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ON THE WORK FUNCTION
AND SCHOTTKY BARRIER HEIGHTS OF METAL
NANOFILMS IN A DIELECTRIC ENVIRONMENT

We suggest a method for self-consistent calculations of the characteristics of metal films in
a dielectric environment. Within a modified Kohn—Sham method and the stabilized jellium
model, the most interesting case of asymmetric metal-dielectric sandwiches is considered, for
which the dielectric media are different on the two sides of the film. We calculate the spectrum,
electron work function, and surface energy of polycrystalline and crystalline films of Na, Al,
and Pb placed into passive isolators. It is found that a dielectric environment generally leads
to a decrease of both the electron work function and the surface energy. It is revealed that the
change of the work function is determined only by the average of dielectric constants on both
sides of the film. We introduced the position of a conduction band in the dielectric as a parame-
ter in the self-consistency procedure. The calculations with the use of the image potential for an
aluminum film with ideal interfaces vacuum/Al(111)/SiO2 and vacuum/Al(111)/Al, O3 and
the sandwich SiO;/Al(111)/Al; O3 are performed. As a result, the effective potential profiles
and the Schottky barrier heights are calculated.
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1. Introduction

Thin metal films and flat islands on semiconductor
or dielectric substrates can be considered as two-
dimensional electron systems with properties, which
are of interest both from the fundamental point of
view and from the perspective of their application to
nanoscale electronic devices.

There are a limited number of experimental works
focused on quantum size effects in such systems (for
reviews, see [1-9]) due to difficulties in the fabrication
of samples, as well as because of the lack of suitable
experimental methods. One of the most important
characteristics of metal nanostructures is the electron
work function.

As a rule, the calculations of electron work func-
tions for films are performed for the idealized case
of films in vacuum. Similarly to clusters, the work
function defines an ionization potential. There are
different methods, which enable one to calculate the
electron structure of slabs (in vacuum) consisting
of a few monoatomic layers (ML). Let us combine
them into three groups according to the complexity
of computations: I — Sommerfeld electrons in the box
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model (analytical calculations, slabs and wires) [10—-
15]; II — self-consistent calculations within various
versions of the jellium model (slabs and wires) [16-
20]; III — ab initio calculations (slabs) [21-24]. The
obtained results are illustrated in Fig. 1 for all these
three groups. An important ingredient of approaches
within group III is the monolayer number in the film
(see dots in Fig. 1). For groups I and II, L changes
continuously.

In group I, the Fermi energy (kinetic energy) er(L)
is reckoned from the flat bottom of the conduction
band, while the work function W (L) is reckoned from
the vacuum level. Therefore, their size dependences
are “asymmetric”. In addition to quantum oscilla-
tions, these quantities contain monotonic size con-
tributions, which, at small film thicknesses, together
show up through inequalities 0 < W(L) < Wy and
er(L) > ép > 0, where Wy and & correspond to a
three-dimensional (3D) metal (allowing for the energy
counting for ).

In [25,26], the asymptotic behavior of the electron
chemical potential for spherical clusters of radius R
was determined. It yields

W(R) =W, — % < W, (1)
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where ¢; >~ 2.5eV X aq for simple metals, and ay =
= h?/(me?). It is expectable that such a monotonic
contribution must appear for films as well. However,
in contrast to the case of group I, the self-consistent
calculations of groups IT and IIT (see Fig. 1) at
small film thicknesses point out to the suppression
of the monotonic dependence (with asymptotic (1))
by corrections of higher orders of smallness. For in-
stance, the compensation of terms —ci/L + co/L?
occurs at L* = cy/cq, and L* is large, provided
co >cp > 0.

The experimental results also do not allow one to
draw unambiguous conclusions on the character of the
monotonic component of W(L): in experiments [3], it
is absent (Yb films on Si substrate), while, according
to [2, 5], it coincides with the one of group I. Note
that the comparison of a measured work function for
the sandwich consisting of an Ag film on Fe(100) in
[2, 5] with calculated results for slabs in vacuum is
rather relative.

Let the film placed on a substrate be considered. In
order to determine the characteristics of contacts in
the easiest case, it is necessary to know the dielectric
constant € as well as the position of the conduction
band —x (x is the electron affinity) in a dielectric ma-
terial. The approximation y = 0 was widely used for
the work function, polarizability, and surface plasmon
resonance of jellium spheres and wires embedded in
different dielectric matrices (see [19,27-29] and refer-
ences therein).

The aim of this work is to compute the energy cha-
racteristics of metal films in dielectrics. A method
for self-consistent calculations of the equilibrium pro-
files of the electron concentration, effective poten-
tial, energy spectrum, and integral characteristics of
metal films in dielectrics and dielectric substrates
is suggested. The developed method is based on
the stabilized jellium model [30] and the local den-
sity approximation for an exchange-correlation po-
tential [31], which were used by us [32] to analyze
the characteristics of a semi-infinite metal with di-
electric coating. For our problem, in the spirit of
Serena et al. [33], we introduce a nonlocal poten-
tial matched at the image-plane positions to the lo-
cal exchange-correlation potential. We also intro-
duce the position of a conduction band in the di-
electric as a parameter in the self-consistency proce-
dure and perform calculations of the effective poten-
tial profiles and the Schottky barrier heights for the
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Fig. 1. Tllustration of the computation results for groups I, 11,
and III (data for group I are deduced from [12])

Fig. 2. Scheme of a film in the dielectric environment

vacuum/Al(111)/SiO2 and vacuum/Al(111)/Al;03
and the sandwich SiO4/Al1(111)/Al;05.

