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SECONDARY ION EMISSION
DURING THE PROTON BOMBARDMENT
OF METAL SURFACES

Secondary ion mass spectrometry (SIMS) is successfully used for fundamental and
applied studies of the solid surfaces. Thus, it is important to know regularities in
the secondary ion emission (SIE) induced by the primary beams of the inert or
chemically active elements. The SIE intensity is found to be dependent not only on
the surface sputtering processes (the intensity increases with the atomic number of
the bombarding ion), but on the ionization probability of the sputtered atoms (the
probability is strongly dependent on the physical and chemical states of target sur-
face and experimental conditions) too. Analytical capabilities of SIMS might be
improved by the use of light ions producing low sputtering and causing minimum
surface erosion. The goal of the present review paper is a systematic study of vari-
ous SIE aspects for metals, alloys, and chemical compounds in the case when the
surface is bombarded with lightest ions—protons. To reveal the possibilities of pro-
ton applications in SIMS, the target surface was also bombarded with argon ions.
The SIE regularities for metal targets were studied on the ion microprobe analyser
equipped with a spherical 180°-sector energy analyser and a system, which pumps
gas into the chamber. This made it possible to investigate not only the SIE factors,
but also the secondary ion energy distribution and the change of the emission char-
acter at the target interaction with active gases. The SIE coefficients are measured
for metals of I-III large periods. The use of primary protons and argon ions leads
to a similar dependence of the SIE differential coefficients on the target atomic
number. The SIE coefficients for primary protons and argon ions for the same ele-
ments are similar. Sputtering coefficients for the Ar*ions are known to exceed those
for protons. The fact that the metal-ion emission intensity for bombardment with
lighter ions commensurate with a signal of secondary ions sputtered from the sur-
face by heavy species is of a high practical importance for use of protons with ana-

ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 1 49



V.T. Cherepin, M.O. Vasylyev, I.M. Makeeva, V.M. Kolesnik, and S.M. Voloshko

lytical purposes. This fact may be explained as a result of extraordinary high ioniza-
tion probability due to H* ions. However, along with the general regularities based
on the nature of materials at hand, there are essential differences in mechanisms of
the atom ionization for the sputtering by protons and inert gas ions. Therefore, we
have investigated the energy distributions of metal secondary ions ejected from
surface bombarded with H" and Ar* ions. It is shown that, in the case of proton
bombardment of multicomponent targets, a partial suppression of the structural,
phase, and other matrix effects is observed. These effects as well as the increasing
ionization probability of metal atoms sputtered by protons are quantitatively de-
scribed concerning the important role of the local surface bonds in the ionization
mechanism.

Keywords: diffusion, martensite, austenite, radioisotope, dislocation, stacking fault
defect.

Introduction

Progress in the field of fundamental and applied research of the solid
surfaces is based on the continuous improvement of existing and the
development of new methods for analysing the composition, structure,
and properties of the surface using probing with electron, photon, and
ion beams. Among the methods for studying the solid surfaces based on
the ion beam probing, a special place belongs to the mass spectrometry
of secondary ions. The working process in the SIMS is the SIE, which
consists in the emission of ions of atoms or molecules under the influ-
ence of bombardment with primary accelerated ions. As the primary
ions bombarding surface, ions of inert gases (Ar*, Xe*), oxygen (0,"), as
well as some metals (Ga*, In*, Bi*, Cs*, etc.) are commonly used. As a
result of numerous studies of SIE processes, a clear relationship be-
tween the nature and parameters of primary ions, composition and
structure of the target, the quantitative and qualitative characteristics
of ions is established. The restrictions for the SIMS applications, par-
ticularly, in case of simultaneous high layer resolution and high concen-
tration sensitivity or locality, are also established. Processes of emis-
sion during bombardment of the surface with ions of inert gases or
electronegative active gases are studied the most thoroughly [1-19].
Authors of this review paper were the first who used the most light
ions (i.e., protons), which possess the lowest sputtering ratio and thus
causing minimal erosion of the studied surface, in the SIMS method.
The authors [20] revealed abnormally high probability of ionization of
sputtered metal particles during bombardment of metallic surface with
protons as compared with bombardment with ions of inert gases. This
result found later its confirmation in Ref. [21]. The use of protons as
bombarding ions makes it possible to expand significantly the possibili-
ties of practical application of the SIMS method. Since ionization prob-
ability is anomalously high and the sputtering ration is extremely small
(102 at./ion), at identical current density and energy of primary ions,
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bombardment with protons improves the layer resolution by two—three
orders without decreasing the concentration sensitivity and locality in
comparison with bombardment with commonly used argon and oxygen
ions. The proton mass spectrometry can be used the most effectively for
layer-by-layer analysis of very thin layers (from the fractions of a mono-
layer to 10 nm) and interphase boundaries, as well as in construction of
ion microprobe analyser with heightened sensitivity and resolution [22,
23]. Application of accelerated protons as a bombarding gas is also
promising for analysis of biological objects [24—27].

It should be noted that an increase in the secondary ion emission
due to the adsorption or introduction of oxygen, caesium, and other
electronegative and electropositive elements is used for a relatively long
time in the practice of the diagnostics of materials by the SIMS method
[10-11]. Several mechanisms [28—31] explaining effect of SIE enhance-
ment are suggested. According to electron tunnelling model [28], one
can expect an exponential enhancement of ionization probability for the
sputtering atoms as the work function of surface electrons increases
during adsorption. Models [29—-31] validate that an ionization probabil-
ity does not depend on the electron work function and enhancement in
SIE is caused by the formation of local chemical bonds of metal and ad-
sorbate atoms as well as their coordination in the surface [31]. Forma-
tion of surface compounds, especially of oxides, is accompanied with
rapid enhancement of secondary ion emission up to several orders of
magnitude [1-3]. Such a phenomenon known as a ‘chemical’ or ‘reaction
emission’ can be observed in case of proton bombardment as well. The
formation due to the interaction of protons with a metallic surface of
unstable hydrogen-containing hydrides and hydroxides can significantly
increase the probability of atomic ionization by a mechanism similar to
the mechanism of ‘reaction emission’.

