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SURFACES WITH LOWERED ELECTRON
WORK FUNCTION: PROBLEMS OF THEIR CREATION
AND THEORETICAL DESCRIPTION. A REVIEW

Ezperimental studies devoted to the creation of the modern photocathodes or efficient field emis-
ston cathodes with lowered work function or low/negative electron affinity are reviewed. We
present theoretical models, where the electron affinity lowering is associated with the influence
of electrically charged layers at the semiconductor/insulator interface. Modern experimental
techniques of measuring the work function or the electron affinity and technologies aimed at
fabricating the surfaces with low work function/electron affinity are described.

In the framework of a simple theoretical model developed by the authors, it has been demon-
strated that the presence of a dipole layer (e.g., composed of negatively charged oxygen ions
and positively charged rare earth ions) at the semiconductor surface can lower the electron
affinity by up to 3 eV provided equal concentrations of oppositely charged adsorbate ions. It is
also shown that if the surface concentration of negatively charged oxygen ions is higher than
the surface concentration of positively charged metal ions, the lowering of the electron affinity
becomes smaller due to the upward band bending in the space charge region in the semiconduc-
tor; otherwise, the lowering of the electron affinity becomes larger due to the downward band
bending. This effect allows technological proposals to be formulated for obtaining surfaces with
minimum work function values in modern field-emission-based electronic devices.

In the framework of the proposed model, the work function was evaluated for the
OH-functionalized MXene. The corresponding value for the unfunctionalized MXene equals
about 4.5 €V, being practically independent of the number of Ti and C layers (from 1 to 9
layers). The OH-functionalization lowers it down to about 1.6 €V, and this value is also prac-
tically independent of the number of atomic layers in MXene.

Ezxperimental approaches to obtain cathodes with low work function/low electron affinity are
described. They are aimed at creating a spatial separation of electric charges in the near-surface
cathode region perpendicularly to the surface plane. The corresponding spatial distributions of
positive and negative charges are characterized by their localization either in two different
atomic planes or in one plane and an extended space region (the latter variant is typical of
semiconductor substrates). The technologies for producing such surfaces are based on various
methods of adsorbate deposition onto the metal or semiconductor substrate: physical vapor de-
position, chemical vapor deposition, liquid phase deposition, diffusion from the substrate bulk,
and so forth. Particular attention is paid to the experimental works dealing with the adsorbtion
of rare earth metals (Ce, Gd, Eu) and the coadsorbtion of orygen onto the Si, Ge, and Mo
surfaces (in a nano-structured state as well), which results in the dipole layer formation and
the work function reduction.
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1. Introduction

Negative values of the electron affinity in GaAs crys-
tals, whose surface is covered with a Cs monolayer,
were first discovered in 1965 (see work [1] and refer-
ences therein). At the same time, the electron field
emission, for which the lowest possible value of the
cathode work function is desirable, still remains the
subject of intense research because of numerous ap-
plications, such as the creation of flat display pan-
els, electron microscopes, vacuum microelectronics,
X-ray sources, powerful microwave sources and am-
plifiers, and high-current cathodes. This occurs, be-
cause the field emission provides high efficiency and
brightness in combination with miniature device di-
mensions (see, for example, works [2,3] and references
therein). A reduction of the cathode work function
(ideally, a transition to the negative affinity for dielec-
tric and semiconductor cathodes) could substantially
improve the parameters of such devices.

Currently, cesium remains to be a widely used ma-
terial with a low work function of 2.1 €V [4], but its
application is severely restricted because of its high
toxicity. Long ago, reliable negative electron affinity
values were obtained for various diamond surfaces
formed by appropriate treatments. A record value of
—2.01 eV was obtained for the diamond (100) sur-
face covered with a mixture of magnesium and oxygen
atoms [5,6]. However, the efficiency of using diamond
as a cathode is limited, because it is an insulator, so
only a low crystal doping level with the use of the
ionic implantation can be provided [7]. Therefore, the
rate of supplying carriers from the crystal bulk to the
emission surface is low.

Therefore, under consideration are alternative ways
of creating the cathodes on the basis of the adsorption
of alkaline and rare earth (Ce, Gd, Eu) metals and the
coadsorption of oxygen on the Si, Ge, and Mo surfaces
(in a nanostructured state as well), where charge dou-
ble layers can be formed, which substantially reduces
the work function [8,9]. In recent years, special atten-
tion has been attracted by a new class of materials,
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Mxenes; using the OH-termination of their surface,
the corresponding work function can be diminished
to values of about 1 eV [10].

The theoretical description of the work function re-
duction under the influence of adsorbed layers was
first carried out in the framework of either a simple
dipole model (see, e.g., work [11]), which did not con-
sider the possibility of the formation of a space charge
region (SCR) in the semiconductor, or complicated
(and with no demonstrativeness) calculations from
first principles (see, e.g., works [12, 13]). Recently, a
rather illustrative theoretical model has been devel-
oped [14, 15], which involves the influence of both the
charge of adsorbed layers and the charge of the SCR
emerging under the semiconductor surface. The ap-
plication of this model to Mxenes [16] demonstrated
a good agreement with the results of calculations from
first principles.

2. Electron Work Function
of Solid Surface. Basic Physics.
Kohn—Sham Equation

The work function is one of the fundamental char-
acteristics of the electronic subsystem of solids. It is
defined as the energy distance between the Fermi and
vacuum levels [17-19]. In metals at the temperature
T = 0 K, the work function is equal to the minimum
energy required to move an electron from a solid to
an infinitely large distance from it. The metal work
function is just a parameter that best characterizes
the efficiency of the material application for fabricat-
ing the cold cathodes (field emitters) and cathodes of
other types.

In semiconductors and insulators, except for the
cases of their high doping to the degenerate state,
the Fermi level is located in the forbidden gap, so it
has no electrons, and there is no emission from it into
the vacuum. Therefore, a more relevant semiconduc-
tor parameter from the viewpoint of the material effi-
ciency for cathode applications is the electron affinity,
i.e., the energy of the conduction band bottom reck-
oned from the vacuum level. Electrons can appear in
the conduction band of a semiconductor at non-zero
temperatures due to their thermal activation from the
impurity levels or the valence band. In addition, they
can be introduced by external streams in spatially
heterogeneous and non-equilibrium structures.

In all those cases, electrons can turn out, in princi-
ple, at any energy level in the conduction band. The-
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refore, strictly speaking, it is not possible to deter-
mine the minimum energy required to remove one
electron from a solid. At the same time, it is most
likely that, as a result of relaxation processes, the
electron will turn out at the level with the lowest
energy in the conduction band, i.e., at the conduc-
tion band bottom. That is why the electron affinity
is just the most characteristic height of the poten-
tial barrier that the electron overcomes when escap-
ing from the semiconductor into the vacuum, which
is a crucial factor when estimating the efficiency of
the semiconductor cathode.

The electronic subsystem of a solid is essentially a
multiparticle system. Therefore, in the most general
case, the energy that must be spent to remove an
electron from a solid is determined by the expression:

AE = E(N) — E(N — 1), (1)

where E(N) is the total energy of the multiparticle
system containing N particles (before the electron
emission into vacuum), and E(N — 1) is the energy of
the system of N —1 particles (after the electron emis-
sion). The exact calculation of the total energy of a
multielectron system without any approximations is
known to be impossible for any practically relevant
number of electrons: neither analytically, nor nume-
rically. In this connection, the one-electron approxi-
mation is used, as a rule, and the total energy of the
system is calculated in the framework of the density
functional theory [20]. For the development of this
theory, the American scientist Walter Kohn (1923-
2016) won the 1998 Nobel Prize in chemistry.

The basic equation of the density functional
theory is the Kohn—Sham equation [21]|. For spin-
unpolarized systems, it looks like

7V—Q+Vn(r)+VH(r)+V$(r)+VC(I‘) ¢i(r) = igi(r).

2
(2)

In essence, this equation is a one-particle stationary
Schrodinger equation for a certain fictitious system of
particles. The potential energy operator in the Hamil-
tonian of this equation consists of the following com-
ponents: V,(r) is the potential of electron interac-
tion with point-like electric charges of atomic nuclei
(they are considered to be fixed in space), Vi (r) is
the Hartree potential of electron interaction with the
spatially distributed electric charges of all other elec-
trons in the system, V,(r) is the exchange interaction
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potential in the electron subsystem, and V.(r) is the
correlation energy potential in the electron subsys-
tem; ¢; are the Kohn—Sham eigen energies, and ¢;(r)
are the Kohn—Sham wave functions. The subscript i
enumerates the states, which can be occupied or not;
the number of occupied states must be equal to the
number of electrons in the system, V.

In the general case, the variation of N changes the
spatial distribution of the total electron density

n(r) =Y loix)*, 3)

where the summation over 7 is carried out from 1 to N
in the g;-ascending order. The operators Vi (r), V,.(r),
and V,(r) — and, therefore, all ¢; and ¢;(r) — func-
tionally depend on n(r). This means that the Kohn—
Sham equations (2) written for a multielectron system
are interconnected, and the system of such equations
can be solved only using iterative methods. It is im-
portant to understand that, in the general case, ¢;
and ¢;(r) cannot be considered as the energies and
wave functions of individual electrons. They are only
mathematical constructions created for determining
the electron density n(r) in the ground state.

It is worth noting that, owing to the translational
symmetry of crystalline solids, the wave functions
in the Kohn-Sham equations (2) are Bloch-like, i.e.,
they can be written in the form ¢ (r) = e uy(r),
where u;(r) is a coordinate-dependent function with
the spatial periodicity of the crystal lattice. In this
notation, the subscript ¢ begins to play the role of
the energy band index, and k is a wave vector that
actually enumerates the Kohn—Sham energy ¢;. The
functions u(r) satisfy the special Kohn—Sham equa-
tions

_% (V +ik)? + Viog (1) | wine(r) = encuine(x), (4)

where the potential energy operator is the same as in
the standard Kohn-Sham equations:

Viot(r) = Vi (r) + Vi (r) + Vi (r) + Vo (r).