This paper is organized as follows. In Section II,
we formulate our model. In Section III, we present
our main results and provide a discussion of them.
The conclusions are drawn in Section IV.

2. Model

Let us consider a metallic film of thickness L at zero
temperature. We direct the z-axis perpendicularly to
the film surface (Fig. 2, £ > L).

The main identities for a film can be obtained
within the model of a rectangular well for conduction
electrons. To perform a preliminary analysis, we sup-
pose that the bottom of the potential well is flat, and
we reckon energies starting from its value. The final
expression for the kinetic energies of conduction elec-
trons depends only on energy differences; therefore,
the counting of energies in such a way is allowable.

We study a film of thickness L comparable in mag-
nitude to the Fermi wavelength Ap = 27r/l_cF of an
electron in a 3D metal. The longitudinal sizes of the
sample are assumed to be considerably larger than
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ky
Fig. 3. Scheme for the occupation of electronic states in the
k space

the film thickness (L < L, L,), which leads to the
pronounced quantization of the transverse component
of the electron momentum. The three-dimensional
Schrodinger equation for a quantum box can be sep-
arated into one-dimensional equations.
The eigenenergies are given by
2
[

iy =i+ o, ki =kl k5, (2)

2
where ¢; is the eigenvalue of the i-th perpendicular
state ¥;(z) (hereafter, the Hartree atomic units are
used: i = m = e = 1). The eigenvalue ¢; is the
bottom of the i-th subband. For finite and periodic
systems in the z-direction, the Dirichlet and periodic
boundary conditions are used, respectively. There-
fore, possible allowed electron states k;, ky, k. form a
system of parallel planes in the k-space, k, = k;.

The occupation of electron states starts from the
point {0,0, k1 } and follows an increase of the radius-
vector. As a result, it turns out that all occupied
states are contained within the area of the k-space
confined between the plane k, = k; and a semi-sphere
of the radius krp = /2cr(see Fig. 3).

The number of states dZ in each of the circles
formed by the intersection of the Fermi semisphere
with the planes k. = k; of the area S = L, L,, within
the interval of wave vectors (K, k) + dk|) and tak-
ing both possible spin projections into account, is
dZ(k)) = = 2Sd(7rkﬁ)/(27r)2. The maximum value
of k|| in each circle numbered by i is equal to the cir-
cle radius kp(;y = (k§ — k)'/2. In order to find the
number of occupied states, which coincides with the
number of valence electrons N in the film, one should
integrate dZ over k) in each circle, and then sum up
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the contributions of all circles:

_ _ ;7.2 2

N== / dky by = 5 (szF—ZkZ). (3)
i=1 0 =1

With regard for the electron kinetic energy %(k:ﬁ +

+ k?), the total kinetic energy of the electron subsys-
tem equals

ke
S <
Lo=35.2 / dkyy (K + k) =
=1 0
S & 2 k%(i) 2
:MZ/@F(U< 5 Tk (4)
=1

where ip is the number of the last occupied or par-
tially occupied subband.

In the frame of the density-functional theory and
the stabilized jellium model (SJ), the total energy of
a metal sample is represented by the functional of the
inhomogeneous electron concentration n(r):

ESJ[TL(I‘)] = Ts + Exc + EH + Eps + EM7 (5)

where Ty is the (non-interacting) electron kinetic en-
ergy, Fy. is the exchange-correlation energy, Fy is the
Hartree (electrostatic) energy, Eps is the pseudopo-
tential (Ashcroft) correction, and Fy is the Madelung
energy. The sum of first three terms in expression (5)
corresponds to the “ordinary” jellium energy Ej. The
average energy per valence electron in the bulk of
a metal is g5, 5 = Egj,5[n]/N, where N is the total
number of free electrons with concentration n defined
by the valence and the atomic density.

The positive (ionic) charge distribution can be
modeled by the step function

p(z) = n0(L/2 — |z]). (6)
Solving the Kohn—Sham equations

V) el (i () = st (), (D)
vett[2,1(2)] = ¢(2) + vxe(2) + (V) gy O(L/2 = |2]) (8)

together with the Poisson equation

47
m [n(2) —
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with the step function

1, z2<—=L/2,]z| < LJ2,z> L]2,
a; —L/2<z<—L/2,

e; L/2 <2< L)2,

flz) = (10)

we obtain the single-electron wave function and the
eigenvalue ¢; self-consistently.

