1. Regime i: Vacuum limited capture from the metal

Charge transfer from the metal can be limited either by the
potential barrier ¢ or by the vacuum potential barrier.

Examples of potential energy plots for the vacuum limited
regime i are shown in both Figs. 2(c) and 3(c). In both of these
cases, as the ion approaches the surface, the barrier (¢) drops
below Ef before the barrier in the vacuum drops below E .
Therefore, in regime i, the classical electron capture distance
is determined by the vacuum barrier.

This regime occurs for higher charge states where the longer
spatial influence of the ion’s potential can reduce ¢ fast enough
with respect to W that classical transport is permitted through
the dielectric. Although it is somewhat difficult to see in
Fig. 3(c), ¢ < O while E is equal to the barrier in the vacuum.

2. Regime ii: Thin film limited capture from the metal

For thicker films, higher initial ¢ barriers, greater film
permittivity, or lower HCI charge states [as shown in Fig. 3(b)],
the capture of an electron from the metal can be limited by ¢
instead of the vacuum barrier. In this film limited regime,
the vacuum barrier drops below Ey while ¢ > 0, as shown
in Fig. 3(b).

This means that for ion distances slightly greater than R/,
the potential maximum in the vacuum has already fallen below
Er. Immediately before the charge transfer channel opens, the
only barrier limiting capture is ¢. Due to the lower charge state,
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the ion has a shorter spatial influence and more weakly reduces
¢ than in regime i so that ¢ can still remain even when the
vacuum barrier is well below Ef.

3. Regime iii: Capture from the dielectric

For QO =9 in Fig. 3(a), where the first captured electron
originates from the valence band of the dielectric at a distance
R, = 4.0 nm from the metal. The influence of the ion on
the energy barrier ¢ is sufficiently weak that electrons in the
metal are blocked, while transport from V,,,(s) is classically
allowed. At this point, the target appears to the ion like a
bulk dielectric material. The metal substrate is shielded by
the dielectric film and the metal work function plays no
role in determining the critical distance. In this regime, the
COB model for bulk insulators becomes applicable [2] and
the critical distance is described by Eq. (5), i.e., Eypy, and
€ uniquely determine the onset of classically allowed charge
transfer.

F. Film permittivity dependence

One of the most important material parameters to influence
¢ is €. In Fig. 4, we vary € while keeping the ion Q = 24
at R = 6 nm to illustrate the role of €. For reference, the
unperturbed electron potential is plotted as the black solid line.
The valence bands within the dielectric have been removed
from the plot for clarity. Inside the film, the ion bends the
conduction band, lowering the barrier ¢ from its initial height.
The magnitude of the band bending depends inversely on the
€ of the film material. In the vacuum region outside the film,
the potential maximum also varies inversely with € due to the
boundary condition at the film-vacuum interface. In this way,
€ strongly influences the barrier heights in both the thin film
and vacuum regions.

The solid orange line in Fig. 4 plots the potential using
the same permittivity and gap parameters as those plotted in
Fig. 2(b), except that in Fig. 4, the film thickness has been
increased to s =4 nm. This position is the critical capture
distance R = R/ and the ion can classically capture an electron
from the metal.

The blue dotted line in Fig. 4 shows the effect of increasing
€ to 10. This weakens the electric field within the film causing
less band bending and increases ¢. Consequently, the position
R = 6 nm is greater than the critical distance. On the other
hand, the green line shows the potential for ¢ = 3, which
increases the electric field strength and reduces the barrier
heights inside the film and in the vacuum. At R = 6 nm, an
electron in the metal could have easily transferred at R > 6 nm.
In general, decreasing € increases the critical capture distance.
For a constant set of target material properties and film
thickness in Fig. 4, we see qualitatively from the potential
maxima that R/(¢e = 10) < R.(¢ =4) < R.(e =3).

