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The paper describes a simple analytical model that allows the calculation of hydrogen surface coverage under the influence of several
processes that can co-occur during the ion-beam bombardment/sputter analysis of a sample surface, in particular during analysis by
secondary ion mass spectrometry (SIMS). The model considers processes of dissociative adsorption, desorption, absorption from the
surface into the sample volume, and removal by ion bombardment. After describing the model, we provide some examples of its
practical applications for interpretation of the experimental results obtained during in sifu SIMS studies of hydrogen interaction with
the hydrogen-storage alloys TiFe, Zr2Fe, and with nickel. In the examples, some quantitative characteristics of surface-related processes
involving hydrogen, such as hydrogen sputtering rate, activation energy of hydrogen desorption and absorption, have been successfully
determined using various model approaches.
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1. INTRODUCTION

Among rather few other surface analysis techniques, secondary ion mass spectrometry (SIMS) is capable of direct
detection and imaging of hydrogen isotopes with high sensitivity. Hydrogen analysis with SIMS can sometimes be
complicated by the occurrence of such processes as adsorption of hydrogen-containing molecules on the surface,
diffusion, segregation, and desorption of hydrogen directly during the analysis [1-9]. Although the ease of occurrence of
such processes constitutes an obstacle for hydrogen quantification and localization, it can be exploited to study those
processes themselves since they are of great importance in certain fields: hydrogen interaction with hydrogen-storage
materials [10] being one of such fields.

In our previous studies [11-15] of the interaction of hydrogen-storage alloys with hydrogen and oxygen using SIMS,
it was found that the emission intensity of hydrogen-containing secondary ions can be used to monitor the presence and
changes in concentration of hydrogen on the surface in a fairly wide range of experimental conditions. In earlier
studies [16—19], SIMS had been already utilized to determine the characteristics of hydrogen interaction with metals.
Papers [12,13,16-18,20] exemplify that the SIMS technique indeed provides good opportunities for in situ
characterization of hydrogen interaction processes with metals and alloys.

However, difficulties in the analysis of such experimental results arise when several processes affecting hydrogen
concentration on the surface occur simultaneously during the measurements. Therefore, to understand how hydrogen surface
concentration is affected by the action and characteristics of each such process, an analytical model was developed that
considers the influence of several processes that can occur within the range of experimental conditions of SIMS
studies [12,13]. The analysis with the developed model allows distinguishing and predicting (to a certain extent) the results
of action of each process, which, ultimately, provides grounds for appropriate interpretation of the experimental results.

The model considers processes of hydrogen dissociative adsorption, recombinative desorption,
dissolution/absorption from surface chemisorption sites into the bulk, and processes of ion beam removal/sputtering. One
quite commonly occurring process, that we omitted from consideration in the model, is hydrogen segregation on the
surface. To include the surface segregation, hydrogen in the bulk has to be considered and characterized, which is
generally a rather complex task when real samples (apart from near perfect single-crystals) are studied [2,4,5,21,22]. In
our studies, the samples are usually polycrystalline alloys, often with complex constitution and numerous uncharacterized
bulk defects/features what may influence hydrogen in the bulk. Other than our SIMS instrument we don’t have other
means to characterize bulk-hydrogen at small concentrations (as relevant for our experimental conditions), and without
having the details about bulk hydrogen we don’t attempt describing it. Therefore, the model considers only a comparably
small presence of bulk hydrogen and its appearance on the surface mainly as a result of the ion beam etching of the
sample. A very limited approach to segregation is described in Section 3.5.

Although the model was intended mainly to help with in situ SIMS studies of hydrogen interaction with a sample as
exemplified in Section 3, recent studies [23-25] reported that the use of H, flooding might be also beneficial in SIMS
multilayer depth profiling and elemental quantification. In such measurements the balance between hydrogen adsorption
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and beam-etching will be of main focus although other processes can co-occur as well, therefore the usage of such a
model can be fruitful in this application. Besides that, the model may also have some relevance for vacuum devices
operation where hydrogen adsorption and desorption from surfaces are important factors affecting vacuum conditions and
operation. In particular, accelerators and plasma devices have surfaces exposed to energetic irradiation by ions, electrons,
or photons. If in accelerators the ion-stimulated desorption is a known and actively studied issue [26], there are plasma
devices for which irradiation-stimulated hydrogen desorption is an essential part of their operation [27-29]. Recently, a
similar but much more sophisticated and material-specific model was developed for hydrogen interaction with tungsten
in relevance to magnetic confinement plasma fusion devices [30]. For such applications, the presented here model, one
way or another, has to be complemented by an appropriate consideration of hydrogen within the solid's bulk.