It is generally believed that the more “physical” the
potential, the better the result of computations for
the location of the Fermi energy (as the eigenvalue of
the highest occupied state). One of the limitations of
the method of effective potentials in LDA is its fail-
ure in reproducing a correct behavior of image poten-
tials outside metal surfaces (see [34,35] and references
therein). Therefore, we introduce the nonlocal po-
tential vXF(2) matched at the image-plane positions
to the local exchange-correlation potential vEP(z) =
= d[n(z)exc(2)]/dn(z) in the spirit of work [33]:

o), 2 < 21
Uxe(2) = U)I:?(Z)v 7' <2< 7N,

vt (2), 2> 77,

(11)

where Z!' = —L/2— 2}, Z* = L/2+ 2}, and the image-
plane positions (z;" > 0) are reckoned from the left
and right sides of film surfaces,

2—2! 2—2Z!
b eon

NL,1
1 12
Uxe X+ Tate =20 : (12)
2= —(2—2Z")/ Xr
NL,r __ r 1- |:1 + 4, ] © ( ’ )/ (13)
Pre =X der(z — 27)

For instance, far from the surface, (13) has a correct
asymptotic behavior {—x* — [4e,(z— Z%)] 71}, which is
an image potential. From the condition of the match-
ing of potential (11), as well as its first derivatives in
the image planes from left and right sides, we obtain
simple relations:

>\1,r = 5

1661+ [viP (Z') + X

‘dUI?cD(Z)/dZL:ZM 16
= —€lr-

2 (Zh) + X2 9

(14)

(15)

The relation in (15) is treated as an equation for zé’r.
The values of z,lf at the left and right sides out of
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the film are calculated self-consistently by solving the
Kohn—Sham equations at each iteration. In this way,
the effective potential is matched self-consistently to
its image-potential-like form at large distances. The
result of work [33] for the semiinfinite metal is repro-
duced for e =1 and x = 0.

The term (dv)face in (8), which makes it possible to
distinguish different crystal faces, represents the dif-
ference between the potential of the ionic lattice and
the electrostatic potential of the positively charged
background averaged over the Wigner—Seitz cell:

by — (M T

(00)tace = (60)ws — (B¢ + ),
_deg

5 = _f—J

(6v)ws ndﬁ’

where d is the distance between the atomic planes
parallel to the surface. The term (§v)ws describes
a polycrystalline sample [30]. In Eq. (10), ¢ and e,
are dielectric constants of isolators from the left and
right side of the film, respectively.

The electron density profile n(z) is expressed in
terms of the wave functions ;(z) as

1 iy ; 2

Y T (o)

The values of ig and ep are determined by solving the
equation

(16)

iF
wLn+ Y ei—ipep =0; & <ep; i = 1,2, ...ip, (17)
i=1

which follows from the normalization condition (3)
and definition of the Fermi energy. In this equation,
the integration over k| is already performed, and,
therefore, the summation is made only over the sub-
band number.

In nanofilms, the spatial oscillation of the electronic
density is significant throughout the sample. There-
fore, the energies are reckoned from the vacuum level,
which is the energy of the electron in rest in the area
|z| > L£/2. For bound states, the energies are nega-
tive, including ep.

We use the iterative procedure (see Appendix A)
allowing us to solve self-consistently the system of
equations (7), (9), (16) and to find the optimal pro-
files n(z), ¢(z), as well as the spectrum of one-
particle energies. As a result, the metal /vacuum and
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Fig. 4. Results of self-consistent calculations of the profiles of
the electron density n(z)/7, the one-electron effective poten-

tial veg (2), and the electrostatic potential ¢(z) for sandwiches:
{1|A1]1}, {1]Al|5} and {3]|Al|3} with L = 2)\p

metal/dielectric work functions are defined in the
form

W = —€F,
W' = —er (e x™) — X (19)

There are two situations, when |ep| > x'" and < x!*.
The value Wy is the Schottky barrier height.

3. Results and Discussion

We perform calculations for both polycrystalline and
crystalline films made of Na, Al, and Pb with the
electron concentration 7 = 3/4mr? with the corre-
sponding electron parameter ry = 3.99, 2.07, and 2.30
ag. The minimal thickness of “crystalline” sandwiches
should be not less than 2d, and d is comparable to
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Ar/2 (A\p = 13.06, 6.78, and 7.53 ag for Na, Al, and
Pb, respectively).

Let us firstly perform calculations: (i) with regard
for formulas (11)—(15), in which it is formally as-
sumed that y = 0 and vy, = vLP; (ii) using (11)-(15)
and y # 0.

(i) For a symmetric sandwich, the effect of a dielec-
tric coating on the surfaces is reduced to the “elon-
gation” of the electron distribution tail and the effec-
tive potential beyond the surface of a metal (polycrys-
talline films {1|Al|1} and {3|Al|3} on Fig. 4). The cal-
culations were performed for € = 1, ..., 12. Inside the
film, one can see the Friedel oscillations of the elec-
tron density with peaks near the geometrical bound-
aries. The period of oscillations is close to %/_\F and
only weakly depends on the presence of dielectric
coatings. The situation is similar for Na and Pb films.