To show more explicitly how the critical distance R,
depends on the film permittivity €, Fig. 4(b) plots R.(¢) for
film thickness s = 4 nm and charge Q = 24 over the range
€ =1 to € = 10. As expected, the general trend is that R/
decreases as € increases from 1 to 10. In the regions of the
plot labeled i and ii, the first captured electron originates
from the metal. As permittivity increases, the electric field
that is needed to pull down ¢ also increases. This means that
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FIG. 4. (Color online) (a) Dependence of the potential barrier
maxima on film permittivity. The solid black line plots the un-
perturbed barriers in the vacuum (z > s) and film (0 < z < s) for
reference. The other lines plot R = 6 nm with € = 10 (dotted line),
€ = 4 (dashed line), and € = 3 (solid green line). (b) Critical distance
as a function of film permittivity with capture regimes i, ii, and iii
indicated. Parameter values in (b) apply to both panels.

an ion of a given charge state must be in closer proximity
to the target before it can exert the electric field required to
reduce ¢. In Fig. 4, this is the reason that R, decreases with
increasing €. In the region of the plot in Fig. 4(b) labeled
iii, the first captured electron comes from the filled states in
the dielectric film. These are the same regimes described
in Sec. IIIE and, like with Q, the parameter € can vary the
charge transfer regime through all three types. This serves to
emphasize the importance of accurate knowledge of € when
modeling experimental systems.

G. Work function dependence

To further illustrate the dependence of the three regimes
on materials parameters, in Fig. 5 we show R/(s) for a range
of metal work functions between 4 eV and 7 eV, leaving the
parameters ¢ and € unchanged. In order to keep ¢ constant,
E.pm increases with the metal work function. For a single
material system when s is the only parameter varying, we
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FIG. 5. (Color online) The critical distance as a function of film
thickness for different metal work functions between W = 4 eV and
7 eV. Since ¢ is kept constant, R.(s) is independent of W in regime ii .

define the critical thicknesses s} and s to denote the value of
s where the charge transfer regime changes from i to ii, and
ii to iii, respectively. Comparing R.(s) versus s for different
work functions while leaving all other parameters constant
provides a clear demonstration that only ¢ limits transport
from the metal in regime ii, where s} < s < s and the critical
distance is independent of the metal work function. ¢, €, and
Q determine R.(s) in regime ii. For film thicknesses below
s7, the vertical intercept of R. has a relatively strong (1/ W)
dependence on work function. Additionally, si increases by
approximately 2 nm as W increases from 4 eV to 7 eV.

On the upper end, s; has a weak dependence on work
function, i.e., it increases by only a few angstroms as W
increases from 4 eV to 7 eV.

H. Critical distance as a function of film thickness

As was also seen in Fig. 5, R, depends on film thickness,
progressing from vacuum limited to film limited capture from
the metal and, finally, capture from the insulator as s increases.
When s = 0, no barrier in the film exists, and as s is increased,
the primary effect is that the vacuum barrier is pushed further
from the surface. The further the vacuum barrier is from
the surface, the less effective the metal is at holding up the
vacuum potential and the more effective the ion is at pulling it
down. However, the maxima in ¢ replaces the vacuum barrier
close to the surface, and as s increases, the vacuum barrier is
pulled down much faster relative to ¢. The value s = s is the
thickness and R where both the vacuum barrier and ¢ fall to
Er at the same time. Q, €, and s all affect the “lever arm”
for how strongly ¢ is perturbed relative to the vacuum barrier,
and therefore the value of s;. For larger values of s, R, is then
determined by ¢.

The R! dependence of this lever arm on Q and € is shown
in Fig. 6, where the slope of R, and values of s{ and sJ are all
affected. In both panels of Fig. 6, we use the band gap, ¢ barrier,
and metal work function values for C¢p on Au(111). The solid
orange line in both Figs. 6(a) and 6(b) plots critical distance as a
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FIG. 6. (Color online) (a) R.(s) for charge states Q =9, 24, 36,
and 54. The first captured electron comes from the metal substrate
in i and ii, and from the valence band of the dielectric film in iii.
(b) R.(s) for e =3, 4, and 10 at Q = 24. Parameters in Fig. 4(b)
apply to both panels, except as noted.

function of film thickness for e = 4 at Q = 24, for comparison
with previous figures and experiment (discussed later).

The value of R/ at s = 0 in Fig. 6 is the clean metal limit
where no film is deposited [Eq. (5) with 8 — 1]. Increasing the
charge state increases the capture distance ats = 0as/Q. Ass
increases, R/, for each charge state in Fig. 6(a) follows similar
qualitative behavior, and demonstrates the distinct regimes
labeled i, ii, and iii. In regime i, R, grows almost linearly
with a slope greater than 1 up to s{, i.e., the capture distance
is increasing faster than the film thickness and the film is
enhancing charge transfer.