To determine the action of the operators Vy(r),
Vz(r), and V(r), we have to know the electron den-
sity (3). In this version of Kohn—-Sham equations, it
is calculated as follows:

nr) = / g—:zfik (22, (5)

' BZ
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where the summation is performed over all found so-
lutions of the Kohn—Sham equations, the integral is
taken over the Brillouin zone in the reciprocal crystal
lattice, and f;c = 1 for occupied and 0 for unoccu-
pied ststes; the occupation of states is assumed to
take place in the ¢;x-ascending order until the equal-
ity between the integral of this electron density over
the unit cell volume and the number of electrons per
unit cell is reached.

An important simplification consists in that the
variation of the electron density in a macroscopic solid
owing to the addition or subtraction of a single elec-
tron can be completely neglected. In this approxima-
tion, €; is equal to the system energy decrease, if
an electron is removed from the state with the sub-
scripts ik, or to the system energy growth, if the elec-
tron occupies this state [22]. This is a very important
approximation, because it allows the eigenenergies of
the Kohn-Sham equations (4) to be used to deter-
mine the work function or the electron affinity. For
this purpose, they should be correlated with the vac-
uum level, which is, by definition, the energy of an
electron at rest at a sufficiently large distance from
the solid.

This procedure is performed by iteratively solving
the Kohn—Sham crystal equations for a sufficiently
large space volume, which includes the solid itself, its
surface, and the vacuum. In effect, the calculations
are carried out for a certain artificial atomic construc-
tion, the so-called “slab”, which is periodic along all
three orthogonal coordinate axes. The spatial period
along the direction perpendicular to the surface plane
includes a certain number of unit cells (atomic layers)
of the crystalline structure of the examined substance
and a certain gap — vacuum gap — free of any atoms.

The vacuum level is taken as the potential energy of
the electron in the potential V,,(r) + Vi (r) inside the
vacuum gap, i.e., at the maximum possible distance
from the simulated surface and the layers composing
the neighbor slab. It is intuitively clear that if the vac-
uum gap is sufficiently thick, the electron density near
its central part is practically zero, so the exchange
and correlation energies are also equal to zero, and it
is enough to consider only the electrostatic potential
energy, which is a trivial task, because the opera-
tors V,,(r) and Vi (r) are simple scalars. After finding
the vacuum level, the energy difference between it
and the highest e;-value corresponding to f;x =1 is
equal to the work function for the metal. In the case
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of a semiconductor, the energy difference between the
vacuum level and the lowest ¢;x-value corresponding
to fix = 0 gives the value of the electron affinity.

The procedure of numerical calculations of the
work function and the electron affinity described
above is characterized by considerable difficulties in
its practical application. First of all, the electronic
structure of the solid (in particular, the quantities €
and n(r) near the solid surface, which terminates the
semiinfinite crystalline structure of the solid) has to
be reproduced as best as possible. This circumstance
dictates the simulation of slabs with as many atomic
layers of the substance as possible. In addition, for a
more accurate reproduction of the vacuum level, it
is necessary to choose a slab whose vacuum gap is
as wide as possible. Furthermore, due to the surface
reconstruction or the formation of ordered structures
from foreign adsorbed atoms, the spatial periods of
the slab along the solid surface can rather often be
several times larger than the corresponding spatial
periods of a unit cell in the crystalline structure of
the corresponding metal or semiconductor.

All those factors result in that the translationally
symmetric volume of the slab, where the Kohn—-Sham
system of equations has to be solved, can be two or, in
extreme cases, three orders of magnitude larger than
the volume of a unit cell in the depth of the crystalline
structure of the corresponding substance, which ex-
tremely strongly increases, demands the necessary
computing resources. It is also worth noting that even
if those resources are available, such a calculation is
far from routine; it rather resembles a full-blown pro-
cess of unique scientific research. This occurs due to
the necessity of choosing the exchange-correlation en-
ergy functionals. There are plenty of them, and each
of them is specifically designed for the optimal re-
production of certain physical properties in certain
classes of substances and materials.

In order to reduce the amount of calculations, the
system of Kohn-Sham equations is not solved for all
electrons in the solid, but only for electrons in un-
filled atomic shells. Therefore, there also arises the
necessity to choose the pseudopotentials describing
the electric field of ionized cores.

Additional calculations may also become necessary,
if the crystalline structure of the near-surface layers in
the solid and/or the adsorbed layers of foreign atoms
is a priori unknown. In this case, the equilibrium po-
sitions of atomic nuclei have to be searched for by
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minimizing the Gell-Mann-Feynman forces [22] in the
researched system. A modern example of such calcu-
lations for tungsten surfaces with an adsorbed layer of
barium and oxygen (as a basis of ordinary thermionic
cathodes) can be found in work [23] and, for two-
dimensional materials, in work [24]. Databases of cal-
culated work functions for various elements and crys-
tallographic surface orientations are also created [25].

The procedures described above can be simplified
for metals using the jellium model for the homoge-
neous electron gas (the term jellium is formed as a
combination of the root jelly and the ending typical
of the metals’ names; for details, see work [26] and ref-
erences therein). In this model, instead of positively
charged ionic cores, the isotropic and continuous posi-
tive charge equal by magnitude to the total charge of
ions is considered. This model rather well describes
simple metals such as Na, Mg, and Al, where the
conduction band is formed by the s- and p-electronic
orbitals.

The jellium model is especially convenient when
considering surface problems, in particular, when de-
termining the work function. For a semiinfinite spec-
imen with the z-axis directed perpendicularly to
the surface, the distribution of the uniform positive
charge n*(2) in the jellium model looks like a step:

nt(z) = {g; f 8} (6)

Now, the electron density (3) must have the following
boundary conditions:

n(z) = {"'Z ” _oo}. (7)

0,z = +o00

The quantity 7 in Eq. (6) can be easily determined,
e.g., from Hall measurements, or evaluated from the
parameters of the metal crystal lattice, assuming that
every ion produces one conduction electron.

For the first time, the calculation of the elec-
tron density profile in the ground state in the jel-
lium model using the density functional method and
the homogeneous electron gas approximation (the so-
called local density approximation) was carried out
in work [27]. It was shown that the electron density
extends beyond the crystal boundary by 1-3A. As a
result, there emerges a disbalance between the posi-
tive and negative charges in the near-surface region,
and there appears a dipole layer whose minus is lo-
cated outside the crystal, and plus inside it. It was
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also shown that the electron density (7) approaches
the value n in the crystal depth by oscillating with
the period 7/kg, where

kp = (37‘(”/_7,)1/‘3 (8)

is the Fermi vector. Such Friedel oscillations are the
electron gas response to the break in the positive
charge distribution at the crystal surface [Eq. (6)].

Having found, in the framework of the jellium
model, the dependence Vio(z) of the total potential
energy Vio entering Eq. (4) on the coordinate z, we
can write the obvious expression for the work func-
tion:

W = Vtot("'OO) - ‘/tot(_oo) — EFr. (9)

Here, the Fermi energy is approximately equal to

_ Pk _

FE
F 2m 2m

(37n)%/3. (10)
Following this scheme, the work function values were
already obtained in work [4] for some metals (Al, Zn,
Pb, Mg, Li, Na, K, Rb, Cs), and the calculation data
corresponded well enough to experimental data. Ho-
wever, the implementation of even such a simplified
scheme also requires cumbersome numerical calcula-
tions. Moreover, the jellium model was developed for
metals and describes significantly worse semiconduc-
tors and insulators with low electron gas densities.

Without denying the necessity of carrying out the
first-principle calculations as the most modern and
most complete theoretical approach to finding the val-
ues of the work function for metals and the electron
affinity for semiconductors, it is also possible to talk
about the obvious need to create simple and clear em-
pirical models that provide sufficiently accurate and,
at the same time, simple analytic estimates of those
quantities [28,29].

3. Theoretical Model

to Describe the Reduction of Work
Function under the Influence

of Surface Charge Layers

The physical origin of negative electron aflinity values
is easy to understand: it is a result of the presence of
a double charge layer near the semiconductor surface,
where the positive charge is located outside, and thus
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Fig. 1. Influence of surface states on the electron affinity value X with
respect to vacuum: an idealized case without surface states, X = X, (a);

in n-type materials, X > X, (b); in p-type materials, X < X, (c¢).
dashed line designates the Fermi level

¢ v
A X<O
*
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Fig. 2. Emergence of negative electron affinity, X < 0 [14].
The dashed line designates the Fermi level

reduces the electron potential in the vacuum. Howe-
ver, the mechanism of formation of such a layer can
be different [14].

Let us first consider a semiconductor or an insu-
lator with the band gap E, and the electron affin-
ity X,. An idealized case without surface levels is
shown in Fig. 1, a. However, if such levels are avail-
able (and they do exist at all real solid-vacuum inter-
faces [30, 31]), a space charge region is formed near
the surface, which gives rise to the band bending. In
the n-type semiconductor, the establishment of an
equilibrium between the bulk and surface states gives
rise to an upward band bending (the barrier prevents
the capture of new electrons from the bulk onto those
states). Therefore, the electron affinity to vacuum X
in those materials exceeds X, (Fig. 1, b).

On the contrary, in the case of p-type material, the
capture of holes from the bulk and the formation of a
localized positive charge at the surface stimulates the
appearance of the downward band bending (similarly,
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The

the barrier prevents the capture of new holes from the
bulk onto impurity states). This, however, decreases
the affinity value, X < X, (Fig. 1, ¢). The physical
origin for this decrease is a charge double layer: posi-
tive charges localized immediately at the surface and
negative charges (both localized and mobile) beneath.

If the downward band bending is large enough,
a situation with the negative affinity may arise
(Fig. 2). Indeed, the near-surface band bending e®,
is related to the energy F;s of surface states and the
Fermi level Fr in a semiconductor (the energies are
reckoned from the bottom of the conduction band,
and the energy axis in Fig. 2 is directed downward)
via the obvious relation
ey = Fp — Eys. (11)
On the other hand, for the electron affinity X, the
following expression is valid:
X =X, —ed,. (12)
One can see from Eq. (12) that if the near-surface
band bending e®, exceeds X,, the electron affinity
becomes negative (Fig. 2).

The above consideration concerns an idealized case
of surface states, each with a single energy level Ej,.
Usually, the surface states are more or less “smeared”
against the background of the energy spectrum in the
semiconductor band gap and are described by a cer-
tain energy density of states D(FE). Under such con-
ditions, the quantity E;s in Eq. (11) is a solution of
the integral equation resulting from the requirement
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that the surface states be half-filled [14],
Eqs

D(E)dE = (13)

N | —

0/ D(E)dE.