2. DESCRIPTION OF THE MODEL
2.1. Main Model Equation and Processes Representation
The basis of the model is an equation that establishes the relation of the hydrogen concentration changes on surface
over time under the influence of a number of possible processes. Each considered process has its representative term in
equation (1).

dae . . .
& = 2aF (1 - 0)? — 2682 — DO — 51j,0 — 25,j,0% + Soj,00. (1)

Here 6= cu/cumax is the relative coverage of the surface by chemisorbed hydrogen atoms, defined as a ratio of the
hydrogen concentration (cy) to a certain maximal value of the concertation (Crmax)-

The first term is responsible for the increase of coverage due to dissociative adsorption of hydrogen molecules. It
takes into account the decrease in the sticking coefficient with increasing coverage (1-6) [31], which arises from the
necessity for two unoccupied adsorption sites according to Langmuir’s model of dissociative adsorption of diatomic
molecules. a is the initial sticking probability, F is the flow of hydrogen molecules into the area of one adsorption site. F’
is calculated by:

1
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where pm is hydrogen partial pressure near the sample surface, ny is the density of hydrogen adsorption sites on the
surface. It is commonly assumed that n, is roughly equal (it may differ by 2-3 times) to the density of substrate surface
atoms. mi is the mass of a hydrogen molecule, T, is the hydrogen gas temperature, kg is Boltzmann constant. If the
presence of surface roughness is presumed, a coefficient-multiplier should be introduced for this term (and, perhaps, for
the other terms too).

The second term of equation (1) is responsible for removing hydrogen from the surface by thermally-stimulated
recombinative desorption. Hence, b is the rate coefficient of desorption, which in the simplest form can be described
similarly to the Polyani-Wigner equation, widely used in the temperature-programmed desorption (TPD) analysis. So b
can be expressed as:

b (Fa
b ="exp (-2}, 3)

where by/2 is the pre-exponential factor, E, is the activation energy of desorption, 7 is the sample temperature.

The next term (-D @) describes the dissolution/absorption of hydrogen from the surface into the bulk of the sample.
Accordingly, D is the frequency of hydrogen atoms absorption from the surface into the volume. In our experimental
SIMS practice, some diffusion of hydrogen atoms from the outmost surface layer inward of the sample occurred for
practically every studied intermetallic alloy: LaNis and its Al-, Mn-modified variants [32], TiFe [12], Zr-based non-
evaporable getter alloys [13]. The degree of such absorption below the surface was different based on alloy characteristics.
For three Zr-based alloys, the absorbed amount was roughly proportional to hydrogen exposure (p {H>} %), was seemingly
unlimited at studied hydrogen pressures (below 10* Torr, 1 Torr = 133.322Pa), and was regarded as true bulk-absorption.
For other studied alloys, only a limited amount of hydrogen migrated to subsurface. Estimated amount of such subsurface-
migrated hydrogen was comparable to or few times higher than the amount of surface-chemisorbed hydrogen, and it could
not be increased by increasing hydrogen exposure. Such limited absorption was characteristic to the alloys which had
relatively small enthalpies of their hydrides or hydrogen solid solution, which equilibrium pressure are of order of the
atmospheric pressure that is many orders of magnitude higher than the studied p{H,} range. Whereas, Zr-based getter
alloys which absorbed hydrogen in bulk are characterized by large-value negative enthalpies, resulting in the high stability
of hydrides/dissolved hydrogen at room temperature-UHV conditions. For most of the alloys dissolution/migration rate
increased with temperature indicating the presence of the activation barrier.

The following two terms (-s1j,6 and -2s,j,82) describe the removal of hydrogen from the surface as a result of ion
beam bombardment. Therefore, these terms are proportional to the ion beam current density (j,). The term -5/, @represents
all mechanisms of ion beam induced removal the rate of which is proportional to hydrogen coverage: collision cascade
sputtering would be one of such mechanisms. The term -2s,j,602 represents the removal by ion beam induced
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recombinative desorption (i.e. in the form of H, molecules), therefore it is proportional to hydrogen coverage squared:
such removal may occur at high hydrogen coverage since the energy needed to form and remove an H, molecule from
the surface is substantially smaller than the energy needed to remove an alone H atom. The coefficients s; and s, represent
the effectiveness of the corresponding removal rates.