In regime ii (s{ < s < s3), the slope of R, is almost flat
compared to region i. Regime ii corresponds to film limited
capture of metal electrons. For a fixed set of parameters, the
ion must approach to almost the same R regardless of s to pull
down ¢, which is held up by the metal states. As s — 53, R, is
increasing little and the film surface is getting closer and closer
to the ion. Consequently, the vacuum barrier preventing charge
transfer from V,p,,(s) is dropping quickly as s increases until
charge in the dielectric is no longer bound. Once s reaches
s3, the charge transfer crosses to regime iii, where the first
electron is captured directly from the valence band of the
dielectric material. As s increases further, ¢ increases when
the ion is at R, preventing any charge transfer from the metal.
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Functionally, R..(s) = R.(s;) + s, since the charge is captured
from the film and s no longer influences the capture distance
from the dielectric (R!. is the distance from the metal-dielectric
interface.)

R! in regime iii is also the same value given by Eq. (5),
1.e., the classical over-the-barrier model for bulk insulators is
recovered [2].

Considering the electrostatics, the transition between vac-
uum limited (regime i) and film limited (regime ii) capture
of an electron in the metal at si can be interpreted in the
following way. For a constant ion position R, increasing the
film thickness will decrease the distance between the ion and
image plane at the surface of the film (z = s). The strength of
the image attraction in Vi [Eq. (8)] scales approximately as
—1/z and asymptotes at z = s. This means that the magnitude
of the image potential grows rapidly as the distance between
the ion and the image plane (z = s) is decreased. The result is
that increasing the film thickness will diminish the vacuum
barrier maximum at greater R values. At the thicknesses
greater than s7, the film has been extended a sufficient amount
such that V,,, pulls the maximum of the barrier in the vacuum
below E, before the barrier ¢ can be pulled below Ef by the
ion’s electric field.

The transition thickness s3 is a prediction for the film
thickness at which there is equal probability of classical
capture of an electron from either the metal or dielectric film.
At thicknesses greater than sJ, electrons will be captured (over
the vacuum barrier) from the valence band of the dielectric
film, while electrons in the metal are blocked by the energy
gap ¢ within the film. So for Q = 24 in Fig. 6, the dielectric
will look like a bulk to the ion at a transition thickness of
53 =5.1nm.

It is also worth noting that at the film thickness of
s = 3.4 nm in Fig. 6(a), the regime of R, will depend on
the charge state of the ion. For example, O = 9 is in regime
iii, Q = 24 is in regime ii, and Q = 54 is in regime i. The
potential profiles for each of these charge states is shown in
Fig. 3.

Figure 6(b) is essentially the same as Fig. 6(a), except
that the different traces are for different permittivity values.
Comparing the case of € = 3 and 4, the physics of the charge
transfer can be quite sensitive to €. Further, for high € values
(e > 10), the s} is smaller than a typical atomic unit cell.
Physically, this means that for any film with a high permittivity,
no vacuum limited regime for electron capture from the metal
will exist. An experimental example of this behavior will be
discussed in Sec. IV C for the case of Al,O5 film on Co.

Figure 7 presents a map of regimes i, ii, and iii as a function
of film thickness and charge state for the target parameters
given in Fig. 6(a). The dotted line is the transition thickness
s7, which separates vacuum limited electron capture from the
metal in regime i from film limited electron capture from
the metal in regime ii. This transition thickness s increases
with increasing charge state according to the relationship
st o Q3.

The transition film thickness s} is plotted as a function of
charge state in Fig. 7 as a solid line. This line distinguishes
film limited electron capture from the metal (regime ii) from
electron capture from the valence band of the dielectric film
(regime iii). This transition increases with increasing charge
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FIG. 7. Map of the regimes i, ii, and iii for film thickness and
charge state with W =5.3 eV, E, =2.5 eV, and ¢ = 0.5 eV. The
transition thicknesses s; and s; appear to follow power laws of Q%3
and Q°°, respectively (empirical).

state as s; o 0%3, i.e., the same power dependence as the
COB model.