At the boundaries between the metal film and the
coatings, there are jumps in the derivative of the elec-
trostatic potential ¢’'(z), which disappear, provided
the dielectric constants of the coatings are equal to
1. These jumps are due to the boundary conditions
(A2) at z = £L/2. The jumps are also reflected on
the ve(2) profile, since ¢(2) is one of its components.
In addition, at the borders, there are another jumps
of not only the derivative v/g(2), but also of ves(2)
profile itself for any values of €, including ¢ = 1. Such
jumps have another origin compared to the first ones.
This fact is linked to some features of the model [30],
namely to the presence of the effective potential com-
ponent (dv)g, . 0(L/2—|z|). These nonphysical jumps
should not be taken into account in the estimation of
the effective force

Fe(2) = —Vuen(2).

It is seen from Fig. 4 that the force orientations are
opposite at both sides of the film, so that the film
on the whole must be stressed. The existence of the
force should lead to an increase of the spacings be-
tween some lattice planes d, while the spacings be-
tween other planes must become narrower.

The depth of the potential well, in which the elec-
trons are located in a metal film, decreases “on the av-
erage” with increasing € and, as a result, the electron
work function W = —ep (€., X" = 0) also decreases
(see Fig. 5).

The film {1|AlL|1} spectra are presented in Fig. 5.
For comparison, in the same figure, we also show the

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 1



On the Work Function and Schottky Barrier Heights

results obtained within the electrons-in-a-box model
with the well depth Uy = —(Wp + &) < 0.

It is seen from Fig. 5 that the dependence of the
eigenstate energies on the film thickness, within the
SJ model, is oscillating and decreasing. For subbands
with large numbers ¢ = 10, 11, there are gaps due to
the algorithm instability in a vicinity of the vacuum
level. Within the rectangular-box model, this depen-
dence is only decreasing. Due to smoother edges of
the self-consistent well, it contains more subbands
compared to the model of a rectangular box. Dif-
ference in subbands numbers significantly affects the
calculated dielectric function and the optical conduc-
tivity of a nanofilm [14].

Within the rectangular-box model, in contrast to
the SJ model, ep(L) is always located above one for
a 3D metal. The amplitudes of oscillations decrease
as L increases. Within both models, the maximum
Fermi energies (minimum work functions (18)) corre-
spond to the points, at which the curves of eigenener-
gies intersect Fermi energies. Within the SJ model, in
contrast to the rectangular-box model, the minimum
Fermi energies correspond to the points, at which the
Fermi energy is located between two nearest eigenen-
ergies (magic film thicknesses similar to magic num-
bers in clusters).

The asymmetric sandwiches {e|Mele;} and
{1|Mele}, which are in contact with air or vacuum,
are of particular interest from the viewpoint of
experimental investigations due to the perspective
of their use in technological applications (see, for
example, [5]).

Let us consider both the electron density and po-
tential profiles for the polycrystalline film {1|Al|5}.
The presence of a dielectric at the right side of the
film leads to the asymmetry of the electron distribu-
tion (see the insets in Fig. 4), so that there appears
a hump in both the electrostatic and effective po-
tentials at the left side above the vacuum level. This
should result, for example, in the anisotropy of a field
emission along the z-axis. It is worth noting that the
bottoms of wells for sandwiches {1|Al|5} and {3|Al|3}
are essentially the same, some difference appears only
in the “tails” of potential profiles.

It is of interest to compare the heights of humps
at L = 10,12,13.5 and 20, 22, 23.5 ag. These thick-
nesses correspond to the minimum and maximum of
the dependence W (L) for {1|Al|5}. It turns out that,
with the increase of L, the hump height weakly oscil-

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 1

b
'S

‘Energy (eV)

10.8

Fig. 5. Results of calculations for the energy spectrum (sub-
bands) and the Fermi energy ep (L) of the film {1|Al|1} by the
self-consistent method (solid lines) and in the rectangular-box
model (dashed lines)

lates and decays similarly to the work function, but
the maxima of the hump height correspond to the
minima of W (L). For the values of L, as given above,
these heights are 0.176, 0.148, 0.170 and 0.158, 0.139,
0.156 eV, respectively.

In order to analyze such a behavior of the poten-
tial profiles, it is necessary to go beyond the isotropic
model based on a defined (6) distribution of the ho-
mogeneous positively charged background, i.e. one
has to consider not only the reaction of the electron
subsystem, but also the reaction of the ion subsystem
to the presence of a dielectric. The spacings between
the lattice planes are determined by the balance of
forces from the right and left sides for each plane. A
simplest realization of this idea is to disregard vari-
ations of spacings between the lattice planes and to
vary the profile of the ion jellium distribution (6). We
found that such a procedure leads to a significant de-
formation of the well bottom, but does not result in
considerable changes of both the spectrum and the
hump height.