0

Equation (13) (it is written for singly charged cen-
ters) can be solved only in the framework of cer-
tain model approximations. Therefore, without loss
of generality, we consider below the one-level case,
D(E) = 5(E — Eiy).

Using the Poisson equation, the band bending (11)
can be related to the concentration p of a bulk charge
in the semiconductor (measured in C/m?-units) and
the surface charge density eN,,(measured in C/m?-
units),
d*®(z) p

S 14
dz? €ofs (14)

where ¢, is the dielectric constant of vacuum, and &,
the dielectric constant of the semiconductor. Equa-
tion (14) can be supplemented with obvious boundary
conditions: the zero values of the potential and its
first derivative at the boundary w of the space charge
region,

dd(z)

o(w) =0, I

=0.

(15)
r=w

Equation (14) with boundary conditions (15) can
be solved analytically in the depletion approximation,
i.e., when the band bending is such that the majority
charge carriers (holes) are already absent from the
space charge region, whereas electrons are still absent,
so the charge is determined here exclusively by the
difference between the localized charges of the ionized
acceptors and donors:

e(Ny, — Ng), if 0 < z < w,
plx) =

16
0, if x > w. (16)

After substituting Eq. (16) into Eq. (14), the result-
ing equation is easily integrated. Taking Eq. (15) into
account, we get the known result for &, = ®(0):

- e(Na — Nd)w2

o,
26,€4

(17)

The width of the space charge region is determined
from the equality condition between the bulk charge

and the charge of the surface states,
e(N, — Ng)w = eNj. (18)
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Fig. 3. Reduction of electron affinity by a charge double layer
formed by two planes of differently charged adsorbed atoms
(adapted from [14])

Substituting Eq. (18) into Eq. (17), we finally obtain
eN?

Y S
2(Ng — Ny)eoes

(19)
According to this formula in view of the Weitz limit
(only one of 100 or 1000 atoms in the surface mono-
layer can be in the charged state [31]), the near-
surface band bending in a semiconductor with a stan-
dard dielectric permittivity of 10 and the moderate
doping level N, — Ng = 10?3 m~3 is about 2 eV [14].
According to Eq. (12), such a value can significantly
reduce the affinity value.

Note that the applicability of formula (19) is re-
stricted to the case of relatively small band bend-
ings (to about half the band gap width E). Larger
band bendings correspond to the conductivity inver-
sion, when a substantial number of free electrons ap-
pear in the near-surface region, and the depletion ap-
proximation (16) is no longer applicable. However, at
the qualitative level, the generality of our conclusions
does not change.

Another mechanism giving rise to the formation
of a charge double layer was also considered in work
[14]. It can be realized in insulators and weakly doped
semiconductors (Fig. 3, b). Let a layer of negatively
charged oxygens be formed immediately on the sur-
face, and let a layer of positively charged alkaline or
rare earth metal atoms (e.g., cesium, cerium, and
others) cover it. Figure 3 demonstrates an idealized
schematic diagram for the case where the surface
charge densities in both layers are identical by ab-
solute value and equal to +elN,. Surely, this is not
true in the general case, and a band bending sim-
ilar to that considered above is also formed in the
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bulk, which compensates the difference between lay-
ers’ charges. We neglect this phenomenon in the first
approximation.

Since the thin gap d between differently charged
atomic layers is an order of the interatomic distance,
it is transparent for the tunneling of thermal electrons
near the conduction band bottom (their wavelength is
an order of magnitude larger), which, therefore, can
freely tunnel into the vacuum. Hence, the effective
electron affinity in this case equals

X =X,—ed,. (20)
The last term on the right-hand side of Eq. (20) can
be easily evaluated from the formula for a plane ca-
pacitor,
eNgd

(bd = ;
€,

(21)

where ¢ is the dielectric constant of the gap between
the charged layers.

Taking N, ~ 5 x 10*® m~2 and putting € ~ 5 and
d ~ 2 x1071° m, we obtain ®; ~ 3 V. Thus, the
indicated mechanism of formation of a charge double
layer can also substantially reduce the work function
or even can give the negative electron affinity. It is
worth to note that such a mechanism can reduce the
affinity for any type of bulk conductivity (electron,
hole, or intrinsic) rather than only in p-type materi-
als, as the mechanism illustrated in Fig. 2 does.

From Egs. (11) and (12), it follows that the nega-
tive electron affinity is most easily realized in mate-
rials with E;, > X,. From this viewpoint, it is clear
that diamond (C, E;, = 5.5 eV, X, = 0.5 ¢V) is a
good candidate for creating an efficient photocath-
ode. As was shown in many works (see, in particular,
work [32]), the (001) and (110) diamond surfaces cov-
ered with atomic hydrogen have a negative electron
affinity. At the same time, those diamond surfaces,
but atomically pure, have an affinity of about 0.6 eV,
whereas the same surfaces covered with atomic oxy-
gen have an affinity of about 1.5 eV. The negative
affinity decreases the field emission threshold for a
diamond cathode approximately three times: from
about 80 to 25 V/pm.

From the same viewpoint, we may expect the ap-
pearance of effective devices based on silicon carbide
B-SiC (Ey = 2.5eV,X, = 2eV). The creation of
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promising cathodes on its basis for the field emission
has already been reported [33].

At the same time, the negative affinity can be reali-
zed not only in insulators and wide-bandgap semicon-
ductors, but also in GaAs covered with a Cs mono-
layer, which ensures a large localized surface charge
and, accordingly, a strong band bending [Eq. (15)]
compensating the high value X, = 4.5 eV (see work
[1] and references therein). From this viewpoint, also
promising is the creation of cathodes based on the
adsorption of alkaline and rare earth (Ce, Gd, Eu)
metals and the coadsorption of oxygen on the Si, Ge,
and Mo surfaces (in the nanostructured state as well),
where charge double layers that substantially dimin-
ish the work function can also be formed (see Fig. 3).

For instance, it was shown in work [8] that, after
some adsorption cycles of Gd atoms and O atoms on
the Si(100)-2 x 1 surface at room temperature and
subsequent annealing, the obtained structure at T' ~
600 °C had the work function decreases from 4.8 eV
to values smaller than 1 eV. In work [9], it was shown
that the presence of cerium in submonolayer amounts
on the Mo(112) surface reduces the work function of
this surface by a value up to 2.2 eV depending on the
specific type of adsorbate ordering.

However, the equality Ns(f) = Ns(Jr) (this case is
depicted in Fig. 3) can be provided with high accu-
racy in real structures only by applying the sophis-
ticated and expensive molecular beam epitaxy tech-
nology (if the matter does not concern the adsorption
of permanent dipoles on the surface; the case of MX-
ene terminated by hydroxyl OH groups was consid-
ered in works [12,16]). The application of simpler and
more affordable technologies for depositing monolay-
ers (CVD and others) inevitably violates the equal-
ity Ngf) = N§+). However, a difference of only 0.1%
between the concentrations of adsorbates during the
monolayer formation brings about the appearance of
a surface charge corresponding to the Weitz limit by
order of magnitude [31]. As a result, there appears an
SCR in the semiconductor and, accordingly, the band
bending whose sign is determined by the charge sign
of the adsorbate with the higher concentration. Such
a band bending considerably affects the electron affin-
ity value, increasing it in some cases and decreasing
it in others (see [15, Figs. 4, ¢ and 4, d|).

In the case Ns(_) = NS(+) (Fig. 3), since a barrier
with interatomic thickness is transparent for the tun-
neling of electrons located near the conduction band
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bottom in the semiconductor, the reduction of the
electron affinity is described by formulas (20) and
(21), where N, = N =N in Eq. (21).

Consider the case where Nﬁf) > NS(H (Fig. 4, a).
Then, as was shown in work [15], the left “effective
plate” of the capacitor in formula (21) already has a
charge equal to the negative charge of the adsorbate
plane minus the positive charge of SCR in the semi-
conductor, which balances the positive charge of the
right plate. So,

NPd
(pd - ¢ )
€€

(22)

and the total surface charge of adsorbates with the
density e(Ns(_) — N5(+)) corresponds to the charge
(with the opposite sign) of the SCR in the semicon-
ductor. Such a charge stimulates the band bending
near the surface. In the depletion approximation, the
surface potential value can be easily found using a
standard procedure of integrating the corresponding

Poisson equation. As a result, formula (19) becomes
modified:

B G(Nbg_) —NS(+))2
"~ 2(Nyd — Ny)eoes

®, (23)

Note that formula (23) was obtained for the case of
moderate doping, when the Fermi level is located deep
enough in the semiconductor band gap, and the de-
pletion approximation remains applicable even for the
largest band bendings. Note also that the SCR width
in semiconductors with not too high doping levels is
equal to about several microns and exceeds the de
Broglie wavelength of thermal electrons (nanometers)
by orders of magnitude [30]. Therefore, the electron
tunneling from the semiconductor bulk through the
SCR barrier is impossible, and, as one can see from
Fig. 4, a,

X=X,+ed, —edy (24)

in this case.

So, in the case NSO s NS(+), the affinity value
turns out higher than in the case NS(_) = N5(+). From
the viewpoint of obtaining the minimum work func-
tion, this is an obviously undesirable effect.

In the opposite case, i.e., NS(_) < NS(H, the to-
tal positive charge of adsorbates is compensated by
the formation of a negatively charged SCR in the

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 8

edy
Xo
X
Cc  edy
I
%
=) &
a
e(Dd
C Xo X
eds ¥
v | 4
=) &
b

Fig. 4. Appearance of SCR with upward band bending under
the condition N{™) > NS(_H (a) and downward band bending
under the condition N7 < N{P) (adapted from [15]) (b)

semiconductor, which is accompanied by a downward
band bending (Fig. 4, b). Then formula (22) is still
valid, whereas formulas (23) and (24) undergo obvi-
ous modifications:

e(N§+) _ Ns(_))2

d, = , 23
2(Ng — No)eoes (232)

and

X=X,—ed, —ed,. (24a)

respectively. As one can see from Eq. (24a), in the
case NV, 5(7) < NS(H7 the affinity value turns out lower
than in the case Ns(_) = NSH_). From the viewpoint
of obtaining a surface with the minimum work func-
tion for electronic emission devices, this effect is quite
desirable. Furthermore, it suggests a technological al-
gorithm for creating such a surface: during the coad-
sorption of oxygen and metal atoms onto the semicon-
ductor surface, the metal concentration must prevail.