All film thicknesses smaller than s lead to an enhancement
of capture distance with respect to the clean metal for the film
parameters in Figs. 6 and 7. When s reaches s3, the dielectric
can shield the metal electrons from ion capture and the COB
model for insulators becomes a relevant description [2,3].

IV. COMPARISON WITH EXPERIMENT
A. Cg/Au(111): Electron emission yield

Critical distance may be correlated with an experimental
observable such as electron emission yield, assuming that the
total potential emission per incident ion is proportional to the
above-surface interaction time (t" = R./v,). R, determines
the onset of neutralization and may be proportional to the
total yield of Auger electrons emitted above the surface before
impact. The experiment in Ref. [11] reports measurements of
electron emission yields for Xe?*t incident on Cgy covered
Au(111) at an incidence angle of 40° at 70 keV. Yield
due to kinetic emission is expected to be negligible in the
measurement. The data in Fig. 8 is taken directly from Ref. [11]
where the relative secondary electron yield is plotted as a
function of Cgp film thickness ® in monolayers (ML), and
relative secondary electron yield is defined as

Y0 (©)
yAUO =0)’

where y is the number of secondary electrons emitted per
incidention, and ® = s/#y. The thickness of a C¢p monolayer
is in the range of fyy ~ 0.7 nm to 0.8 nm [11]. Also in Fig.
8, we plot the critical distance normalized by critical distance
at s =0 nm (R./R,) from 0 ML to 5.5 ML. The thickness
of a single monolayer of Cgy was taken to be fy, = 0.75 nm.
The quantity (R./R.) is proportional to the relative increase
in interaction time due to the thin film (z’/7). The charge state
in both experiment and model is Q = 24.

ARCIES (10)
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FIG. 8. (Color online) (a) Relative emission yield measurements
for Xe?** incident on Cg covered Au(111) taken from Ref. [11].
(b) Film thickness dependent critical distance (R.) normalized by
the critical distance for a clean metal. The horizontal axis in (b) is
determined by ® = s/, where ty, = 0.75 nm.

The knee in the calculated line in Fig. 8 corresponds
to the transitions between regimes i and ii at s{ =3 nm
(4 ML). Comparing the data and model in Fig. 8, we make
several observations. First, for the film thicknesses used in
the experiment, the model predicts that the first captured
electron originates from the metal and not the Cgy film.
All thicknesses shown are below the thickness s3 = 5.1 nm
(6.8 ML) calculated for Xe***. Second, based on the model,
we expect enhanced critical distances for thicknesses below
s3 = 5.1 nm. The model for thin-film-enhanced critical dis-
tances follows the behavior of the increase in relative yield
observed in the data.

One possible explanation for the good agreement is that
enhanced capture distances lead to enhanced yields by in-
creasing above-surface interaction time. Finally, the saturation
in relative yield shown occurs at thicknesses (s =~ 2 nm or
2.7 ML) that are close to the calculated si. For Q = 24, the
transition from the vacuum limited to the film limited regimes
occurs at 57 = 3 nm (4 ML). It is plausible that the saturation
inrelative yield in the data occurs near s} due to this transition.

B. LiF/Au(111)

HCT interactions with lithium fluoride has been the subject
of many studies, including LiF thin films on Au(111). Lithium
fluoride in bulk is an ionic crystal with a large band gap
E, =14 eV and valence-band maximum (E,p, = 12 eV).
Consequently, in bulk, its conduction band exists in the positive
continuum, above the vacuum level. In the formalism of our
model, the presence of a large band gap means that electrons in
the metal would be blocked by an initial barrier ¢ whose height
exceeds the typical vacuum work function of a metal, i.e., there
would never be a regime i since more energy is required to
inject an electron into LiF than vacuum. This means that the
film would immediately suppress electron emission compared
to a bare metal surface.

We can compare this prediction with above-surface KLL
Auger electron spectra taken during neutralization of O and
N7+ inRefs. [9,10]. These results imply a strong suppression of
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FIG. 9. (Color online) R./(s) for Q =7 outside LiF/Au(111).
Electrons in the dielectric have fixed binding energy of 12 eV. With
(bulk) band gap E, = 14 eV, the first capture proceeds from the
dielectric. A reduced band gap E, = 7.5 eV leads to capture from the
metal with suppressed R.. below s = 0.5 nm. E, = 6 eV facilitates
capture compared to a clean metal due to ¢ < 0 eV.