Regarding the ion beam sputtering of hydrogen, the authors of paper [33] provided theoretical argumentation for
ineffectiveness of the collision cascade sputtering in the case of chemisorbed hydrogen atoms on the surface of metals.
According to the argumentation, the amount of kinetic energy transferred to a hydrogen atom in a collision with a metal
atom having typical values of the kinetic energy in the cascade is not enough to overcome the bonding of hydrogen atom
to the surface. The transferred energy is reduced due to the large mass difference between hydrogen and metal atoms.
However, the experimental findings about the ion beam removal rates of chemisorbed hydrogen at small surface coverages
indicate that the rate of hydrogen removal is instead 20-30% higher than the removal rate of chemisorbed oxygen? [12],
and these rates are practically of the same order as the sputtering rate of metal atoms. Such rather high effectiveness of
hydrogen removal may be a result of hydrogen sputtering in the form of molecules MeH formed with sputtered metal
atoms Me, as proposed for the case of sputtering of oxygen-metal systems [34]. In such a case, there is no need to transfer
the kinetic energy to hydrogen atoms to detach them from the surface, instead, hydrogen atoms only need to replace the
bond with the surface by a bond with a metal atom that leaves the surface during a sputtering event. Known data
indicate [35] that the binding energy values are comparable for the case of hydrogen atoms on metal surfaces and for the
case of hydrogen atoms within a molecule with a metal atom. The existence of such a mechanism is confirmed by the
presence of hydrogen molecules with metal and semiconductor atoms in the mass spectra of neutral sputtered particles
from surfaces with the hydrogen presence [36,37], and also confirmed by the presence of polyatomic hydrogen-containing
secondary ions in the mass spectra obtained in [11-14].

Regarding the removal of hydrogen by recombinative desorption of H, molecules induced by ion bombardment,
such a removal may occur within very short time after an ion impact on the surface as a result of electrons excitation
around the impact place. Such electronic excitations (if ~10 keV ions can induce them) are known [38,39] to desorb
hydrogen molecules from surfaces including surfaces that adsorb hydrogen dissociatively, although such desorption can
deviate from the second-order kinetics [38,39]. Another pathway of ion-induced H, desorption might be provided at the
‘late’ stages of collision cascades. At these stages, the energy of an impacting ion becomes distributed among many target
atoms in the vicinity of the impact, and although individual atoms no longer have enough energy for knock-off sputtering,
the activation energy of the order of 1 eV may still be supplied for associative desorption of H, molecules. Studies [40,41]
show that the ‘effective temperature’ of the near-surface region excited by an impact of ions with the energy of an order
of 10 keV can reach thousands of K, which can promote the thermal-like hydrogen desorption.

The last term s¢j, 6 introduces the hydrogen contained in the sample volume and its appearance on the surface as a
result of the sample material removal by ion beam sputtering, i.e. as a result of sample erosion/etching and gradual
‘shifting’ of the surface into the depth of the sample. Small amount of homogeneously distributed immobile hydrogen in
the sample bulk is assumed by this term. If s¢j, represents the frequency of ion beam removal of one monolayer of the
sample atoms then & represents the coverage-equivalent hydrogen content per one monolayer in the sample volume.

2.2. The Steady State Solution
Under conditions of dynamic equilibrium, i.e. when hydrogen concentration on the surface is constant, the sum of
all components in (1) is zero. Considering all process rate constants as independent of time and coverage, expression (1)
is a quadratic equation for @. Therefore, it is possible to obtain a solution (4) that expresses the coverage dependence on
all coefficients present in (1).

D+4aF+51jp—J(D+4aF+sljp)2+8(b—aF+ssz)(2aF+sojp90)
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If there is no absorption into the bulk (D = 0) and also there is no thermally-stimulated desorption ( 5= 0), expression
(4) can be rewritten as:

F F
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in which, the current density of the ion beam and hydrogen partial pressure are present only in a form of the ratio F/jp.
That is, if an x-fold change in the current density is accompanied by the same x-fold change in the hydrogen partial
pressure, then the coverage remains unchanged. Such a result was indeed obtained more than once for some of the studied
alloys [12,13] if not heated.

2 Note that the mass of oxygen atoms is only several times smaller than the mass of metal atoms, not dozen times smaller as in the case of hydrogen
atoms.
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2.3. Calculated Effects of Different Processes on Steady State Surface Coverage
Fig. 1 (a-d) shows the dependences of surface coverage on hydrogen pressure, as calculated using expression (4).
To illustrate the influence of various processes, calculations were done with a set of parameters values that characterize
the processes included in equation (4). Fig. 1a shows how the residual/bulk hydrogen concentration affects the coverage
dependence on hydrogen pressure.
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Figure 1. The dependences of surface coverage by adsorbed hydrogen atoms on the hydrogen gas pressure as calculated using
expression (4) for a set of values of the parameters that characterize the processes included in the model. a: influence of the residual
hydrogen presence, b: influence of the ion-induced recombinative desorption, ¢: influence of the absorption rate from the surface
into the bulk, d: influence of the rate of thermally-stimulated recombinative desorption.