Figure 6 shows the results of our calculations of
the electron work function for crystalline sandwiches
using expression (18). Horizontal lines correspond to
semiinfinite samples. In contrast to the surface en-
ergy, the size dependences W (L) have deep and pro-
nounced minima. It is easier to analyze them us-
ing a simple model [12]. The amplitudes of largest
work function “oscillations” are smaller than 0.5 eV.
By considering the dependences for different metals,
it is easy to see that all the differences are due to
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Fig. 6. Work function for crystalline sandwiches {e|Mele;}
and a semiinfinite metal covered by a dielectric {Meso|e} (Me =
= Na, AL, Pb), x =

Table 1. The examples of a simple coating
and substrates [37, 38]

Material | He | Ne | Ar | Kr | Xe |SiOs | AloO3 | Si
€ 1.10 | 1.20 | 1.50 | 1.65 | 1.90 4 9 13
x,eV | —1.0[0.10[{0.20|0.45|0.68 | 1.1 1.35 |4.05

values of r,. For Al, which has the smallest r,, work
function oscillations are maximum, while the period
is minimum. Positions of both maxima and minima
depend weakly on € of a dielectric and slightly shift
toward smaller L with increase in e.
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The unexpectable result of self-consistent calcula-
tions is the coincidence of the dependences W (L) for
sandwiches {1|Me|12} and {6.5|Me|6.5}. The com-
putations for {1|Me|5} and {3|Me|3} give a similar
result. This means that the electron work function
for asymmetric sandwiches {€|Me|e,} coincides with
high accuracy with the work function for symmet-
ric sandwiches {(¢)|Me|(e)} with the averaged value
() = 3a+ ).

The work function has both the bulk and sur-
face contributions. Because the bulk metal contribu-
tions W (L) for sandwiches {1|Me|12} (like to vac-
uum,/metal/Si) and {6.5|Mer|6.5} are the same by
definition. The same are the contributions of dipole
surface barriers. We here imply the total contribution
of both sides of a sandwich, since the work function is
an “isotropic” characteristic [36]. The coincidence of
the work functions is most likely a geometric effect.
This feature will be addressed elsewhere.

The results obtained by using the developed itera-
tion procedure enable us to draw a conclusion about
its efficiency. Moreover, one can follow the behavior
of electron spatial profiles and potentials, as well as
calculate a spectrum. The results for y = 0 and in
LDA provide reference data for simplified treatments.

(ii) Let us apply this approach (x # 0) to study
the energetics of three samples with “ideal” interfaces:
the film Al(111) on SiO2 and on AlyOs, as well as
the sandwich SiO3/Al/Al;O5. For such a structure,
we use the values of y'* from Table 1. x' = 0 and
e) = 1 for the vacuum/metal interface. For illustra-
tive purposes, we present the results of self-consistent
calculations of potential profiles in Fig. 7.

It turns out that all approaches give the same po-
tential well depth and its profile near the bottom.
The dependences vy.(z) at the left side of the film
(in vacuum) are essentially the same according to ap-
proaches (i) and (ii). For the right side of the plane,
they differ due to the presence of the conduction band
(x # 0) in the dielectric.

It should be noted that the use of the nonlocal
exchange-correlation potential in the iterative proce-
dure leads to the essential disappearance of the po-
tential hump in the effective potential (but not in the
electrostatic one), which appears at the left side of
the film, see Fig. 4.

In Table 2, we present our data, which correspond
to scheme (ii) only. In both approaches (i) and (ii),
er and surface energies differ from each other by less
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than 1 percent, while the values of matching param-
eters can be rather different: for instance, zf = 5.95
and ' = 0.998 for ML = 1 the film Al(111) on SiO4 of
the method (i). As a result, we conclude that our ma-
nipulations with the exchange-correlation potential
did not lead to any noticeable changes of the Fermi
level position, i.e. ep((€), x''" = 0) ~ ep({€), x'F # 0).

We also performed computations for infinite-size
systems (L = co): Wj = 2.00 and 1.48 eV for Al/SiO9
and Al/Al;Os, respectively. However, in these cal-
culations, it is not taken into account that the vac-
uum,/metal interface exists at the left side of the sam-
ples. Therefore, the comparison with the data of Ta-
ble 2 is not possible, since the results do depend on
the average dielectric constant of two media (¢), and
not only on ¢,.

Our results point out that it is possible to con-
trol the Schottky barrier by tuning the metal film
thickness (in the metal-insulator-semiconductor de-

Table 2. Calculated values for a film

Al(111) of thickness L (in monolayers) on SiO2
(upper numbers), Al03 (middle numbers),

and the sandwich SiO2/Al/Al>03 (lower numbers)