R! even after only 1 ML of LiF growth. The authors concluded
that 1 ML of LiF is sufficient to effectively “shield” the Au
substrate during the neutralization sequence. Thin LiF films
cause a delay in the onset of first capture and decrease the rate
of above-surface neutralization [9]. However, the large gap
observed in bulk LiF develops [9,10] only after thicknesses of
about five monolayers (1 ML & 0.4 nm [31]). In contrast to the
bulk band gap, LiF develops the high bulklike binding energy
W = E,pm = 12 eV even at submonolayer thicknesses. Thus,
those authors argued that the large binding energy (and not
the band gap) was the limiting factor in determining the onset
of above-surface neutralization. In short, the binding energy
of an electron in the thin dielectric film was held primarily
responsible for the observed suppression in the above-surface
component in the Auger spectra. This interpretation implies
that the first captured electrons originate from the LiF film
rather than the metal.

To analyze this scenario using the model presented here, we
plot R/ as a function of film thickness for a O = 7 projectile
outside the surface of LiF/Au(111) in Fig. 9. The LiF films
are parametrized as having permittivity € = 9 and binding
energy E,p, = 12 eV. The solid lines in the plot represent the
expected capture distances from Eq. (5) in the bulk metallic
and bulk dielectric limits. To investigate the role of the band
gap in the suppression of electron capture, we varied the band
gap of the LiF films between the bulk value £, = 14 eV and
a reduced value of E, = 6 eV. The results for E, = 14 eV,
E, =7.5¢eV,and E, = 6¢V areplottedin Fig. 9. In our model,
we reference the barrier in the dielectric film to the Fermi
energy of the metal as ¢ = E, + E; — Ep. Therefore,
the band gaps E, =14 eV, E, =7.5 ¢V, and E, =6 eV
correspond to barrier heights in the dielectric of ¢ = 7.3 eV,
¢ =0.8eV, and ¢ = —0.7 eV, respectively.

For the smallest band gap E, = 6 €V, the barrier within
the dielectric film vanishes (¢ < 0 eV), and the dielectric
film’s conduction band would fill up to E ¢ and facilitate the
capture of electrons in the metal. Increasing the band gap to
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E, =7.5 eV, the model shows that capture of electrons from
the metal behind the ultrathin LiF film is suppressed below
s < 0.5 nm. The onset of capture is delayed for film thick-
nesses comparable to 1 ML of LiF, as seen in the experiment.
Finally, for the full band gap E, = 14 eV, we observe an even
stronger suppression of R.. The first captured electrons come
from the valence band of the LiF, and not the metal. This leads
to decreased capture distances compared to a clean gold target
(Fig. 9, short blue dashes). Consequently, the blue dashed line
converges to the capture distance given in Eq. (5).

For comparison, the bulk dielectric and bulk metal limits for
R/ are shown as solid black lines in Fig. 9. These were obtained
using Eq. (5) with permittivities of € — oo for the metal and
€ — 9 for the LiF film. The effective “work function” for the
dielectric is its binding energy W = E,p,. Again, the R/ are
plotted in Fig. 9 with respect to the surface of the metal at
z = 0. This means that the distance between the ion and the
metal surface at the position of capture grows linearly with s
when the electron originates from the dielectric. Our modeling
shows that a reduced band gap, E, > 7.0 eV, can result in
the suppression of electron emission. The presence of such a
nonzero yet reduced band gap in ultrathin LiF film is supported
by measurements [32,33]. On the other hand, LiF possesses the
high binding energy (E;, = 12eV) at submonolayer coverages.

For the case of a nonzero yet reduced band gap, above-
surface neutralization would begin with over-the-barrier cap-
ture of an electron from the metal and not the LiF valence
band at a thickness of s = 1 ML. The model predicts that the
limiting factor determining the onset of neutralization (from
capture of metal electrons) is then the height of the barrier ¢,
which is based on the relative alignment of Er in the metal and
E pim in the LiF film. This scenario involving initial capture of
metal electrons is in apparent contrast to the one proposed in
Refs. [9,10], where the binding energy of the LiF film was held
primarily responsible for the suppression of R, (implying that
the first captured electrons originate from the ultrathin LiF
film). However, capture of electrons from the metal behind
the LiF film predicted by our model remains consistent with
delayed onset of neutralization observed in the experimental
Auger spectra.