In order to ascertain the mechanism of interaction of accelerated
protons with metallic surfaces, this review paper presents results of
studies of the regularities and features of secondary ion emission dur-
ing the proton bombardment of transition metals, as well as binary al-
loys and compounds with different chemical and phase compositions,
structures, and types of interatomic bonds. We also present an interpre-
tation of the enhancement of the secondary ion emission within the
framework of known SIE mechanisms.

Materials and Study Techniques

As the main experimental parameters that enable to establish the rela-
tionship between the physicochemical properties of the studied materi-
als and SIE, the following characteristics are used:
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(i) SIE coefficient (ratio) K;" = N;/N,, where N; is quantity of sec-
ondary ions with a certain ration of the charge to the mass of i-th ele-
ment, N, is a number of primary ions;

(ii) the secondary ion yield (emission) for multicomponent target
Y= K}/C, where C, is a concentration of i-th component;

(iii) sputtering coefficient (ratio) S = N/N,, where N is a total num-
ber of sputtered particles, i.e., a sum of neutral (N°) and ionized parti-
cles (N));

(iv) ionization probability R = K;/S that characterizes fraction of
secondary ions in a total flow of the sputtered particles;

(v) ionization degree o,"= N,7/N° if R, << 1, then o, = R/".

Since determination of S is a difficult experimental problem, the
calculated values of this parameter are used. The calculations were car-
ried out within the framework of the Sigmund theory [32] by means of
equation [33]:

Z,Z,e M, () (1)

0.88a,./Z%? + z2/®* M, + M,

here, A is a coefficient characterizing the target material; M,, M,, Z,,
and Z, masses and atomic numbers of bombarding ion and atom, respec-
tively; e is an elementary electron charge; a, is the first Bohr radius;
f(e) is a function tabulated for protons [33] and argon ions [32]. Equa-
tion (1) enables the closest evaluation of S value during proton bom-
bardment of the surface since unknown coefficients A can be calculated
via a direct comparison of experimental [34] and calculated values of
sputtering ratios.

The objects of the study were transition metals (grades OY and
YJIIA), alloys with different phase equilibrium diagrams, binary com-
pounds with different types of interatomic bond, and model objects
where hydrogen is bound in stable compounds as an original component:
o-solid solution of hydrogen in titanium (1.12 at.% H) and TiH, ,,,
TiH, ., TiH, hydrides.

Investigation of the SIE of metallic surfaces at the proton bombard-
ment is performed using the ion microprobe analyser equipped with a
spherical 180°-sector energy analyser and system of gas inleakage into
the working chamber. Such a methodology enabled to study not only the
SIE coefficients but also energy distribution of secondary ions as well as
changing of the character of emission when the target surface interacts
with active gases [5]. After the preliminary treatment, the final purifi-
cation of the samples was realized via the surface sputtering of Ar*ions
directly in the working chamber of the device and controlled via the
stabilization of the secondary ion current. The bombardment of the
sample surfaces by the Ar* ions was also used for comparison of the

S=A
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energy and current density of argon protons and ions were maintained
to be constants equal to 6 keV and 10* A -ecm2, respectively, the vacu-
um in the working chamber was kept to be as 2-10-° Pa.

To study mechanism of influence of hydrogen on the secondary ion
yield, there is a developed methodology [35] of combined measurements
of the SIE and work function of electrons from the surface region di-
rectly subjected to the ion bombardment. Experimental measurements
are performed using ultra-vacuum spectrometric complex with energy
and angle resolutions [36]. It is important to stress that the sample and
input optics of the analyser channel are grounded. Thus, the charge
particles (emitted by the surface sample) move in a free-field space, and
small shifts of their energy spectrum over the time-base voltage scale of
the energy analyser (e.g., because of adsorption-induced change in the
contact potential difference between the surface sample and analyser)
are measured with a great precision that equals to 0.05 eV [35]. Similar
shifts of the photoelectric peaks are commonly used to observe varia-
tions of the electron work function [37]. However, in contrast to photo-
electric energy spectrum peaks, the typical SIE energy distributions
have flat branches and maximum [3, 7], the shift of which cannot be
measured with a due accuracy. In consideration of the latter, for the
combined study of the SIE and electron work function, it is convenient-
ly to use specific energy distributions of the positively charged second-
ary ions of argon implanted out of ion beam and simultaneously yielded
from the surface during the bombardment with argon ions.

The SIE argon spectra are quite narrow and have two peaks with
clearly observed maximums [38]. Figure 1 illustrates the shift of such a
spectrum on the energy scale of the secondary ions during adsorption of
hydrogen on the Mo (100) monocrystal surface bombarded with argon
ions. The residual pressure in the chamber was 108 Pa. The argon pres-
sure during the ion bombardment was kept on the level of 8 -10"7 Pa.
Spectrally clear hydrogen was obtained via the thermal decomposition
of titanium hydrides. We can see in Fig. 1 that, as the hydrogen puff-
ing, the maxima of the argon spectrum shift toward an increase in the
sweep voltage of the analyser. Thus, energy of the secondary ions in-
creases. In other words, under the influence of hydrogen, the surface of
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the sample acquires an additional positive charge, which accelerates po-
sitively charged secondary argon ions that corresponds to a decrease in
the work function of the surface electrons [39]. The magnitude of the
change in the work function is equal to the shift of the spectrum maxima.
The absolute values of the work function were used, which were deter-
mined as the work function of electrons from the atomically pure Mo (100)
surface (equal to 4.4 eV) minus the measured value of the shift [35].