Let us evaluate the magnitude of this effect. Substi-
tuting Eqgs. (22) and (23a) into Eq. (24a), we obtain

2
(NP = N e

)
s 2(Na = NN de,

. (25)



M.V. Strikha, A.M. Goriachko

For a moderate doping level Ny — N, = 10?2 m~3,
the surface concentration of metal in the monolayer
Ns(ﬂz 5x 10'® m~2, the oxygen concentration in the
monolayer only 0.1% lower than NS(+), es =10, e = 5,
and d ~ 2x107'° m, we obtain that the magnitude of
the second term in the brackets in formula (25) is of
order 1. Hence, the affinity reduction induced by the
downward band bending in the SCR has the same
order of magnitude as the reduction occurring due
to the presence of the charge double layer of adsor-
bates in the case Ns(7) = NSH), when the SCR is not
formed. However, the depletion approximation used
by us is not applicable at such large band bendings
(there appears a region of inverse conductivity near
the surface), and formula (25) can be used only for
the qualitative evaluation of the described effect.

Thus, in works [14, 15], it was shown that the pres-
ence of a dipole layer (for example, composed of neg-
atively charged oxygen atoms and positively charged
atoms of a rare-earth metal) on the semiconductor
surface can decrease the affinity by a valuef o up to
3 eV, if the concentrations of differently charged ad-
sorbed atoms are identical, IV, 9(7) = NS(H. An asym-
metry between the surface concentrations of oxy-
gen and metal atoms can have two opposite conse-
quences. If negatively charged oxygen atoms prevail,
Ns(f) > NSH), the affinity reduction is smaller due
to the upward band bending in the SCR of the semi-
conductor. If positively charged metal atoms prevail,
Né(f) < N§+), the affinity reduction grows due to the
downward band bending. This result allows us to pro-
pose technological solutions for obtaining the surfaces
with the minimum work function to produce emission
electronic devices. The resulting formula (19) can be
used to numerically describe the effect at moderate
doping, when the Fermi level remains deeply in the
band gap, and the depletion approximation remains
valid even for the largest band bendings.

4. Work Function Reduction
in MXenes with Hydroxyl Termination

In work [16], on the basis of the theoretical model
developed in works [14,15], a substantial reduction of
the work function in MXenes Ti,,1C,, with hydroxyl
termination was explained and evaluated.

MXenes compose a class of two-dimensional mate-
rials. They were described for the first time in 2011
in work [34] co-authored by a native of Ukraine Yuriy
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Gogotsi, who, despite his long work in the USA, con-
tinues to hold a professorship position at Sumy State
University. The general MXene formula M, X, T,
includes n+1 atomic layers of transition metal M (de-
noted as M,,11) alternating with n monatomic layers
of carbon or nitrogen (X,,); this “sandwich” structure
can be terminated from both sides by various termi-
nators (F, O, Cl, OH) denoted as T, (see Fig. 5). Cur-
rently, the term “multilayer MXene” is understood
as a structure with five or more layers of a transi-
tion metal.

The unique characteristics of MXenes have drawn
general attention. According to calculations in work
[35], the papers dealing with MXenes were published
in more than 400 journals during the decade after
their discovery. Those papers were co-authored by
more than 8300 researchers from 1450 institutions
in 62 countries. Owing to their diverse stoichiome-
try and surface organization, MXenes possess a wide
range of controllable physical and chemical proper-
ties. For instance, the width of the band gap in MX-
enes can vary, which depends on the method of sur-
face termination. MXenes have high electrical con-
ductivity, high elastic modulus, ultra-low optical at-
tenuation, and so forth. Nowadays, MXenes are used
in energy storage and conversion devices, electronics,
sensors, medicine, and so forth (see review [36] and
references therein).

One of the domains of the potential application of
MZXenes is the creation of cathodes with low work
function for emission electronics. In work [12], on the
basis of first principles, the work function of MX-
enes functionalized with surficial O, F, and OH was
calculated. It was shown that the functionalization
with oxygen or fluorine results in a small decrease
or increase of the work function, whereas hydroxyl-
terminated MXenes can exhibit low work function
in an interval from 1.6 to 2.8 eV. The main relevant
factor of the work function reduction is the intrinsic
dipole moment of the hydroxyl OH group.

The computations in work [12] were carried out us-
ing extensive software packages, and, therefore, lack
simple qualitative apparency. That is why a simple
theoretical model describing the work function re-
duction in MXenes was developed in work [16]. This
model proceeds from the fact that, in the general
case, the variation of the work function under the
influence of adsorbates deposited onto the surface is
governed by three factors: a) a redistribution of the
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electron charge between the surface and the adsor-
bates, b) adsorbate-induced surface relaxation, and
c) the polarity of adsorbates [37]. MXenes on the ba-
sis of titanium and carbon layers — of the type that
was first studied in work [34] (see Fig. 5) — which are
most promising from the viewpoint of obtaining a low
work function, were considered in work [16].

In the general case, non-terminated MXenes are
mostly metals or semimetals (semiconductors with a
zero band gap); a high value of the electron state
density near the Fermi level in them is induced by ex-
ternal layers of transition metals (see work [36]). Ho-
wever, already in paper [34], it was experimentally
shown that the termination of the TizCsy surface by
hydroxyl groups leads to the appearance of a band
gap of about 50 meV, and such MXene becomes a
semiconductor.

Thus, the surface concentration of hydroxyl groups
exceeds the concentration of charge carriers in this
material. From Fig. 5, one can see that these hyd-
roxyl groups form, on the surface, a monolayer with
the same number of dipoles as the number of atoms
in the transition-metal layer beneath. The band gap
width exceeds an energy of 26 meV, which corre-
sponds to the room temperature energy. Therefore,
under normal conditions, every metal atom is re-
lated to less than one conduction electron. As a re-
sult, every dipole is associated with a negative elec-
tron charge localized near the oxygen atom and a
positive one localized near the hydrogen atom. The
terminalization shown in Fig. 5 is not accompanied
by an appreciable rearrangement of the surficial Ti
atoms. This means that the redistribution of the elec-
tron charge between the surface and the adsorbates,
as well as the adsorbate-induced surface relaxation,
can be neglected in the first approximation for a func-
tionalized MXene on the basis of titanium and car-
bon. So, the work function reduction is mainly asso-
ciated with the dipole moments of the hydroxyl OH
groups.

In effect, the structure of energy levels that emerges
at the boundary between the hydroxyl-group-termi-
nated MXene and the vacuum is depicted in Fig. 3.
Since the distance between the hydrogen and oxy-
gen atoms in the hydroxyl group is d = 0.97 A, this
gap is transparent for the tunneling of thermal elec-
trons located near the bottom of the conduction band
in MXene (their wavelength is an order of magni-
tude larger), and they can freely tunnel from MXene
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Fig. 5. First MXene structure M3X2T, [34] included three
layers of transition metal (Ti ) atoms (light large balls) and two
layers of carbon (C) atoms between them (dark little balls),
which were located between two termination planes composed
of hydroxyl (OH) groups (oxygen atoms were located closer to
and hydrogen atoms farther from metal atoms)

into the vacuum. Therefore, the effective work func-
tion from MXene functionalized with hydroxyl groups
is described by expressions (20) and (21), where N,
should be considered as the surface density of dipoles.

In work [16], for Ny ~ 5 x 10'*® m™2, ¢ ~ 10 (a
dielectric constant value typical of semiconductors),
and d ~ 1 x 10719 m, the work function reduc-
tion was determined to be equal to about 3 V. On
the other hand, it was shown in work [12] that the
work function in MXene non-functionalized with hy-
droxyl groups equals about 4.5 eV and practically
does not depend on the number of Ti and C planes
(varying from 1 to 9; the software packages used
in work [12] allowed computations within the indi-
cated interval). After the MXene functionalization,
the work function decreases to approximately 1.6 eV
and is also practically independent of the number of
MZXene planes [12].

At the same time, as was shown by calculations us-
ing the density functional method [38], for other MX-
ene terminations, TisCyT,, the work function values
lie within an interval from 3.9 to 4.8 eV. A compari-
son with experimental data, which was carried out in
the cited work, showed a substantial dependence of
the work function on the surface composition.

Thus, the simple model proposed in work [16] can
not only give a qualitative explanation to the con-
siderable reduction of the work function in Ti,1C,
with hydroxyl termination (which is visually illus-
trated in Fig. 3) but also demonstrates good quan-
titative agreement with the results of complicated
and cumbersome numerical calculations from the first
principles [12]. Therefore, this model can be used to
evaluate the results of the functionalization of various
MZXene types with hydroxyl groups on the basis of the
prospects of their application in emission electronics.
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5. Experimental Methods
for Determining the Work
Function and the Electron Affinity

Consider various classes of experimental methods for
measuring the work function and the electron affin-
ity [39]. Since, as was indicated above, these parame-
ters have a decisive influence on the electron emission
from solids into vacuum, numerous methods of their
experimental measurement are based exactly on var-
ious types of electron emission [40]. In metal speci-
mens, electrons at the Fermi level can be excited and
emitted into vacuum. By varying the excitation en-
ergy and measuring the electron emission parameters
(the emission current density, the energy distribution
of emitted electrons), the absolute value of the work
function can be found. In practice, the thermal acti-
vation and photon absorption are used most often to
excite electrons.

In the case of thermal activation of electron emis-
sion into vacuum, we deal with the thermionic
emission method. The basic working equation of
the measuring technique is the Richardson-Dushman
equation

drmek?
= AT? _¢ A= "1
Js exp ( kBT), 73

(26)
This equation describes the dependence of the
thermionic current density Jg on the temperature
T and the work function ¢. To determine the lat-
ter, the test specimen has to be under high-vacuum
conditions and in contact with a thermostat main-
taining a desired temperature of the specimen sur-
face (Fig. 6). The measurement process consists in
finding the current density Jg as a function of the

Evacuated
volume

Emission
current emf
measurement unit  source

Specimen temperature
control unit

Fig. 6. Schematic diagram of the experimental setup for
measuring the work function using the thermionic emission
method: researched specimen (1), heater for maintaining a
specimen temperature (2), anode (8)
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temperature T'. This procedure includes the measure-
ment of the current in a circuit consisting of the test
specimen (cathode), vacuum gap, anode, and voltage
source, provided that there is no space charge in the
vacuum near the specimen surface. In this case, the
slope of the straight line representing the dependence
of the quantity In(.Js/T?) on the inverse temperature
is equal to —¢/kp, which enables the experimental
measurement of the work function of, e.g., refractory
metals [41], carbon nanomaterials [42], borides [43],
metal oxynitrides [44], and vanadates [45].