L zy | 28 M A W oW v
ML] | [ao] | [a0] | [a0] | [a0] | [eV] | [eV] | [J/m?]
1 | 105|335 | 0977 | 0.706 | 3.43 | 2.33 | 0.82
1.00 | 4.25 | 0.962 | 0.518 | 3.01 | 1.66 | 0.76
3.30 | 4.15 | 0.707 | 0.519 | 1.79 | 1.54 | 0.61
2 | 0.95 | 2.85 | 0.946 | 0.643 | 3.26 | 2.16 | 0.76
0.95 | 3.60 | 0.945 | 0.474 | 2.84 | 1.49 | 0.70
2.85 | 3.60 | 0.640 | 0.479 | 1.62 | 1.37 | 0.55
3 1085|260 | 0921 | 0.606 | 294 | 1.84 | 0.73
0.85 | 3.50 | 0.919 | 0.476 | 2.63 | 1.28 | 0.70
2.95 | 3.80 | 0.672 | 0.512 | 1.56 | 1.31 | 0.56
4 1090 | 3.05 | 0.933 | 0.683 | 3.23 | 2.13 | 0.78
0.95 | 4.05 | 0.948 | 0.531 | 2.86 | 1.51 | 0.74
3.10 | 4.05 | 0.688 | 0.535 | 1.69 | 1.44 | 0.58
5 ]0.90 | 295 | 0932 | 0.661 | 3.23 | 2.13 | 0.76
0.95 | 3.85 | 0.948 | 0.507 | 2.84 | 1.49 | 0.72
3.00 | 3.85 | 0.671 | 0.512 | 1.65 | 1.40 | 0.56
6 | 090|285 | 0934|0651 313|203 | 0.75
0.90 | 3.65 | 0.933 | 0.489 | 2.73 | 1.38 | 0.71
2.85 | 3.65 | 0.645 | 0.491 | 1.54 | 1.29 | 0.55
7 1090 | 2.95 | 0.934 | 0.669 | 3.17 | 2.07 | 0.77
0.90 | 3.90 | 0.933 | 0.520 | 2.80 | 1.45 | 0.73
3.05 | 3.95 | 0.684 | 0.527 | 1.65 | 1.40 | 0.57
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Fig. 7. Self-consistent profiles of the electrostatic, ex-

change-correlation and effective potentials for the sandwiches
vacuum/Al(111) /AloO3 and SiO2/Al(111)/Al2O3. The film
thickness L = 3 ML. 1ML = 4.4 ag

vices, the thickness of a gate insulating film is a tool
to control the current in the channel [39]). For the
evaluation of the Fowler-Nordheim tunneling current
[40], it is necessary to know a spatial profile of the
effective potential, which should be added to the ex-
ternal electrostatic potential @ext(2), starting from
points at z = ZL.

Let us compare our results with experimental
data. The calculated work function for the inter-
face Al(111)/vacuum is 4.12 €V; the experimental one
€ (3.11,4.26) eV [41]; and 4.28 eV for polycrystalline
Al [42]. The recommended y = 3.03 and 3.3 €V in
[43], corresponding for SiOy and AlyOs, differ from
data in Table 1. The measured Schottky barrier
height [43] for Au/Al;O3 equals 3.5 + 0.1 eV. Note
that experimental values of work function for Au and
Al in Ref. [41] are close to each other, while they
differ by almost 1 eV, according to Ref. [42].
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On the other hand, the measured Schottky barrier
heights in Ref. [44] for Al, Ag, and Cu, placed on a
thick (35 nm in thickness) film of Al;O3, equal 1.66,
1.72, and 1.80 eV, respectively. It is in accordance
with 1.5 eV for Al/Al;O3 [38] and the results from Ta-
ble2. As we see, experimental data are rather diverse.

An important question is about the conditions, un-
der which our approach becomes questionable. When
ler| < < X", our model does not work. In accordance
with Fig. 5 and Table 1, values Wy € (0.4,0.75) eV
for A1/Si, Pb/Si [38] and Wy € (0.49,0.6) eV for thick
films of Ti (L € (50,90) nm) on the Si-substrate [45]
should correspond to the regime |ep| < x“*. The
efficient approach in this case is the local density for-
malism pseudopotential method [46-49]. In our ap-
proach, it is also not possible to consider the role of
virtual gap states and defects in metal-dielectric con-
tacts [50]. Nevertheless, we expect that our method
provides a correct estimate for the size dependence of
characteristics of films in contact with dielectrics, for
which € and x are not large.

We use the simplest model, in which the dielectric
constant is approximated by the step function. This
approximation grasps main physical properties of the
system. However, the dielectric constant should be a
function of the coordinate, €(z). In order to make the
model more realistic, one can replace the step fun-
ction by the smooth distribution €(z) with variatio-
nal parameters. As a result, the obtained dependen-
ces on € should be weaker. From our experience, we
expect that such a modification should lead to the
weaker effect.

The effect of the temperature was studied earlier
in Ref. [26], when determining the ionization poten-
tial of a metallic cluster. It turns out that the effect
is not significant at room temperature, as it can be
expected. For the film-dielectric contact, of impor-
tance is the ratio of —x* and the Fermi energy. If
these quantities are comparable, the result should be
sensitive to the temperature of the system.

4. Summary and Conclusions

We have proposed a method for self-consistent cal-
culations of the spectra, electron work function, and
surface energy of metal films placed into passive di-
electrics. As typical examples, we considered Na, Al,
and Pb films.
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The effective force acting on the film from out-
side is due to the inhomogeneous electron distribu-
tion. This force should lead to the film stressing in a
transverse direction. The effect of the stressing gen-
erally becomes more significant with increase in the
film thickness.

In contrast to the surface energy, the size depen-
dences of the work function have deep and strongly
pronounced minima. The smaller r,, the more dif-
ficult the problem of numerical analysis of the size
dependences in vicinities of these minima.