Secondary lon Emission for Transition Metals

The SIE coefficients (ratios) for surface bombardment with protons and
argon ions under identical experimental conditions were measured for
transition metals of long periods [40—41]. When protons and Ar* ions
are as primary ions, the dependences of differential SIE coefficients on
the atomic number of the metal Z, is similar (Fig. 2, a). As the Z, in-
creases within the period of the periodic table, the general tendency to
decreasing of K, remains, however, the range of changes for K, ex-
ceeds the range of changes for K; by one to one and a half orders. All
values of the SIE coefficients are represented in arbitrary units under
condition that, for proton bombardment, R;, = 1.

Values K; and K, measured for the same elements are similar be-
tween each other. Moreover, for a series of metals, e.g., for Fe, Cu, Zn,
Ag, and Au, the SIE excited by protons is more intensive than during
the sputtering of argon ions (Fig. 2, a). This fact is of interest because
the sputtering coefficients of metals by argon ions S, are one or two
orders of magnitude higher than the values of Sy (Fig. 2, b).

As one can see in Fig. 2, the explanation of this effect consists in
the extremely high ionization probability of sputtered atoms under the
impacts of protons. For the metals are studied, the probability of atom-
ic ionization during the irradiation of the surface with R protons is
2—4 orders of magnitude higher than R [40-41].

Considering the importance of the state of the surface—vacuum
interface for the mechanism of secondary ion formation, the mass-spec-
tral composition of the SIE for metals within the first large period of
the periodic table under the proton sputtering was studied [40]. In the
mass spectra of pure elements under the proton irradiation, mono- and
polyatomic ions of the metal, its oxides and hydrogen-containing com-
pounds are present. The study of the mass-spectral composition of the
secondary positive ions, sputtered from the metal surface with an ac-
celerated protons, showed that such a light particle as the proton in-
duces the emission of cluster ions of the target material M * with n =
= 2-9 (depending on the target material) and complex hydrogen-contain-
ing molecular M .H ’-type ions, where m = 1, 2, 3. These results are in a
complete agreement with the results of Ref. [21], where the forma-
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tion of polyatomic ions during bombardment of metals by hydrogen ions
was studied.

Figure 3 represents the intensity of yield of polyatomic M * and
M H ' ions depending on the quantity n of metal atoms in M * ion for
the cases of the proton bombardment of Al, Ni, and Cu targets, respec-
tively [21]. According to the existing models of statistical recombina-
tion [42] and direct liberation [43—44], the process of the cluster forma-
tion has to occur with a sufficiently high probability only at high sput-
tering coefficients, when S >> 1. In case of the proton bombardment of
metals, we have S << 1. All this again confirms that the probability of
ionization of the sputtered particles during bombardment by protons,
acquires anomalously high values.

One of the most important established features is the relationship
between the coefficients of proton sputtering of the investigated mate-
rials and the probability of ionization of sputtered atoms. This effect,
which was observed for the first time during the sputtering of solids by
argon ions [2, 3], is manifested in the fact that the probability of the
secondary ions formation is the highest for hardly-sputtered materials.
Such a feature is explained by the important role of the characteristics
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Fig. 4. Energy distributions of Ti* (a) and Zr* (b) secondary ions bombarded with H*
(1) and Ar* (2) [40]

of the chemical bond in the surface layer of the target material and cor-
relates with the well-known conceptions about the mechanisms of sput-
tering and ionization of metal atoms [45]. According to quantum-me-
chanical model [45], the sputtering coefficient is inversely proportional
to the bond energy of atom on the target surface (S~1/E), and ioniza-
tion degree is proportional to the squared bond energy in concordance

56 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 1



Secondary Ion Emission during the Proton Bombardment of Metal Surfaces

with equation as follows:

A
I-¢)\al-9)

where E is a bond energy of the surface atom, I is the first ionization
potential, ¢ is a work function for electron, v is an average atomic sput-
tering rate, i is the Planck constant, a is a thickness of the bombard-
ment-excited surface layer, « is a fitting parameter.

It follows from Eq. (2) that increase in ot may be a consequence of
the growth of the mean rate v of the sputtered particles. An informa-
tion on the average rate (average energy) of emitted particles can be
obtained from the energy distributions of secondary ions. For this pur-
pose, the energy distributions of the secondary atomic ions of transition
metals were measured during proton and argon bombardment [40]. Typ-
ical energy distributions of the secondary ions are represented in Fig. 4,
while Table 1 contains data on the most important characteristics of
these distributions. We can see from Table 1 that energy of the maxi-
mum E, and half-width of the distribution AE, characterizing average
energy of the emitted ions, are lower in case of the proton sputtering as
compared to the bombardment by the Ar* inert gas ions; it indicates
about lower average rate of the emitted metallic ions during the proton
sputtering. The similar results were obtained in Ref. [21] when authors
measured energy distributions of the secondary cluster Cu, and Ni}
ions during bombardment of H* and Xe' ions. This effect can be ex-
plained, in particular, by the presence of adsorbed gas on the target
surface, since emission from the adsorbate layer is often accompanied
by a narrowing of the energy distribution of the secondary ions [3].