Some errors may arise, because the Richardson—
Dushman formula is based on the free-electron model,
whereas the true dispersion law F(k) may have sub-
stantial deviations from the simple quadratic depen-
dence, and this formula for the emission current will
not be absolutely accurate [46]. Let us recall that
this dispersion law is nothing else but a set of eigen-
values €; of the solutions of Eq. (4) obtained for
a sufficient number of the wave vector values. It is
also worth paying attention to the inapplicability of
three-dimensional electron emission models to two-
dimensional materials [47] and to the recent appear-
ance of a modified Richardson-Dushman equation for
two-dimensional materials, in particular, graphene
and carbon nanotubes [48, 49]. Deviations from the
Richardson—Dushman formula are also possible as a
result of non-equilibrium effects [50].

Despite the apparent simplicity of the method de-
scribed above, its practical implementation is not
always possible, because the temperature required
for the measurable emission current to appear may
be too high, i.e., higher than the temperature of
metal melting or the upper limit of the chemical com-
pound stability. In this connection, the so-to-speak
“reverse” scheme of the work function measurement
using thermionic emission is applied, which is called
the Anderson method [51, 52].

The essence of this method is that the examined
specimen is an anode rather than a cathode. Elect-
rons are emitted from a standard metallic thermionic
cathode with a known (reference) work function. This
cathode together with the test specimen (anode)
forms a vacuum diode. The latter is connected to
a circuit with a controllable constant voltage source
and a measurement system that measures the current
flowing through the diode (Fig. 7).

The thermionic cathode emits electrons, and the
energies of the vast majority of them are concen-
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trated immediately above the vacuum level of the
cathode material. An important circumstance is that
those electrons can be absorbed by the anode, only
if their energies exceed the vacuum level of the an-
ode material. Therefore, a current runs through the
vacuum diode, only if the vacuum level of the cath-
ode is equal to or higher than the vacuum level of
the anode. In general, the vacuum levels in the cath-
ode and anode differ from each other by the magni-
tude of the contact potential difference and the poten-
tial difference supplied from the external source. By
changing the electromotive force of this source and
measuring the current flowing through the diode as a
function of the applied external voltage, it is possible
to find the voltage value at which a transition takes
place between the diode-on and diode-off operation
modes. The found value, being multiplied by the ele-
mentary charge, just gives the difference between the
sought work function and the reference work function
of the cathode. If the reference value is known with
high accuracy, then the entire procedure described
above is equivalent to the measurement of the work
function of the cathode material.

As an example, we can mention some recent works,
where the Anderson method was used to measure
the variation of the work function due to the adsorp-
tion of phthalocyanine molecules on the Ag(001) sur-
face [53], or the coadsorption of Be and O on the
Mo(112) surface [54-56], or the adsorption of Ce on
the Mo(112) surface [9], or Be on the Mo(112) and
Mo(011) surfaces [57], or Dy, Gd, and Sr on the
Mo(112) surface [58, 59]. The ideas of the method
were developed in combination with the methods of
low-energy electron microscopy. As a result, there ap-
peared a method for determining the work function
with a lateral resolution in the specimen plane. Ac-
cordingly, the schematic diagram of the experiment
(see Fig. 7) also includes an electron-optical system
that creates an image of the examined surface with
the help of electrons moving from the specimen.

As was indicated above, by varying the emf applied
between the cathode and the specimen, it is possible
to achieve the disappearance/appearance of an energy
barrier prohibiting primary electrons from penetrat-
ing the specimen. In those cases, the surface image is
formed by scattered/reflected electrons, respectively,
and a transition between those regimes is accompa-
nied by strong variations in the image brightness (this
is an analog of the situation in the “ordinary” Ander-
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Fig. 7. Schematic diagram of the experimental setup for mea-
suring the work function using the Anderson method

son method, when the vacuum diode becomes open
or closed).

As an example, we mention microscopic stud-
ies of the work function of the eutectic mixture
LaBg/VBy [43]. It is interesting that the microscopic
study of the work function of the specimen was also
carried out in the cited paper using the thermionic
emission method, i.e., as shown in Fig. 6, but in-
cluding the electron-optical system of the surface im-
age formation by low-energy electrons. It was done,
because the image formation system was already in-
cluded into the experimental scheme, and the speci-
men material allowed its non-destructive research in
the thermionic mode.

Consider the excitation of the electron emission
from a solid into vacuum with the help of photon
absorption; in this case, we deal with photoelec-
tron emission, and the work function is measured
using the photoelectron spectroscopy (FES) method
[60, 61]. The measurements are carried out under
ultrahigh-vacuum conditions. The specimen is irradi-
ated with monochromatic electromagnetic radiation
with a quantum energy ranging from a few to several
tens of electronvolts. The emitted photoelectrons get
into an energy analyzer, which registers their distri-
bution over the kinetic energy (Fig. 8). The energy
scale of the analyzer is preliminary calibrated us-
ing an undoubtedly metallic specimen with a sharp
Fermi edge. As a result, the determination of the
maximum kinetic energy from the entire spectrum
becomes easy. This energy corresponds to electrons
emitted from specimen’s Fermi level, which, in the
equilibrium state, coincides with the Fermi level of
the collector electrode in the energy analyzer.

Thus, the level Ej permi corresponding to the ki-
netic energy of electrons emitted from the Fermi level
becomes fixed on the kinetic energy scale of the en-
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Fig. 8. Schematic diagram of the experimental setup for mea-
suring the work function using the photoelectron spectroscopy
method

ergy analyzer. Later on, when studying an unknown
specimen, the work function of the latter is deter-
mined as the photon energy Ephotons minus the dif-
ference between Ej permi and the minimum kinetic
energy FEp;, of photoelectrons in the examined spec-
trum displayed on the calibrated energy scale of the
spectrometer: ® = Ephotons — (Ek, Fermi — Emin)-

More generally, the FES spectra demonstrate the
density of occupied electronic states at the Fermi level
and below, i.e., the states from which photoelectron
emission is possible. In the case of a semiconductor,
electrons mostly do not exist at the Fermi level, so
electrons with the energy Ej, permi are not emitted. As
a result, the photoelectron spectrum has zero inten-
sity at the Fermi level. Instead, the spectra demon-
strate the existence of electrons with kinetic energies
from a certain value that is lower than Ej permi and
corresponds to the valence band top.

Here are the examples of how the FES method is
applied to study semiconductors. In paper [62], the
work function (4.04-6.4 €V), and position of the va-
lence band top (1.2-3.44 e€V) were measured in a
promising semiconductor ZnSnNs, and their depen-
dences on the surface treatment method, the con-
tamination level, and other factors were systemati-
cally investigated. FES is actively used to measure
the work function of practical cathodes; for exam-
ple, a substantial decrease in the work function of
LaBg due to the adsorption of a BN monolayer was
registered in work [63]. The results of a systematic
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FES study of the work function of the films consist-
ing of a mixture of borides and nitrides of lanthanum,
cerium, aluminum, and carbon can be found in work
[64]; the lowest work function value is 2.8 €V. An in-
teresting recent result is a rather low work function
of about 2 eV measured for silver-potassium nanopar-
ticles, which is a result of the formation of a surface
alloy of those two metals [65].

For MXenes, the work function and the spectrum
of occupied electronic states, as well as their depen-
dences on the termination type, were also measured.
For example, in work [66], a metallic character
of conductivity and a rather high work function
of 4.6 eV were found for MXenes TizCyT,; the
dependences of the structure of their valence band on
the elemental composition and the atomic geometry
of terminating groups were studied in detail in work
[67]. Finally, with the help of the FES method, it
was directly confirmed that the work function of
MXene TigCyT, can be tunned within a very wide
interval from 2.44 to 5.69 eV by functionalizing its
surface with such molecules as 1,3,4,5,7,8-hexafluoro-
11,11,12,12-tetracyanonaphtho-2,6-quinodimethane
and  (pentaethylcyclopentadienyl)(1,3,5-trimethyl-
benzene)ruthenium dimer [68].

Based on the fact that only occupied electronic
states are engaged in the photoemission process,
there arises a problem concerning the measurement
of the electron affinity of semiconductors. It can be
solved by applying an experimental technique that
was termed the inverse photoelectron spectroscopy
(IPES or IPS) [69, 70]. As one may guess from the
name, a physical process is used that is inverse to pho-
toelectron emission, namely, the capture of a free elec-
tron onto an unoccupied electronic state in the con-
duction band and the photon emission due to the re-
lease of the corresponding portion of energy (Fig. 9).

Two modes of IF'S spectrum measurements are pos-
sible: (i) the measurement of the intensity of a flux
of photons with a fixed energy as a function of the
energy of electrons bombarding the specimen surface
and (ii) the measurement of the spectrum of pho-
tons emitted by the specimen owing to its bombard-
ment with electrons with a fixed kinetic energy. Ty-
pical energies of both electrons and photons can lie
in an interval from a few to tens of electronvolts; the
former case is distinguished as Low Energy Inverse
Photoemission Spectroscopy (LEIPS) [71]. Low ener-
gies of electrons are an important factor that allows
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a non-destructive analysis, in particular, of the films
of organic molecules, for example, copper phthalo-
cyanine (an electron affinity of 2.92 €V) [72]. There
are works, where the same semiconductor specimen
was studied using two methods, FES and IFS, in
parallel. This combination made it possible to deter-
mine simultaneously the work function and the edges
of the conduction and valence bands, i.e., the elec-
tron affinity and the band gap width; for instance,
X =2.2¢Vand E; = 4.3 ¢V for thin EuyOg films [73],
x =4.03 eV and E; = 2.16 €V for thin Cgq films [74],
E4, = 2.69 eV for 8-cycloparaphenylene, F/, = 3.29 eV
for 9-cycloparaphenylene, and £, = 3.33 eV for 12-
cycloparaphenylene [75].