With increase in the film thickness up to a few
\r, size variations of both the work function and the
surface energy occur near their average values (for
symmetric sandwiches, these values correspond to 3D
metals and do not contain significant monotonous size
contributions). A dielectric environment generally
leads to a decrease of the electron work function and
the surface energy.

We also considered asymmetric metal-dielectric
sandwiches with different dielectrics at both sides of
the film. One of the examples of such systems is a film
on a dielectric substrate. We found that the presence
of a dielectric from one side of the film leads to such a
“deformation” of the electron distribution that there
appears a “hump” above the vacuum level both in the
electrostatic and effective potentials. The potential
profile asymmetry should lead to an anisotropy of the
field emission. In addition to the size dependences,
the shift of the work function is generally determined
by the average dielectric constants of environments.

We introduced the position of the conduction band
in a dielectric as a parameter in the self-consistency
procedure and performed calculations for the alu-
minum film on SiOs and Al;Ogz, using a nonlocal
exchange-correlation potential. As a result, the pro-
files of electron concentration, the effective potential,
and the energy spectrum are calculated.

Finally, let us formulate some methodological con-
clusions:

(i) The introduction of a nonlocal potential, as well
as the position of the conduction band in a dielec-
tric material does not lead to significant changes of
the Fermi level of a metal film contacting with a
dielectric.

(ii) Accounting for the conduction band in a di-
electric and self-consistency condition for the poten-
tial well shape, one changes the spectrum (subbands
number), as well as the density of states. Therefore,
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the matrix elements of optical transitions are also
changed, which leads to a modification of the optical
absorption coefficient [14]. The equilibrium profile of
electrons and the electrostatic potential are involved
in the calculation of the field emission of electrons,
as well as annihilation characteristics of positrons in
nanostructures.

We thank V.V. Pogosov and P.V. Vakula for read-
ing the manuscript.

APPENDIX A
Self-consistent procedure

The initial approximation n(z) is chosen for solving the Kohn—
Sham equations in the form of a one-parametric trial function
n(9)(z) = a®(z), where

—%e(Z*L/”/A + %,S(ZJrLﬂ)/A7 z < —L/2,
1= %e(sz/2)/>\ _ %ef(z+L/2)/>\, |z| < L/2,
_%67(z+L/2)/>\ + %ef(ZfLﬂ)/A, z> L/2,

D(2) =

A is a variational parameter, which is found through the min-
imization of the surface energy. The solution by a direct vari-
ational method is an independent problem, which is not ad-
dressed in this paper (for simple metals, X is closed to lag).
As a result of the integration of Eq. (9) within the initial ap-
proximation, we obtain ¢(0)(z) = —47nAA2®(z).

Each wave function 1 (z) is constructed as

W(z) = {dﬂeft(Z), 2 < zo,

wright(z)v z > 2o,

under the condition of continuity of the functions e (20) =
= Yright(20), as well as of their derivatives 1 (20) =
= Y, ght(zo)' zo is an arbitrary point in the interval z €
€ [-L/2;4+L/2], while 9jeg(2) and tyignt(z) are functions,
(7) by
to z = z9 and from
z = z4 to z = zp, respectively. It is sufficient to take val-
ues zx = F(L + 20) ag. At these points, the potential profile
Vet (2) is cut off. The boundary conditions (7) here are deter-
mined by the behavior of the wave function ¢ under the barrier
from the left (ezm) and right (e*zm) sides from the slab
(lz| > |zx|), respectively. Boundary conditions provide the
wave function, as well as its derivative, at z = zx. This pe-
culiarity of our computations is due to the fact that the errors
of the numerical method for the wave function tyjgnh(2) and
Ylets (2) near the right and left boundaries of the interval grow,
since the round-off errors also increase and lead to the instabil-
ity of the algorithm under the motion toward the exponential
damping.

In order to solve the system of equations (7), (9), and (16)
self-consistently with a relatively small number of iteration
steps, the Poisson equation (9) should be modified, in par-
ticular, by introducing a perturbation [51].

which are found by the numerical solution of Eq.
the Numerov's method from z = z_
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Equation (9) is solved by the Lagrange method in the form
4

e _ 2= — -7 [n(j) _ p] —g2pliD (A1)
with the boundary conditions

o5k (=) =) (-%), sz =0,

aolis (—%) =o' (-%). ob (o) =0, (A2)

o (5) =obl (8) o' (%) =0l (5):

The term g?¢ was introduced as a small perturbation; ¢out(2)
and ¢in(z) are the potentials outside and inside the film, re-
spectively. In Eq. (Al), at each step of the iteration j =
= 1,2, 3, ..., the electrostatic potential profile depends not
only on the electronic concentration profile, but also on its
own profile at the previous iteration. It is convenient to take
q equal to the electron wave number at the Fermi sphere
kp = (3727)1/3 of a homogeneous electron liquid.