The experimentally observed increase of o in comparison with o
when the surface is bombarded with ions of inert gases Ar® and Xe" in-
dicates about strong influence of additional factor, which compensates
factor of ionic velocity and eventually results to rapid enhancement of
the ionization probability R*. Such a factor can be a change in the physi-
cal and chemical state of the surface as a result of its interaction with

Table 1. Maximum energy and half-width of the secondary metal
ion energy distributions sputtered by protons and argon ions [40]

z, Al Ti Ni Cu Zr Ag
Z, H H* H* H* H* H*
Ar* Ar* Ar* Ar* Ar* Ar*

AE, eV 5.2 4.4 4.6 4.6 4.0 4.5
5.6 6.0 5.8 4.6 5.6 4.8

E, , eV 3.4 4.0 4.0 3.6 3.2 3.4
4.4 4.4 5.4 3.6 4.4 4.2
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protons. It was suggested that the formation as a result of the interac-
tion of protons with the metal surface of unstable hydrogen-containing
hydrides and hydroxides, characterized by ionic and ion-covalent types
of bonds, can significantly increase the degree of atomic ionization by a
mechanism similar to the mechanism of ‘reaction emission’. The authors
of Ref. [46] also note that an increase in the probability of ionization
of sputtered particles upon transition from bombardment with argon or
krypton to hydrogen may be attributed to additional ionization of the
sputtered particles by secondary reflected protons.

Additional data on the mechanism of secondary ion emission during
proton bombardment of a surface were obtained during study of the
features of SIE for some alloys that possess different characteristics of
phase equilibrium diagrams and binary compounds differing in the type
of chemical bond.

Secondary lon Emission for Binary Alloys and Compounds

A comparable investigation of the properties of SIE upon bombardment
with proton and argon ions is carried out for Cr—V (system with unlim-
ited solubility of the components in the solid state) and Fe—V (system
with a presence of intermediate c-phase) alloys [47].

The concentration dependences of SIE for Cr—V alloys showed that
the use of protons does not lead to a significant distortion of the linear
dependence of the yield of ions on the concentration of components in
the solid solution region. Thus, we can use the SIMS method and apply
the proton bombardment for quantitative analysis of alloys with unlim-
ited solubility of components. For the alloys of Fe—V system, concentra-
tion dependences of the secondary ion yield of the components of alloys
in the range of existence of c-phase during sputtering of H* u Ar* are
different. In case of using Ar* ions, a synchronous increase in the yield
of ions of both components is observed, which is in a good agreement
with earlier work [2—3], and when proton are bombarded, the depen-
dences Y;(C) are more monotonic (see Fig. 5). In the latter case, the
formation of c-phase manifests itself in the change of the slope of Y (C)
dependence and practically does not reflect in the character of the Fe*-
ion emission. As it can be seen from this example, the effect of proton
bombardment on the final yield of secondary ions may prove to be stron-
ger than the effect of structural rearrangements in the alloy associated
with the formation of the o-phase. In some cases, for systems character-
ized by the formation of an intermediate ¢ phase such as Fe—V, the use
of protons may be more justified, since partial suppression of struc-
tural effects is observed in comparison with the primary argon ions and,
therefore, a smaller error is introduced into the results of the quantita-
tive analysis.

58 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 1



Secondary Ion Emission during the Proton Bombardment of Metal Surfaces

10" V. (V-Me)
10" *--——-®——-—"eo---9o
v . Vy(V-Me)
%)) Ar +~ -2 O 00— )—’C)
B, 2 ;@Eﬁ'ﬁ = 10 " r
=10 ° T =
: v, :
Fc% -3 Fe; 3 102
+ .210 B +>:“
s Fe;{
10" L | | | 10 ! I ! |
Fe 20 40 60 80 V V-Mn(c) V-Fe(c) V-Co(c) V-Ni(c)
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Fig. 6. Secondary ion yields of s-phase components bombarded with H* and Ar* vs.
component B (Mn, Fe, Co, or Ni)

In order to study comprehensively an effect of c-phase formation on
the SIE, an additional investigation of SIE of A B, -type c-phases is car-
ried out, where vanadium acts as an A component, while B component
is addressed to another transition metal of the first period in the peri-
odic table. The o-phases are studied for the following compositions:
V + 80 at.% Mn, V + 55.5 at.% Fe, V + 41.3 at.% Co, V + 32 at.% Ni.

Figure 6 shows yield of secondary ions of c-phases versus the type
(kind) of B component. The elements are arranged in order of increasing
their atomic numbers. For comparison, the values of the yield of second-
ary ions for pure B components are also plotted. It can be seen that the
Y, dependences on the kind of B element have general tendencies when
the surface is sputtered with protons and argon ions. The yield of the
secondary vanadium ions practically does not depend on the selection of
B component. The behaviour of the change of the yields of secondary
ions of B component from the o-phases is similar to the change of cor-
responding values for pure metals. It should be noted that for the stud-
ied o-phases, the yield of vanadium ions is always higher than the yield
of secondary ions from pure vanadium, while the yield of ions of the
second component is always lower than the corresponding characteristic

Table 2. Parameter F(Y?%) for the o-phase components
sputtered by protons and argon ions

o-phase Fy(Y7) o (Yy) Fy(Yi) Fo(Yi)
V + 80.0 at.% Mn 2.9 4.4 0.99 0.98
V + 55.5 at.% Fe 2.5 5.6 0.91 0.48
V +41.3 at.% Co 2.1 4.4 0.61 0.41
V +32.0 at.% Ni 2.6 4.7 0.85 0.44
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Fig. 8. Concentration curves for secondary Ti* ion yields in the Ti—H system bom-
barded with H* (1) and Ar* (2) [48]

for the pure metal. Table 2 exhibits values of F(Y*) parameter that rep-
resents a ration of the yield of secondary ions of the c-phase compo-
nents to the yield of ions of the corresponding pure metal. We can see
that the effect of increasing the yield of secondary vanadium ions and
decreasing the yield of secondary ions of the second component is less
pronounced for proton bombardment. This result completely correlates
with the results of analysis of Fe—V alloys characterized by the forma-
tion of intermediate c-phases.