Electrons can be emitted from solids into the vac-
uum not only over the potential barrier at the solid-
vacuum interface, but also via their tunneling through
it. Depending on how far from the surface the oppo-
site electrode is located, the field and tunnel emissions
are distinguished. If the opposite electrode (anode) is
located sufficiently far, electrons tunnel through the
barrier and move toward the anode in the vacuum as
free particles; this is the field emission. If the opposite
electrode is at a distance of a few tenths of a nanome-
ter, an electron transits via the tunneling through
the barrier from a certain bound state in the cathode
material to another bound state in the anode mate-
rial. This emission is called tunnel, and it serves as
a basis for the determination of the electronic struc-
ture of both the valence and conduction bands; the
method was called tunnel spectroscopy. This method
is implemented in scanning probe microscopes, so it is
often referred to as scanning tunneling spectroscopy
(STS) [76,77].

The STS method can be applied in a scanning tun-
neling microscope (STM) or an atomic force micro-
scope (AFM) [76, 77]. In both cases, the key com-
ponents of the experiment are the surface of the re-
searched specimen and the pyramidal probe with a
sufficiently small rounding radius of its apex (typi-
cally from an atomic radius to several tens of nanome-
ters). In the operation mode, the main task of both
STM and AFM is to maintain a constant distance be-
tween the surface and the probe apex (usually with
the help of precision piezoelectric actuators).

In STM, the distance is controlled to maintain
a constant tunnel current through the barrier at a
constant voltage applied between the tip and the
surface (Fig. 10). This operation mode is called the
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Fig. 9. Schematic diagram of the experimental setup for mea-
suring the work function using the inverse photoemission spec-
troscopy method
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Fig. 10. Schematic diagram of scanning tunneling spec-
troscopy measurements in a scanning tunneling microscope:
piezoelectric actuator along the X-axis (1), piezoelectric ac-
tuator along the Y-axis (2), piezoelectric actuator along the
Z-axis (8), probe tip (4), specimen (5), magnified image of
the probe-gap-specimen region (6), controllable source of tun-
nel voltage (7), tunnel current measurement unit (8)

constant-current mode. Under all other identical con-
ditions, a constant current is provided by the con-
stant transparency of the tunnel barrier, which in
the simplest approximation is achieved by maintain-
ing a constant distance between the surface and the
probe apex. After the stabilization of this distance at
certain tunnel current and voltage values, it is fixed
and remains constant during the measurement of the

563



M.V. Strikha, A.M. Goriachko

current-voltage characteristic (CVC) of the formed
tunnel contact. This process consists in an incremen-
tal variation of the tunnel voltage within a certain
interval and the measurement of the tunnel current
value at every discrete voltage value.

The specific feature of the measurement procedure
of the tunnel contact CVC in the AFM consists in
that the probe performs high-frequency (tens or hun-
dreds of kHz) vibrations along the direction perpen-
dicular to the researched surface plane. This is nec-
essary for the functioning of the measurement sys-
tem for the force acting between the probe and the
surface. The minimum distance during one vibration
period in the AFM can be of the same order of mag-
nitude as the stationary distance between the probe
and the surface in the STM. At other time moments
during the vibration period, this distance is larger
(depending on the vibration amplitude). This mode
of AFM operation is called non-contact, because the
probe never comes into mechanical contact with the
surface. In this mode, the time-averaged value of the
distance between the surface and the probe apex is
maintained at a constant level corresponding to the
average interaction force between them. As a result of
distance oscillations, the transparency of the tunnel
barrier also oscillates in time. So, if the tunnel volt-
age is constant, the tunnel current also oscillates. Ne-
vertheless, the CVC measurement is possible, if the
measurement time of one point of this characteristic —
i.e., the time interval during which the tunnel voltage
remains constant — exceeds the probe vibration pe-
riod. The corresponding current value averaged over
the vibration period determines every CVC point.

Thus, the main result of the measurements with
the help of STM is the CVC of the tunnel contact
created by the researched surface, the probe, and the
vacuum gap between them. In practice, probes with
distinctly pronounced metallic properties — i.e., with
a Fermi level located in the conduction band and a
sharp Fermi edge — are applied, as a rule. Let us con-
sider how the positions of the valence band top and
the conduction band bottom can be determined in
this case, if the examined specimen is a semiconduc-
tor, and if its Fermi level is in the band gap. If the
tunnel voltage between the specimen and the probe
is zero, their Fermi levels coincide, the system is in
equilibrium, and the tunnel current equals zero.

At a low non-zero positive voltage at the specimen
with respect to the probe, the Fermi level in the spec-
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imen decreases with respect to that in the probe. Ho-
wever, although the tunneling barrier transparency is
non-zero, electrons cannot tunnel from the probe into
the specimen, because there are no electronic states in
the energy interval between the two Fermi levels. The
same situation takes place at a rather low negative
voltage at the specimen with respect to the probe. So,
if the tunnel voltage magnitude, irrespective of the
voltage polarity, is rather small, a section with a zero
current value is observed in the CVC. If the tunnel
voltage magnitude grows, a non-zero tunnel current
appears either at a positive voltage at the specimen,
when the conduction band bottom in the semiconduc-
tor reaches the Fermi level in the probe, or at a nega-
tive voltage at the specimen, when the valence band
top reaches the Fermi level in the probe. From the
aforesaid, it is possible to draw the following general
conclusion about the CVC shape in the considered
experimental situation. At low tunnel voltages, there
exists a zero-current interval whose width is equal
to the band gap width in the semiconductor. Beyond
this interval, the tunnel current becomes non-zero
and, as a rule, increases with the growth of the tun-
nel voltage magnitude. The positive voltage value at
which the current starts to grow from zero equals to
the energy of the conduction band bottom reckoned
from the Fermi level. Analogously, the negative volt-
age value at which the current starts to decrease from
zero is equal to the energy of the valence band top
reckoned from the Fermi level. For a more precise de-
termination of those energies, STS experiments are
often carried out at cryogenic temperatures of the
specimen and the probe [78], because the narrower
width of the Fermi step reduces the smearing of the
transition between the zero and non-zero tunnel cur-
rent intervals in the CVC.

An advantage of STS over FES and OFES is that
the edge positions and the structures of the valence
and conduction bands can be determined in the same
experiment. For example, in work [79], using the ST'S
method, the positions of the band edges in CsPbBrg
were measured to equal —1 and +1.5 eV, and they
were compared with the results obtained by FES,
OFES, and calculations in the framework of the den-
sity functional theory. Furthermore, STS has an ex-
tremely high (at the atomic level) spatial resolution
in the specimen surface plane, which allows the posi-
tions of band edges to be locally measured at hetero-
geneous surfaces and in nano-objects. For example,
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in work [80], a series of tunnel spectra were obtained
for the surfaces of cadmium selenide nanoplates with
various thicknesses; the band edges of about —1 and
41 V were determined for a thickness of 7 monolay-
ers, and the expansion of the band gap with the de-
creasing thickness was revealed. The band edges were
registered at —0.09 and +0.1 eV in graphene nanorib-
bons with a width of 17 atoms, and at —0.06 and
+1.28 €V in 13-atom-width nanoribbons [81].

Nanoscale monolayer islands of tellurene were stud-
ied in work [82]. In particular, the band edges in them
were registered at —0.41 and +0.53 eV, as well as the
absence of a forbidden band on their periphery, in
full agreement with the theoretical prediction of the
state of topological insulator for this two-dimensional
material.

STS is also a convenient tool for studying the elec-
tronic structure evolution at the transition between
two- and three-dimensional allotropes. In particular,
it was shown for indium nitride that the band gap in
this two-dimensional material equals 2 eV, whereas it
is 0.7 €V in the bulk InN specimen [83]. In work [84],
using the STS method, the band edges were mea-
sured at the positions of —1.77 and +0.86 eV in one-
monolayer MoSs, and at —1.24 and +0.63 eV in two-
monolayer MoSs.

Besides the direct application of the STS technique,
equivalent information about the energy location of
the band edges can be obtained with the help of the
voltage-dependent STM method, which consists in
obtaining a series of images of the same surface area
at various tunnel voltages. This method was used in
works [85, 86] to detect the semiconducting charac-
ter of two-dimensional bismuth adsorbates, which did
not form a continuous film on the Ge(111) surface,
and determine the edge position of their conduction
band (0.5 eV above the Fermi level in the germanium
substrate.

The STS technique allows the positions of the band
edges to be measured with respect to the Fermi level.
However, this is not enough to determine the elec-
tron affinity. This task requires an independent mea-
surement of the Fermi level position with respect to
the vacuum level, i.e., the work function. To solve
this problem with the help of scanning probe mi-
croscopy, the most suitable method is the scanning
Kelvin probe microscopy (SKPM) [87]. The SKPM
is implemented making use of an AFM operating in
the non-contact mode. In the SKPM experiment, the
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Fig. 11. Schematic diagram of scanning Kelvin probe mi-
croscopy: piezoelectric actuator along the X-axis (1), piezo-
electric actuator along the Y-axis (2), piezoelectric actuator
along the Z-axis (3), elastic element (cantilever) with a fas-
tened probe (4), specimen (&5), magnified image of the probe-
gap-specimen region (6), high-frequency piezoelectric actuator
along the Z-axis (7), laser beam (&), position-sensitive pho-
todetector (9), controllable source of constant compensating
voltage (10), source of alternating voltage between the tip and
the specimen (11)

standard AFM equipment is complemented with a
controllable source of constant voltage and a source
of harmonic alternating voltage with a frequency far
(as a rule lower) from the frequency of probe vibra-
tions with respect to the specimen surface, as well
as a synchronous AC voltage detector and a special
feedback circuit. Both sources are connected in series
between the specimen and the probe (Fig. 11).

If the specimen and probe bulks are connected by
an electrical conductor, then their electronic subsys-
tems are in equilibrium, and the Fermi levels coincide.
At the same time, if the work functions of the speci-
men and the probe differ from each other, there arises
a contact potential difference (CPD) between their
surfaces. In essence, the specimen and the probe are
the plates of a capacitor charged to the corresponding
voltage, and there is an electrostatic attractive force
between them, which depends on the instantaneous
voltage value across the capacitor. As a result, there
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arises a force between the specimen and the probe,
which oscillates with the frequency of applied alter-
nating voltage and has an amplitude proportional to
the sum of the CPD and the constant voltage of the
controlled source.