We note that our model does not account for the possible
role that the projected band gap of the underlying Au(111) may
have on the ability of an ion to exchange charge in a way that is
consistent with a jellium description of the metal. In particular,
for perpendicular velocities below approximately 0.1 a.u.
(2.2 x 10° m/s), which are present in the measurements of
Refs. [9,10], it is predicted that deviations from the jellium
description of charge exchange can arise for a bare substrate
[34-36]. Although these time scale sensitive deviations were
not derived for a thin film system, measurements sensitive
to resonant charge exchange could be used to sense whether
captured electrons originate from Eg or the LiF E,;, and
thus further distinguish the mechanisms and relevant time
scales involved.

C. A1203/C0

Thin aluminum oxide films on cobalt was the experimental
system studied in Ref. [12]. Al,O3 is considered a “high-k
dielectric” with static permittivity of approximately € = 8
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FIG. 10. (Color online) Thickness-dependent critical distances
for QO = 44 interacting with Al,O; films on Co. Vacuum limited
transport from the metal (regime i) does not occur at any physically
meaningful s due to relatively high ¢ and € parameters. Instead, the
barrier ¢ limits the capture of metal electrons and suppresses the
capture distances R, (regime ii). The target appears to the HCI like a
bulk dielectric beyond s = 1.3 nm.

(for plasma oxidized thin films [37]). The nominal band gap
of bulk aluminum oxide (E, = 9.9 V) is smaller than that of
bulk LiF. As with all materials fabricated as ultrathin films, the
electronic properties are sensitive to preparation conditions,
e.g., band gap differences may occur depending on whether
plasma oxidation, thermal oxidation, or atomic layer deposi-
tion are used [38]. For plasma oxidized barriers, the energy
difference between the metal Fermi energy and dielectric
conduction band minimum was measured to be ¢ = 1 eV [39].
This quantity can be determined by performing tunneling
spectroscopy measurements of Co/Al,O3/Co junctions. The
Fermi energy lies within the band gap of the dielectric.

Figure 10 plots critical distance as a function of aluminum
oxide film thickness, given the target parameters E, = 9.9 eV,
e =38,¢ =1¢eV,and W = 5 eV. The charge state in the plot
is Q = 44 (the highest charge state used in Ref. [12]). The
dashed line from s = 0 to s = 1 represents how a robust ¢
is established almost immediately upon adding any dielectric.
The high permittivity and the large difference between Ep,,
and Ef result in a strong ¢, so that even when s = 0.1 nm,
the HCI has to approach much closer to extract the charge.
The two distinct slopes in the solid R.(s) line are regions ii
(film limited capture from the metal) and iii (capture from the
dielectric). The transition s; occurs at a thickness of 1.3 nm.

Capture from the metal limited by the vacuum barrier does
not occur within the range of thicknesses plotted. This means
that the distance of first capture does not depend explicitly
on the work function of the metal substrate in ultrathin films
(when s < 7). Instead, the barrier ¢ = Ep, — Er limits the
capture of metal electrons. Also, for s > 0nm, critical distance
is suppressed compared to a clean Co target. R, for the clean
Co (W =5eV; Q = 44) from Eq. (5) is indicated at s = 0 nm
in Fig. 10.

Although the capture distance is suppressed due to the
presence of the film, the first captured electron can be expected
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TABLE 1. Summary of critical distances at Q =36 and
s =1 nm for three experimentally studied systems [9-12]. The
regimes correspond to electron capture from the metal (vacuum
limited) (i), electron capture from the metal (film limited) (ii), and
electron capture from the dielectric film (iii). Parameters for each
material system are displayed in the previous figures.

Film/substrate R, (nm) R, (nm) R./R. (Regime) note

Ceo/Au(111) 4.0 2.3 1.8 (i) enhancement
Al,03/Co 1.9 2.4 0.8 (i) suppression
LiF/Au(111) 0.9% 2.3 0.4 (iii) suppression

*originis z = s

to originate from the metal substrate behind the exposed
dielectric film at thicknesses up to 1.3 nm. At thicknesses
greater than 1.3 nm, the target begins to take on the properties
of a bulk aluminum oxide target. Specifically, capture is
limited by the high vacuum barrier between the valence band
electrons in the aluminum oxide layer and the ion. These target
electrons in the dielectric have an effective binding energy of
Eypm = 13.9¢V.