Works [48, 49] deal with investigations of regularities of the SIE,
where the subjects of the study were Ti,Cu intermetallide, titanium
carbide, boride, and oxide, as well as model phases of stable compounds
with a hydrogen as an origin component: a-solid solution of hydrogen
in titanium (1.12% at. H) and hydrides TiH, ,;, TiH, ,;, TiH,. Further,
we will call the metal-metal compounds as metallic, and the metal with
the metalloid as non-metallic compounds. For all considered binary ti-
tanium-based compounds subjected to Ar-ion bombardment, the yield of
secondary Y, ions is higher than for pure titanium and increases ac-
cording to the sequence Ti —» Ti,Cu —» TiH, —» TiC — TiB, — TiO, (see
Fig. 7). The maximal yield of secondary Ti* ions occurs for titanium
oxide, which well agrees with known works [2—4]. In case of the proton

Table 3. F (Y",,) parameter for diborides and dioxides sputtered
by protons and argon ions [48]

Sample Fy(Y') Fo(Y'y) Sample Fy(Y') Fo(Y'y)
CrB, 0.92 29.0 Si0, 0.80 42.0
VB, 1.00 9.00 TiO, 0.75 20.0
TiB, 0.75 10.0
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sputtering of the surface, the yield of Ti* ions emitted from Ti,Cu, is
also higher than yield of ions from pure titanium. Moreover, the effect
of increase in emission is the same for primary argon ions and protons.
However, maximal yield of ions is observed for titanium hydride. In
this case, increase in emission for TiH, during the proton bombardment,
is commensurable with analogous effect observed during the sputter-
ing of titanium hydride by Ar ions. When the surface of non-metallic
compounds is bombarded with protons, there is an absolutely another
regularity in comparison to the primary argon ions. The values of the
yield of primary Ti* ions emitted from non-metallic compounds are com-
mensurate with corresponding value for pure metal and slightly depend
on the kinds of non-metallic component. Note that this anomaly is gen-
eral for all studied non-metallic compounds of different (non)transition
metals. As an example for some diborides and oxides, Table 3 contains
values of F(Y",,) parameter, which represents the ratio of the yield of
the secondary metallic ions from non-metallic compounds to the yield of
ions from corresponding metal during bombardment with protons and
argon ions.

The anomalous behaviour of non-metallic compounds during bom-
bardment by protons cannot be explained by the mechanism of differ-
ential surface sputtering, since in this case an analogous effect should
be observed even more pronouncedly when the compounds are sputtered
with argon ions. In our opinion, the observed anomaly can be explained
from the positions of interaction of accelerated protons with the sur-
face. Hydrogenation of the surface of non-metallic compounds leads
to the formation of complex unstable carbohydrides, borohydrides and
hydroxides, which, in turn, leads to a change in the character of the
interatomic interaction of the atoms in the surface layer of the target.

The assumptions concerning the effect of surface hydrogenation on
SIE have been carried out for model phases, where hydrogen is bound in
stable compounds as an original component [48—49]. It was found that
for each of bombarded gas, values for the yield of secondary Ti* ions
from pure titanium, a-solid solution, and hydrides are the values of the
same order (Fig. 8). If primary argon and proton ions are used, a quali-
tatively analogous character of the concentration dependences of Ti*-ion
yield is observed: within the a-solid solution region, the concentration
dependence of Y7, is linear independent on concentration, while the Ti*-
ion yield from hydrides exceeds corresponding value for pure titanium
and a-solid solution. A further increase in the concentration of hydro-
gen leads to an increase in emission due to the formation of Ti—H bonds:
as the higher hydrogen content, as the stronger increase in emission.
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Mechanisms of the Secondary lon Emission
Amplification under the Influence of Adsorption
and Hydrogen Implantation

The obtained experimental results indicate about prospects of using con-
cepts of local surface bonds for describing emission from surfaces of
transition metals during adsorption and simultaneous implantation of
hydrogen from a bombarding beam. However, in all above-mentioned
works, the mechanism of proton-stimulated emission is discussed main-
ly only qualitatively. The complexity of studies of the effect of hydro-
gen on SIE and the fundamental characteristics of the ion-bombarded
surface, such as the work function of electrons, did not allow choosing
an adequate model that could describe quantitatively the observed ef-
fects. To study the effect of hydrogen adsorption on the emission of
secondary ions from a metal surface, a technique was developed for si-
multaneous measurements of SIE and the work function of electrons
from a surface area directly exposed to ion bombardment, which was
described earlier in Section. This technique was used to test the applica-
bility of the tunnelling model [28] and the model of local bonds [31] to
the case of amplification of SIE under the influence of adsorption and
hydrogen implantation.

Adsorption of Hydrogen

Figure 9, a presents dependence of the work function of electrons ¢ on
partial pressure of hydrogen P, adsorbed onto Mo (111) surface during
the sputtering with argon ions [35]. The work function decreases as the
P, increases. Note that in case of oxygen adsorption for analogous con-
dition of Mo (111) sputtering by Ar* ions, the considerable changes of ¢
were detected only for oxygen pressures exceeding 5-10* Pa, where
dependence ¢(P;) actually reaches minimum. It is known that the con-
centration of adsorbate on the surface is determined by the ratio be-
tween the rate of adsorption of the injected gas and its sputtering rate
by an ion beam. Therefore, significant changes in the work function of
electrons in the pressure range up to 5-10* Pa during the hydrogen
adsorption and their absence in case of the oxygen adsorption mean that
there is a certain mechanism that obstructs the hydrogen sputtering
with an Ar-ion beam.