Since the AFM probe is mechanically fastened to
the end of an elastic element (the cantilever), the
probe vibrates at the frequency of the applied al-
ternating voltage. Those vibrations occur simultane-
ously with the cantilever vibrations at the same fre-
quency that are used to stabilize the average distance
between the probe and the specimen. The amplitude
of the cantilever and, therefore, the probe vibrations
is determined with the help of a laser beam that is
reflected from it and falls on a position-sensitive pho-
todetector. Supplying the signal from the photodetec-
tor to a suitable synchronous detector, the measured
vibration amplitude at the frequency of the alternat-
ing voltage source can be obtained. The correspond-
ing signal is sent to a special feedback circuit that ad-
justs the controllable source of constant voltage until
the cantilever vibrations reach zero amplitude.

Since this amplitude is proportional to the sum of
the CPD and the instantaneous voltage value of the
controllable source, the zeroing of the cantilever vi-
bration amplitude at the frequency of the AC voltage
source is attained, if the voltage of the controllable
source is exactly opposite to that of CPD. Thus, by
reading our the voltage of the controlled source, which
was installed in the SKPM experiment, and finding
its sign, we obtain a CPD value between the spec-
imen and the probe, which is characteristic of the
specimen surface point above which the probe tip is
located. The CPD is the difference between the work
functions of the specimen and the probe; so, know-
ing the work function of the probe, it is possible to
determine the work function of the specimen. But if
the work function of the probe material is not exactly
known, an additional measurement can be carried out
making use of a reference specimen with the precisely
known work function. Afterward, the unknown work
functions of other studied specimens can be measured
provided that the same probe in the same state is
used [88, 89].

The SKPM technique was used to measure the
work function ® of many homogeneous and hetero-
geneous surfaces and nano-objects. For titanium ox-
ide (TiO) nanowires with an atomically clean surface,
the value ® = 3.31 eV was obtained, and a work
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function growth due to the contact with the atmo-
sphere was registered [90]. The value & = 4.28 eV was
found for MXene TizCsoT, [91]. For two-dimensional
materials on the basis of copper iodide and ligands,
® = 5.46 eV (2D-Cul(pm)os) and 5.26 eV (2D-
Cul(pz)o.5) [92]. For MoS; nanolayers, a work func-
tion value of 4.53 eV was obtained, as well as the
distribution maps of the work function deviations
from the average value over the surface plane. It was
found that this distribution changes after the surface
bombardment with high-energy argon ions [93]. It is
worth noting that the Kelvin probe can also be used
for the measurement of the work function in a non-
microscopic variant, i.e., without scanning the surface
and obtaining its image. An example is the measure-
ment of the work function of Os—Ru-W thin films and
its dependence on the W concentration [94].

6. Experimental Techniques
for Obtaining Surfaces with Low
Work Function

Let us consider modern experimental approaches to
reducing the work function and the electron affinity
of the metal and semiconductor surfaces. As a result
of the surface treatment carried out in the framework
of such approaches, a spatial separation of electric
charges in the direction perpendicular to the surface
plane has to be created in the near-surface region of
the specimen. This state can be characterized by the
spatial distribution along this direction of the posi-
tive and negative charges localized either in two dif-
ferent atomic planes or in one atomic plane and an
extended space region, the latter case being usually
typical of semiconductor substrates. The production
technologies of such surfaces can be based on var-
ious methods of adsorbate deposition on the metal
or semiconductor surface: physical vapor deposition,
chemical vapor deposition, deposition from the liquid
phase, diffusion from the substrate bulk, and others.

Conceptually, the simplest is the surface adsorption
of a layer of molecules or molecular groups that are
characterized by their own (intrinsic) dipole moment
in the absence of an external electric field. At the
same time, in order to achieve the desired effect, it is
necessary to provide an identical (and favorable from
the viewpoint of the work function reduction) ori-
entation of all adsorbed molecules. Such a situation
is realized in a natural way in self-assembled mono-
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layers (SAMs). For example, a monolayer of pyri-
dine molecules is adsorbed on the ZnO(1010) sur-
face in an ordered manner, with all molecules be-
ing oriented identically, which decreases the work
function by 2.9 ¢V [95]. In work [96], some biphenyl-
based molecules with phosphine groups were synthe-
sized; the latter provided a fixed attachment point
to the substrate. Two types of molecules had a po-
lar pyrimidine group with the dipole moment vector
directed to/from the phosphine group, i.e., to/from
the substrate in the formed monomolecular layer. The
molecules of the third type were non-polar. As a re-
sult of the self-assembling of the monolayers of those
three types of molecules on the indium tin oxide
(ITO) substrate, the corresponding work function val-
ues were registered: 3.9 €V (the molecular dipole mo-
ments are directed to the surface), 4.85 eV (from
the surface), and 4.4 eV (along the surface). In the
summarizing work [97], a universal recipe for reduc-
ing the work function of metals, optically transpar-
ent and electrically conductive metal oxides, elec-
trically conductive polymers, and graphene by more
than 1 eV by depositing polyethyleneimine ethoxylate
or branched polyethyleneimine films on their surfaces
was proposed.

The concept of adsorbed dipole molecules can also
include bilayer structures, where each layer consists
of identical molecules (but the molecules are differ-
ent for each layer) and makes its contribution to
the reduction of the work function. In particular, in
work [98], a reduction of the work function was found
for a large number of oxides (without any excep-
tion) after the contact of their initially atomically
clean surface with the ordinary atmosphere. As a
result of this contact, there emerged an adsorbed
double “sandwich” consisting of an OH layer adja-
cent to the oxide surface and an HyO layer above.
Hydrogen bonds were formed between the OH and
H>O layers, and their dipole moments were oriented
in tandem, which resulted in a reduction of the
surface work function. Another conceptual approach
is the coadsorption of metal atoms (including the
atoms of mixtures of various metals) and oxygen
atoms, which is the standard activation method of
thermionic cathodes [99]. A surface dipole layer is
formed by negatively charged oxygen ions located
closer to the substrate and positively charged metal
ions located further from the substrate. In the frame-
work of this concept (simply, a theoretical model

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 8

developed in detail in works [14, 15]), the already
mentioned experiments [8] on the coadsorption of
gadolinium and oxygen on a silicon substrate were
performed, where a work function value below 1 eV
was reached. This concept turned out applicable to
advanced two-dimensional materials. For instance, a
reduction of the graphene work function to a record
value of 1.01 eV (!) was obtained in work [100] by
coating graphene with a mixture of cesium and oxy-
gen atoms.

Among the novel carbon materials, the most conve-
nient from the viewpoint of cathode applications are
carbon nanotubes. By coating them with a mixture
of barium, strontium, and oxygen, a work function
value of 1.6 eV was achieved, whereas the nanotube
morphology enhanced the electric field strength at
emitting surfaces [101]. Coating the diamond (100)
and (111) surfaces with a mixture of aluminum and
oxygen atoms led to negative values of electron affin-
ity (up to —1.0 e¢V) and a work function from 4 to
5 eV [102]. The deposition of sub-monolayer amounts
of titanium on an oxidized diamond (100) surface gave
a negative electron affinity value of —0.7 eV [103]. Its
record value (—2.01 eV) was obtained on the diamond
(100) surface by coating it with a mixture of magne-
sium and oxygen atoms [5].

This approach also allows a simultaneous applica-
tion of metal atoms of two types. For instance, the
coating of the same diamond surface with a SnO layer
intercalated with lithium resulted in a 2.3-eV work
function reduction [104]. A record low value of the
work function (0.7 eV) was obtained for n-GaAs via
the cesium and oxygen adsorption on its surface sub-
jected to external lighting at a wavelength of 532 nm,
which led to the generation of surface photo-emf [105].

The work function or the electron affinity can also
be decreased by adsorbing only one type of atoms on
the substrate surface. In this case, the positive charge
is concentrated in the plane, where the adsorbed
atoms are located, whereas the negative charge can
be either concentrated in the external atomic layer
of the substrate or continuously distributed into the
substrate depth. In the already mentioned work 9],
the adsorption of cerium on a single-crystalline sub-
strate Mo(112) resulted in a reduction of the work
function by 2.2 eV. In work [106], a decrease in the
work function of the Pt(111) surface was registered
after its contamination with carbon, with a linear de-
pendence of the work function reduction on the sur-
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face concentration of carbon atoms. In work [107], a
negative electron affinity of —1.38 eV was achieved
on the (111) surface of p-doped diamond terminated
with a layer of hydrogen atoms. The negative values
of the electron affinity of diamond obtained due to the
adsorption on its surface of some metals in amounts
to one monolayer can be found in work [108].

One more concept consists in a specific treatment
of the surface giving rise to the creation of defects in
the near-surface crystal lattice; these can be vacan-
cies or inclusions of foreign atoms, and so forth. Such
centers can be charged, or they can play the role
of traps that can capture charge carriers from the
bulk. As an example, the dependence of the work
function of the oxides of transition metals (Cu, Mo,
Ni, V, Ti, W, Cr, Ta, Co) on the surface concen-
tration of oxygen vacancies can be used, which was
plotted on the basis of experimental FES measure-
ments: a monotonous decrease of the work func-
tion value with the increase of the concentration of
such vacancies [109]. In work [110], a graphite sur-
face was sequentially treated with hydrogen and ni-
trogen plasmas, which stimulated the formation of
surface carbon vacancies and inclusions of individ-
ual nitrogen atoms. As a result, a reduction of the
work function to 2.9 eV was obtained. In the case of
two-dimensional material, the surface treatment is si-
multaneously the treatment of the material bulk. In
particular, a systematic study of graphene interac-
tion with a large number of molecular reagents was
carried out [111]. As a result, graphene was doped to
various types and levels, and the variations of its work
function were experimentally registered.

A review of experimental works, where all above-
mentioned and some other specific approaches were
used to obtain a diamond surface with a negative elec-
tron affinity can be found in work [6].