In view of the multimolecular thicknesses of dielectric coat-
ings on the metal film surfaces and the rapid fall of the electron
distribution outside a film (approximately at a distance of 10—
15 ag), we formally neglected the effect of the thickness of the
coatings, whose minimum thicknesses must be much greater
than that of a monatomic (molecular) layer of a dielectric. The
solution of Eq. (A1) for £ — oo has the simple form

z s
(f 622 fleI+A1> ed%4

+ (‘ I E;q frdz' + Bl> e"9%,  z< —LJ2,

z _gz!
< | x fde’+A2> e??+

—L/2

¢V (z) = (A3)
+(= S Sfed +Ba|e 9%, |2 < L/2,
—pj2 1
RS
[e o] qz,
+ (f 62—qf3dz’ + B3) e~ 9%, z>1L/2,
where fi,(2) = —4n[n(z’) — p(z')]Dm — ¢*¢U~D(2’) and

Dy = 6171, 1, 6;1 for m = 1,2,3, respectively. The choice
of values By = 0 and A3z = 0 immediately follows from the
condition of finiteness of the potentials far away from the film.

The values of coefficients A and B are found from the solu-
tion of the system of equations (A2):

A 2 a4 R
2 1- -
A1 = 1 2 —+ a / ° fle/ — / ¢ fle/,
+ € 1+¢ 2q 2q
—oo —oo
L/2 ,
2B> 1 el ,
B3z = — — fodz'+
ST Ix & l+er / q fadz
—L/2
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[e'e] ’ 5 ’
1—er e~1(z'=L) ds ed” d 14. V.P. Kurbatsky and V.V. Pogosov, Phys. Rev. B 81,
I+e / 5g 1397 / 5q 397 155404 (2010).
L/2 L/2 15. V.D. Dymnikov, Phys. Sol. State 53, 901 (2011).

Let us introduce the notation

—L/2

Jxy=Yo |:Y1251(1 Fer) / dzleqz/fl-i-

+

+

oo
L/2

Yo(l+e)(l+e) / dz'efqzlfQ-‘r
—L/2
L2

Y3(1+e)(1l —e) dz'eqz,fg +
L2

[ee]

+Y426r(1i61)/d2/€l12/f3:|7

L/2

where Yo = {2¢[(1 — €))(1 — &;)e= 2L — (14 ¢)(1 + & )edL]} 1.
Then As = J<+) for Yi3=1,Ys4 = el and By = J(,) for
Youa=1,Y1 =ett =y,

of

In the case of the symmetric sandwich €¢; = ¢, the accuracy
calculations is verified by the examination of the stationarity

conditions n’/(z) = 0 and cf)i(ril),(z) = 0 at the center of the slab
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ITPO POBOTY BUXOAY I BUCOTY
BAP’€PA LIOTTKI METAJIEBUX HAHOIIJIIBOK
B JIEJJEKTPUTYHOMY KOH®AVMTHMEHTI

Peszowme

3aIpOnOHOBAHO METOJ, CaMOY3TOKEHUX OOYHCIIEHD XapaKTe-
PUCTUK MeTaJleBOl IUIBKHM B Ji€JIEKTPUKax. Y MeXKax MOJH-
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dikoBanoro merony Kona-Illema i mozmesni crabimbHOro »xe-
Jle PO3IVISIHYTO HaWIiKaBiIIMil BUIIaI0K aCUMETPUYHUX MeTaJl-
JieJIeKTPUYHUX CAHABIYIB, I SKUX JieJIeKTPUKU Di3HI 110
06uBi cropoHu aiBku. g mosti- i MOHOKPHUCTAIIYHUX ILJTi-
Bok Na, Al i Pb, nowmimenux y macupHi i3ossiTropu, obunciie-
HO CIIEKTD, PODOOTY BUXOJy €JIEKTPOHIB i IIOBEPXHEBY €HEPTio.
JlienekTprudHe OTOYEHHSI B LIJIOMY NPHBOIUATEH JO 3MEHIIEH-
He K POOOTH BUXOMY €JIEKTPOHIB, TakK i IOBEpXHEBOI eHepril.
BusBieno, 1110 3miHa pob0oTH BUXOIY BU3HAYAETHCS CEPEHBO-
apU(PMETHIHIM 3HAYUEHHSIM i€JIeKTPUIHAX KOHCTAHT IO 00u-
Bl CTOPOHU ILIIBKU. Y CaMOY3TOJKEHiil mporeaypi K mapa-
MeTp 6yJI0 BBEJIEHO IOJIOXKEHHSI 30HU IIPOBIIHOCTI JlieJIeKTpu-
Ka. 3 ypaxyBaHHSAM CUJI 300parkeHHs1 OyJI0 BAKOHAHO 004HCIIe-
HHsI JIjIsl HAHOILIIBOK aJIIOMIHIIO 3 ijeajbHUMM iHTepdeiicamu
BakyyMm/Al(111) /SiO2, Bakyym/Al(111) /Al2O3 i camgsiua
SiO2/A1(111)/Al20O3. B pesynbrari 6yso pospaxoBaso npodi-
i edpekTHBHUX noTeHniakiB i Bucoru 6ap’epis IllorTku.
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