A theoretical justification for the possibility of hydrogen accumula-
tion in the sputtered surface is reported in Ref. [50]. It is known that
the sputtering of a surface atom is possible if the energy transferred to
this atom during atomic collisions exceeds its binding energy with the
surface [32]. This condition is not satisfied for light hydrogen atoms
adsorbed into surfaces of heavy metals. Indeed, due to strong difference
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in masses of hydrogen and metal atoms (M =1 a.m.u. and M << M,,,),
the energy transfer coefficient expressed as

4MHMMe
(My +M,,,)

will be small even for the central collision of particles. Therefore, the
energy transferred to a hydrogen atom by a metal atom moving in a cas-
cade of atomic collisions with an average energy E . may also be less
than the binding energy of a hydrogen atom to the surface of the metal
E, .o ie.,

(3)

4M,, E

Me “mean

— = e < F
(MMe + 1)2 bond . (4)

Solving Eq. (4) with respect to E__, one can say that E__  usually
belongs to the range of 10—-100 eV depending on the target material and
some other parameters of the bombarded beam. For instance, in case of
a niobium, the cascade sputtering of hydrogen is a problematical, if
E ... <92 eV. Thus, the cascade sputtering mechanism leads to a selec-
tive sputtering of the components: effective for matrix metal atoms and
ineffective for impurity hydrogen atoms. In these conditions, hydrogen
is sputtered mainly via direct knocking out of hydrogen atoms by bom-
barding ions. However, according to the literary data [51], the cross
section of the direct knocking-out of recoil atoms is an order of magni-
tude smaller than the cross section for cascade sputtering. Therefore,
the impurity hydrogen atoms tend to accumulation in the sputtered
metal surface up to equilibrium concentrations determined by the ratio
between the cross sections of all possible mechanisms of sputtering for
metals and impurities. Hydrogen enrichment of the surface was also
observed in Ref. [62] when niobium hydrides with different hydrogen
concentrations were sputtered with Ar* ions.

Figure 9, b illustrates how yield of the secondary molybdenum ions
K;,, increases during hydrogen adsorption [35]. Like the work function
of the electrons, the yield of secondary molybdenum ions also proved to
be insensitive to the adsorption of oxygen up to the oxygen pressure of
5.10* Pa, thereby characterizing the differences in the mechanisms of

s 4.4 F 210"
5} =
-~ 4.2 r s 10’2 L
40+t |
3.8 1 I < 107 1 I
10° 10° 10*  10° +j 10° 10° 10" Py, Pa
a b

Fig. 9. Electron work function (a) and yield of secondary molybdenum ions (b) vs. hyd-
rogen pressure adsorbed on the Mo (111) surface during sputtering of Ar* ions [35]
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hydrogen and oxygen sputtering. Thus, these results are direct experi-
mental confirmation of the accumulation of hydrogen in the sputtered
surface.

The opposite tendencies in the variations of the ¢(P,) and K, (Py)
dependences indicate the inapplicability of the tunnelling model [28] to
the case of hydrogen adsorption, since, according to this model, the de-
crease of ¢ should result to the decreasing the probability of positively
charged secondary ions’ formation.

Among the models explaining the enhancement of SIE due to forma-
tion of local chemical bonds of metal atoms and adsorbate [29—-31], the
most developed in terms of quantitative description of the observed ef-
fects is the model reported in work [31]. According to this model, in
case of a small coverage of the surface, the ionization probability of the
sputtered metal atoms R;,, exponentially depends on the concentration
of adsorbed gas Cy:

R;/Ie = Ro €xp {NCH[(]-/ao)d - 1]}a (5)

where a,, N, and d are model parameters.

Findings in the work [35] (see also Fig. 9, a) show that, similarly to
Eq. (5), the dependence of yield of secondary molybdenum ions on the
work function of electrons within the range of ¢ € [4.4, 3.9] eV (i.e., in
the range of small coverage of the metallic surface by the hydrogen) is
exponential indeed and reads as

K, = xexp(-2.80). (6)

Consequently, these results support the conclusion that the enhance-
ment of secondary metal ions emission under the influence of hydrogen
adsorption is caused by the formation of Me—H surface bonds and this
effect can be quantitatively interpreted within the framework of the lo-
cal bond breakage model [31].

Implantation of Hydrogen

The important role of surface hydrogen-containing bonds in the mecha-
nism of the enhancement of SIE, caused by the substitution of bombard-
ing argon ions by a proton beam, was noted earlier in the discussion of
SIE of transition metals, binary metal alloys and compounds. Figure 10,
a illustrates a correspondence between the measured values of R;* for
the first large period of the periodic table (Fig. 2, ¢) and published [51]
values of the binding energy of hydrogen in the surfaces of these metals
E,. One can see that the ionization probability correlates with a bond
strength Me—H.

A more complete correlation can be obtained if we calculate the
probability of ionization of sputtered metal atoms for breaking Me—-H
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Fig. 10. Ionization probability of sputtered atoms emitted from the respective pure
metals under H*-bombardment vs. the binding energy of hydrogen in the metal sur-
faces (a) and parameter R*/G (b) [35]

surface bonds in the framework of models of discontinuity of local bonds
[29, 30]. In accordance with Ref. [30], ionization probability can be de-
termined (with accuracy to unknown model parameter G) from as follows:

R’ —2nH?
E_exp[—v(I—A)zJ’ (7

where H is a matrix transition element, v and I are the ionization rate
and potential, and A is an electron affinity of the vacancy formed in the
surface on the site of the sputtered atom. The values of R*/G calculated
via Eq. (7) are compared in Fig. 10, b with those measured experimen-
tally. We can see that expression (7) gives satisfactory quantitative
description of the hydrogen-stimulated emission of the secondary ions
from the metal surfaces.