7. Conclusions

Intense efforts were applied to create metal surfaces
with a low work function and semiconductor and in-
sulator surfaces with a low/negative electron affin-
ity. However, such works require the development of
simple intuitive theoretical models that would allow
the affinity values to be evaluated, at least preliminar-
ily, rather simply, without applying cumbersome cal-
culations on the basis of the Kohn—Sham equations.
In work [14], in the framework of a developed sim-
ple intuitive model, it was shown that the presence of
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a dipole layer (e.g., from negatively charged oxygen
atoms and positively charged rare earth metal atoms)
with equal concentrations of differently charged ad-
sorbed atoms on the semiconductor surface can lead
to a reduction of the electron affinity by up to 3 eV. In
work [15], it is shown that the asymmetry between
the surface concentrations of oxygen and metal atoms
can lead to two opposite consequences: if the nega-
tively charged oxygens prevail, a decrease in the elec-
tron affinity becomes smaller due to the upward band
bending in the SCR of a semiconductor, and if the
positively charged metal atoms prevail, a decrease in
the electron affinity becomes larger due to the down-
ward band bending. This result allows the proposi-
tion of technological solutions for obtaining the sur-
faces with a minimum work function for modern elec-
tron emission devices.

In work [16] in the framework of a simple devel-
oped theoretical model, the work function value was
estimated for MXene functionalized with hydroxyl
groups. In the non-functionalized material, it is equal
to about 4.5 eV and practically does not depend on
the number of Ti and C planes (varying from 1 to
9). After the functionalization, it decreases to about
1.6 eV and remains practically independent of the
number of MXene planes.

Intense searches are carried out for the develop-
ment of reliable experimental methods aimed at ob-
taining the low work function values of various sur-
faces that can be used in electron emission devices.
The surface treatment in the framework of the applied
approaches should result in the creation of a spatial
separation of electric charges in the near-surface spec-
imen region in the direction perpendicular to the sur-
face plane. This state can be characterized by spatial
distributions of positive and negative charges along
this direction, with their localization either in two
different atomic planes or in one atomic plane and
an extended space region (the latter variant is typi-
cal of semiconductor substrates). Technologies for ob-
taining such surfaces can be based on various methods
of deposition of adsorbates on the metal or semicon-
ductor surface: physical vapor deposition, chemical
vapor deposition, deposition from the liquid phase,
diffusion from the substrate bulk, and others.

Various methods of obtaining the diamond sur-
face make it possible to achieve large negative val-
ues of the electron affinity. A record negative value
of —2.01 €V was obtained on the diamond (100) sur-

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 8



Surfaces with Lowered Electron Work Function

face coated with a mixture of magnesium and oxygen
atoms [5, 6]. However, searches for reliable and re-
producible methods for obtaining the low work func-
tion or electron affinity values for metal or semicon-
ductor cathodes (unlike diamond, they can provide a
high rate of supply of emitted carriers to the surface
through the bulk) go on further.

Currently, the search is performed for the ways
aimed at developing the cathodes based on, e.g., the
adsorption of alkaline and rare earth (Ce, Gd, Eu)
metals and the oxygen coadsorption on the Si, Ge,
and Mo surfaces (in the nanostructured state as well),
where charge double layers can be formed, which sub-
stantially reduces the work function [8,9].

The authors are grateful to Taras Shevchenko Na-
tional University of Kyiv for supporting this work.
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M.B. Cmpiza, A.M. l'opsawxo

ITIOBEPXHI 31 SBHU>KEHOIO
POBOTOIO BUXOAY: ITIPOBJIEMNM CTBOPEHHA
TA TEOPETUYHOI'O OITUCY. OI'JIA

JlaHO OrJIsL eKCIEPUMEHTAILHUX PODIT 31 CTBOPEHHS CyJaCHUX
doTokaToiB Yu edEeKTUBHUX KATOJIB JJIsi MTOJBOBOI eMicil 3i
3HUXKEHOI0 POBGOTOI0 BUXO/LY ab0 HU3BKOIO/HEraTUBHOIO eJle-
KTPOHHOIO criopiguenicTio. Bukiameno treoperudni Mmonemni aiis

OINCY 3HU2KEHHS €JIEKTPOHHOI CIOPiTHEHOCTI IIiJ| BIIMBOM 3a-
PSJPKEHHX IIapiB Ha HOBEPXHI HANIBIPOBIJHUKA /i€JIEKTPUKA.
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Onmcano cydJacHi €KCIIEPUMEHTAJbHI METOJUKU BU3HAYECH-
Hsl POBOTH BHUXOJLY/€JIEKTPOHHOI CIOPIJIHEHOCTI Ta TEXHOJIOril
OJIEP>KAHHS [TOBEPXOHb 3 HU3bKUMU 3HAYEHHSIMU POOOTU BUXO-
Jly Ta €JIEKTPOHHOI CIopiiHeHOCTI. Y paMKax MO0y I0BaHOI aB-
TOPaMH IIPOCTOI TEOPETUIHOI MOJEJIi ITOKA3aHO, IO HASBHICTH
Ha [MOBEPXHI HANIBIPOBIHUKA JUIIOIBHOrO mWapy (HAIp., 3 He-
FaTUBHO 3aps/PKEHUX ATOMIB KHCHIO i TIO3UTHUBHO 3apsirKe-
HUX ATOMIB DiJKiICHO3EMEJIBHOTO MeTajly) 3a yMOBH DPiBHOCTI
KOHIIEHTPAI[ifl PI3HOMMEHHO 3apsi/KEHNX aJICOPOOBAHMUX ATO-
MiB MOX>K€ HPU3BECTH [0 3HHUKEHHSI CIIOPIJHEHOCTI €JIEKTPOHA
Ha BesmmuuHy 110 3 €B. Takoxx nmokasaHo, 1110 acCUMeTPist IOBEPX-
HEBUX KOHIIEHTPAI#l KUCHIO 1 METAJIy MOXKEe IIPU3BECTH JI0 JTBOX
OPOTUJIEXKHUX HACTIIKIB: IIPU TepeBa’KaHHI HETATUBHO 3apsi-
J?KEHOTO KHCHIO 3HUKEHHSI CIOPITHEHOCTI pOOUTBHCS MEHIITHNM
Yepe3 BUTMH 30H yropy B 06JIaCcTi IPOCTOPOBIrO 3apsi/ly HAIliB-
[IPOBiJIHUKA, & IIPU [IepeBa’kaHHi IMO3UTHUBHO 3aPsi/I2KEHOI'O Me-
TaJly 3HUKEHHS CIOPIJHEHOCTI cTa€ OGIIbIINM Yepe3 BUTUH 30H
yuu3. Takwuii pe3yabrar J103BOJISIE€ 3AIIPOIIOHYBATU TEXHOJIOTi-
9Hi pillleHHs [1J1s1 OJIepXKaHHs ITOBEPXOHb 3 MiHIMAJIBLHOK POGO-
TOIO BUXOZY [JIsl IPUJIAZIB CydacHO! eMiciifHol esleKTpoHiku. Y
paMKax 1100y I0BaHOI IIPOCTOI TEOPETHYHOI MO/IEJIi OIliHEHO 3Ha~
YeHHsI pOOOTH BUXO/Y V (DYHKI[IOHAJII30BAHOMY TI'iPOKCHUJILHU-
Mu rpynamu MakceHi. Ha Toit yac kosm B HedyHKIiOHAJI30-
BaHOMY MaTrepiaJsi BoHO ckiagae ~4,5 eB i npakTudyno He 3a-
siexkuThb Bif Kibkocri maomun Ti ta C (y aglanasoni Big 1 mo
9), micasa dyHKIioHATI3AII] BOHO 3HHXKYETHCS NPUOIU3HO JI0
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1,6 eB i Tak caMO IpaKTUYHO HE 3AJIEXKUTH BiJ[ KIJIBKOCTI aTOM-
HUX IUIONUH y MakceHi. ONucaHo NOLUIYyKH eKCIEPIMEHTATHHIX
NUIAXIB CTBOPEHHSI CYyYaCHHUX KAaTOJIB 3 HU3bKUM 3HAYEHHSIM
poboTH BHUXOJy YU €JEKTPOHHOI CropigHeHocTi. Pe3ynbraroMm
06pOOKM TOBEPXHi, 3/I1ICHEHOI B paMKax TaKUX IIiJIXOJIB, MAa€
OyTH BCTAHOBJIEHHS B IIPUIIOBEPXHEBI 00J1acTi 3pa3Ka IIpoCcTo-
POBOr'O DO3iJIEHHSI €JIEKTPUYHUX 3apsiiB y HAIPsSMKY, Iep-
[EHUKYJISIPHOMY [0 IUIONMHU [OBepxHi. Takuii craH MoxKe
XapaKTepU3yBATHUCS IIPOCTOPOBUM PO3IOIIIOM Y3JO0BXK IIHOI'O
HAIPsIMKY [MO3UTUBHUX Ta HEMATUBHUX 3aPsi/IiB 3 JIOKAJI3alli-
€10 abo B JBOX BiIMiHHMX aTOMHHUX ILJIOIIMHAX, abO0 BiIMOBi-
HO B OJIHIl aTOMHI# IJIOIIMHI Ta TPOTAXKHIM 06Js1acTi IPOCTOPY
(ocranne, 3a3BUUall, y BUIAJKY HANIBIPOBIIHUKOBOI IiAKJIa-
nuHKK). TexHomoril oxep:KaHHs TaKUX IIOBEPXOHb MOXKYTb 6a-
3yBaTHUCs HA PI3HOMAaHITHUX METO/1aX HAHECEHHS aJicopbaTiB HA
IOBEPXHIO MeTaJjia abo HaliBIPOBigHUKA: (DI3UIHO-TIAPOBE OCa-
JPKEHHsI, XIMIYHO-TIApOBE OCAJIXKEHHSI, OCAIXKEHHS 3 piaKol da-
3u, qudpy3sia 3 06’emy migkmaguaku, Tomo. OKpeMo 3BepHEHO
yBary Ha Ti €KCIEepHMEHTaJbHI poGOTH, e Ha OCHOBI aacopb-
uil piaxicaozemensuux Mmeranis (Ce, Gd, Eu) ta xoamcopbmii
KHCHIO Ha noBepxHax Si, Ge ta Mo, B T.9. B HAHOCTPYKTYPOBa-
HOMY CTaHi, MOXKYTb yTBOPIOBATHUCS IO/BiiiHI 3apsi2KeH] mapu,
IO CYTTEBO 3HUKYIOTH POOOTY BUXOZY.
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