In the context of material modifications experiments [12],
the prediction of above-surface capture of an electron from the
metal may provide insight into damage mechanisms. If charge
is removed from the metal instead of the dielectric film during
above-surface neutralization, this suggests that modification
of the thin film occurs upon ion impact as opposed to above
surface.

D. Summary of experimental systems

The results of the model for the three material sys-
tems discussed in the previous section are summarized in
Table I at film thickness s = 1 nm, and Q = 36. For Cg, on
Au(111), the 1 nm film increases the distance for the onset of
neutralization. Neutralization starts with electrons in the metal
(in the vacuum limited regime i). The relative enhancement
of capture distance compared to the metal is R./R, = 1.8. In
the Al,O03/Co system, capture still proceeds from the metal at
1 nm thickness, but the film slightly suppresses the capture
distance by a factor R/./R. = 0.8. The s = 1 nm film induces
a film limited capture regime (regime ii). Here, R/, is limited
by the barrier ¢ within the dielectric and not the vacuum
work function (W). In LiF/Au(111), a film thickness s = 1 nm
blocks capture from the metal. The first captured electron
comes from the valence band of the LiF film. In this case
(region iii), the captured electron starts within the target at
the position closer to the ion at a position s. Therefore, the
distance between the ion and captured electron is (R, — s).
In comparing capture from the dielectric film to capture from
the clean metal, we examine the ratio (R, — s)/R. = 0.4. The
asterisk in the table denotes this R, — (R, —s) correction
that accounts for the initial position of the captured electron.
In this comparison, we assume that the full bulk band gap
E, = 14 eV is present within the dielectric at all thicknesses.
As discussed previously, the presence of a nonzero ¢ is re-
quired to explain the delayed onset of neutralization observed
in the experiment [9].
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V. SUMMARY

In summary, we presented an extension of the classical over-
the-barrier model [1] to examine the first stage of neutralization
for HCIs outside dielectric thin films on metals. Classical
electrostatics were used to construct the potential profile for
an “active electron” in a metal-dielectric-vacuum system in
the presence of an HCI. The inclusion of a dielectric thin film
leads to a significant modification of boundary conditions. The
electron self-image was treated with the well-known dielectric
continuum model. Over-the-barrier capture distances as a
function of film thickness were obtained. We find that the
first resonantly captured electron can be captured over the
barrier either from filled states in the metal or dielectric,
depending on the permittivity, band gap, and thickness of the
film. Additionally, the thin film can either enhance or suppress
the onset of neutralization. Within an R/(s) plot, we observed
the following qualitative structure:

(1) Regime i (vacuum limited): First captured electron
comes from the metal. The onset of neutralization is enhanced
with respect to the clean metal. This regime occurs for ultrathin
films s < si for low barrier heights ¢ and low permittivity
values €.

(2) Regime ii (dielectric film limited): First captured
electron comes from the metal. The onset of neutralization
can be either enhanced or suppressed, depending on ¢ and
€. R/ is independent of the metal’s vacuum work function,
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and instead depends on the barrier ¢ = Ep,, — Er. Regime ii
occurs for thicknesses s < s < s3.

(3) Regime iii (capture from dielectric): The dielectric
film blocks the capture of metal electrons and suppresses
the onset of neutralization when s > s3. The film shields the
metal electrons and the target behaves as a bulk dielectric, as
described in Ref. [2].

Quantitative values of the transition thicknesses sj and
s3 are given for various high charge states in the systems
Ceo/Au(111), Al,O3/Co, and LiF/Au(111). The behavior of
R/ (s) closely resembles the measured thickness-dependent
enhancements in the relative emission yield reported in
Ref. [11]. The model also predicts suppression for the
onset of neutralization for LiF/Au(111), in agreement with
the experiment [9] due to the large € and as long as a
nonzero ¢ exists, e.g., Egp > 7.5 eV. An analysis of the
Al,O3/Co system from Ref. [12] showed that for thin films
(s & 1 nm), the first captured electrons originate from the
metal.
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