However, the uncertainty in calculation of the model parameter G
did not allow achieving good quantitative interpretation of the effect of
the secondary ion emission amplification for the metals of different
periods of the periodic table. While the use of the values of E, gives a
possibility for adequate prediction of the tendency of K; change depend-
ing on the atomic number in the metal series: from titanium to aurum.

Conclusions

The review presents the results of a comparative systematic study of the
regularities of SIE for various metals, alloys and isolated compounds
with different electronic structure, phase and stoichiometric composi-
tion, when they are bombarded with protons and argon ions under iden-
tical conditions. It is shown that the bombardment of metal targets by
protons leads to an anomalously high ionization probability of sputtered
particles, a decrease in the average energy of secondary ions, and a par-
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tial suppression of structural, concentration, and phase effects. It has
been established that the emission processes during the proton bombard-
ment obey the basic laws revealed for bombardment with inert gas ions
regarding the secondary ion yield dependencies on the atomic number of
metals and concentration ratios in alloys, intermetallic compounds and
hydrides. At the same time, in case of non-metallic compounds bom-
barded with protons, a regularity, inverse to that observed for inert
gases, is revealed. The values for the secondary metal ions’ yields from
these compounds are commensurable with the corresponding value for
pure metal and depend weakly on the type of the non-metal. A technique
for simultaneous studies of secondary ion emission and the work func-
tion of the bombarded surface is proposed. The anomalously high prob-
ability of ionization of atoms sputtered from metals by accelerated pro-
tons is explained by the formation of Me—H surface bonds. The effects
of the SIE amplification under the influence of adsorption, as well as
under the influence of hydrogen implantation from a bombarding beam,
are explained quantitatively within the framework of the known models
of the secondary ion emission mechanism. These models take into ac-
count the breakage of chemical bonds between metal atoms and adsor-
bate during the sputtering and subsequent ionization of sputtered metal
atoms.
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BTOPUHHA MIOHHA EMICISI ITIP BOMBYBAHHI
METAJIEBUX ITOBEPXOHb ITPOTOHAMMI

B orsamosiit craTTi aHAMi3yIOTHCA Pe3yJbTATU JOCJiIKeHb 3aKOHOMipHOCTEH i 0col-
JIUBOCTeIl BTOPMHHOI itoHHOI eMmicii mpu GombapAyBaHHI MeTaJieBUX IIOBEPXOHL Hail-
JIETIIUMU HOHAMU — IIPOTOHAMM, IO MAIOTh HAWHUIKYI KOoe(iIlieHTH PO3MOPOIIeHH
i, OT)Ke, CIPUUYMHIOIOTh MiHIMaJbHY €pO3iio AOCIiAsKyBaHOl ToBepXHi. [HTEepec 10 BUB-
YeHHsS 3aKOHOMiPHOCTEI Ta 0COBJIMBOCTEH IPOTOHHOI Mac-CIEKTPOMETpPili 3yMOBJIEHO
OONIYKOM HOBUX (DiSMYHMX MOJKJIMBOCTEN MiABUINEHHSA BUXOJY BTOPUHHUX HOHIB 3
MeTOIO TOJIMINeHHA aHAJITUYHUX XapaKTepPUCTUK MeTOAU Mac-ClleKTpomeTpii BTO-
PUHHUX P0HiIB. ¥ pPo6OTi HaBeleHO Pe3yJIbTATHU HMOPiIBHAJHLHOTO CUCTEMATUYHOTO IOC-
JIiI)KeHHs MPOoIeciB eMicii BTODMHHUX HOHIB NepexifHUX MeTaliB, 6iHAPDHUX CTOMIB i
CIIOJIYK, IO BiPiBHAIOTHCA €JIeKTPOHHOIO CTPYKTYPOIO, (hDa30BUM i cTeXioMeTPUUYHUM
CKJIazamu, mpu 6oMOapAyBaHHI IpOoTOHaAMHU Ta ffoHaMu AproHy. I[ocTOBipHO BCTaHOB-
JIEHO, II[0 IPOIleCH BTOPMHHOI HOHHOI eMicii mpu GoM6apAyBaHHI IPOTOHAMHU MAalOTh
OCHOBHi 3aKOHOMipHOCTi, BUABJEHI mpu OomMOapAyBaHHiI floHAaMU iHEPTHUX TasiB, y
YaCTHUHI 3aJIe}KHOCTH Bi/l aTOMOBOT'O HOMEPY MeTaJIiB i KOHIIeHTPAIliffHUX CIIiBBiJHOIIIEHb
y 6iHapHUX CTONAax i CIOJIYKaxX, aje MPUHIIUIIOBO BiAPi3HAIOTHCSA aHOMAJIbHO BUCOKOIO
fiMoBipHicTIO HOHiBaIlil YaCTUHOK, POBIOPOIIIeHNX 3 MeTajieBux Mimneneii. [lokasano,
110 B pas3i 6oMbapAyBaHHA IPOTOHAMY 0AaraTOKOMIIOHEHTHUX MillleHell CIiocTepiraeTbesa
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3MEHIIeHHA CTPYKTYPHUX, (DA30BUX Ta IHIMUX MaTPUYHUX e(deKTiB, iCTOTHUX IIpU
6oMOapayBaHHI ffoHaMU iHepTHUX rasiB. EQekTu mocusieHHsa BTOPUHHOI HOHHOI eMicil
i BILIMBOM azcopOirii Ta iMmmiaanTarii I'izporeny 3 6oM6apyBaIbHOTO IIyYKa MPOTOHIB
MoB’A3aHO0 3 YTBOPEHHAM ITOBepPXHEBUX 3B A3KiB Me—H i KilbKicHO mOsicHEeHO B paM-
Kax MO/eJiB, I[0 BPaXOBYIOTh PO3PUB XeMiUHMUX 3B’A3KiB aTOMiB MeTaJsy it amcopbary
B IIPOIeCi POBIIOPOIIEHHA Ta MOAAJbIIOI HOHiZaIlil pO3IOPOITyBAHUX aTOMiB MeTaJry.

KarouoBi cioBa: BTOpuHHA HOHHA eMicid, Mac-CIIeKTPOMeTPid BTOPUHHUX HOHIB, IIPO-
TOHU, TOHU AProHy, MeTajeBa IIOBEPXHs, po00OTa BUXOAY €JIEKTPOHIB.
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BTOPNYHAS NMOHHAS SMUCCUS ITP1 BOMBAP/IMIPOBKE
METAJIJIMYECKNX ITIOBEPXHOCTEN ITPOTOHAMU

B 0030pHOI cTaThe ComepIKaTCA Pe3yJbTaThl UCCAENOBAHUN 3aKOHOMEPHOCTEH U 0CO-
OeHHOCTe! BTOPUYHOM MOHHOM sMucCUU IPU 60MOaPAMPOBKE METAINIECKUX TOBEPX-
HOCTell caMbIMU JETKUMU MOHAMU — MIPOTOHAMHU, KOTOPBIe O0JiagaloT Hauboiee HU3-
KUMn KOSq)q)HHHeHTaMI/I paciblIeHudA N, CJAeaI0BATEJbHO, BBISBIBAIOT MHUHHNMAJIbHYIO
9PO3UI0 HCCJIENYyEMON TOBEPXHOCTU. VHTepec K M3yYeHUIO 3aKOHOMEDPHOCTEH U OCO-
OeHHOCTe!l HPOTOHHOI MacC-CIeKTPOMETPUU BBI3BAH IOMCKOM HOBBIX (GDU3UUYECKUX
BO3MOKHOCTEH IOBBIIIEHUI BBIXOJla BTOPUYHBIX MOHOB C IEJIBIO YJIYUIIIEeHNUA aHaJH-
TUYECKUX XaPaKTEPUCTUK METOJa MacC-CIIEKTPOMETPUY BTOPUYHBIX MOHOB. B pabore
TIPUBENEHBI PE3yJIbTAaThl CPABHUTEJIBHOTO CHUCTEMATHUUECKOTO KCCJIEeIOBAHUA IIPOIEC-
COB OMUCCHHU BTOPHUYHBIX MOHOB II€PEXOAHBIX METAaJIJIOB, 6I/IHapHLIX CILJIaBOB U CO€enOM-
HEHUM, OTJINYAIOIINXCSA 3JIEKTPOHHON CTPYKTYpPOI, (pa30BBIM U CTEXMOMETPUUECKUM
cocTaBamMu, Ipu 60MOapANMpPOBKEe IPOTOHAMU M MOHAMU aproHa. J[[ocTOBEPHO yCTaHOB-
JIEHO, UTO IPOIECCHl BTOPUYHOM MOHHOM 3MUCCUU IPU 60MOapAMPOBKE IPOTOHAMU
IIOAYUUHAKTCA OCHOBHBIM 3aKOHOMEPHOCTAM, BBIABJIIEHHBIM IIDHA 60M6ap,a1/1p0131<e no-
HaMU MHEPTHBIX T'a30B, B YACTU 3aBUCUMOCTEH OT aTOMHOTO HOMepPa METAaJJIOB M KOH-
OEeHTPaAIlMOHHBIX COOTHOIIIEHUN B 6nHapme CIlNIaBaxX U COeOMHEHUAX, HO IIPUHIIUIIN-
aJbHO OTJINYAIOTCA aHOMAJIBHO BBICOKOI BEPOATHOCTHIO MOHWB3AIIWMM YACTUI[, PACIHI-
JIEHHBIX W3 MeTajinuueckmx MmuineHneii. Ilokasano, uTo B cayuae 60MOGapIUPOBKU
IIPOTOHAMY MHOTOKOMITOHEHTHBIX MUITIEHEH, HAGII0IaeTCA YJACTUIHOE TTOaBJIeHNE CTPYK-
TYPHBIX, ()a30BBIX U APYTUX MATPUYHBIX 3(PGHEKTOB, CYIIECTBEHHBIX IIPU OoMOapau-
POBKe MOHAMU WHEPTHBHIX razoB. IPGEKTH YCUJIEHUA BTOPUUYHON HMOHHON 3MUCCUU
MOJ BAWSHUEM aAcOopOIMKU M WMILIAHTAIIUU BOAOPOJAa M3 00MOapAUPYIOIIEro mydKa
IIPOTOHOB CBA3AaHBI C 00PA30BaHUEM IOBEPXHOCTHBIX cBA3eH Me—H u KoImuecTBEHHO
00'bsICHEHBI B paMKax MojeJjeil, YUUTHIBAIOIUX PA3PbIB XUMHUUYECKUX CBA3€Hl aTOMOB
MeTaJlIa U aZcopbaTa B IIPOIlECCe PACIBLLICHUA U IOCIEAVIOIeil MOHM3AIlUM PACIbI-
JIAIOMUXCA aTOMOB MeTaJlia.

KiaroueBnle cioBa: BTOpUYHASA MOHHAS SMUCCUS, MAacCC-CIEKTPOMETPUS BTOPUYHBIX
MOHOB, IPOTOHBI, MOHBI aproHa, MeTaJJInYecKas IIOBEPXHOCTh, paboTa BBIXOJA dJIEK-
TPOHOB.
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