Fig. 1b illustrates how the rate of hydrogen removal by ion-induced recombinative desorption influences the
coverage dependence on pressure. The influence of ion-induced desorption manifests as a decrease of the rate with which
the concentration increases: It slows down the asymptotic approaching to ‘the saturation’, but its influence diminishes at
low coverages due to the second order kinetics of the desorption.

The main effect of the presence of absorption from surface to bulk is the decrease in surface coverage at the same
hydrogen pressure (Fig. 1¢). As the rate of absorption increases, the dependence curves shift toward higher pressures,
since to achieve a certain concentration, the part of hydrogen which is removed from the surface due to absorption must
be compensated by an increase in the amount of adsorbed hydrogen, which is achieved when the pressure is increased.

The influence of the rate of thermally-stimulated desorption is illustrated in Fig. 1d. Relatively small values of the
desorption rate produce the effect which has been already described above in the explanation for Fig. 1b. However, the
values of the desorption rate at high temperatures can be very large compared to the ion sputtering rate (the curve for
b=1000 in Fig. 1d is an example). In such a case, the dependence of coverage on the pressure at middle-to-small coverages
becomes proportional to the square root of the pressure instead of the linear dependence on the pressure, which is in
accordance with Sievert's law. This change from the linear to the square root dependence can be used to identify the
recombinative desorption process when it dominates over other hydrogen removal processes.

3. PRACTICAL APPLICATIONS IN SIMS MEASUREMENTS
The main aim of the development of the model was its application for interpretation of experimental results of
hydrogen interaction with alloys or metals obtained during in situ SIMS measurements. Therefore, practical application
of the model for processes analysis as well as for obtaining quantitative estimates of the characteristics of hydrogen
interaction with few studied samples are described below.
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3.1. A Time-Dependent Solution Characterizing Ion Beam Sputtering
At low coverages, the rate coefficient of linear hydrogen removal by ion bombardment j,s; can be determined
experimentally. In the absence of desorption (b=0 ), the other terms in (1) proportional to 6> can be neglected at low
coverages. Besides that, if there is no absorption into the bulk (D=0 ), then equation (1) can be simplified to the form:
dao

e —9(4aF + sljp) + 2aF + s¢j, 0. 6)

If only 0 depends on time, then the solution of (6) is:

2aF+Sojp90

6 = Coexp {—(4aF + s1j,)t} + (7

4aF+sijp
At low adsorption rates (at low hydrogen pressures) compared to the sputtering rate, expression (7) can be
represented in the form:

0 = Coexp {—sijpt} + Cy, (®)

that is, in the form of an exponential decay function, where Cy+C is the initial value of the coverage at the beginning of
sputtering, while C| is the residual coverage after prolonged sputtering. Using this function for fitting the dependences of
H" emission intensity on time measured during the sputtering of the chemisorbed hydrogen that was beforehand adsorbed
at small exposures (<0.3 Langmuir), it is possible to determine the value of syj,, or the value of characteristic removal
time 7 = (s1,)"', as shown in Fig. 2.

It should be noted that it is potentially possible to experimentally characterize also the quadratic removal rate s/, in
similar experiments if the coverage (exposure) is not limited to low amounts but extended to the saturation. However, the
experiment results with the TiFe and few other alloys indicated that some amount of hydrogen can diffuse into subsurface
sites or into the bulk, and this diffusion is facilitated by sample temperature or by high surface coverage [13,14,32].
Therefore, in such cases, the assumption that hydrogen is adsorbed only within the topmost surface monolayer is not valid
anymore. Another possible complication is the nonlinearity of secondary ion yield relation to hydrogen coverage [12].
Due to these factors, the analysis of hydrogen removal was not attempted at high coverages.
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Figure 2. Points: dependences of the emission intensity of H™ secondary ions on sputtering time as measured after various small

exposures of the TiFe alloy surface in hydrogen atmosphere. Lines: curves of the exponential decay function (8) used to approximate
the measured dependences. The values of characteristic removal time 7 obtained from the approximations are also listed.

3.2. Applications for Adsorption, Sputtering, and Desorption Characterization

Fig. 3 shows examples of the approximations of experimental data using expressions (2-4) for the dependences of
hydrogen-containing secondary ions emission intensity on hydrogen pressure (Fig. 3a) and the sample temperature (Fig.
3b) which were measured with the TiFe alloy sample. Fig. 3a shows the measured points and the fitting curves for two
types of secondary ions: ®*TiH" and H-. The corresponding values of adsorption and sputtering parameters determined
from their approximations are also listed. To compare the emission intensities of the secondary ions with the amount of
hydrogen coverage, the correspondence of 6 = 1 to intensity values of ~7700 relative units was used for *TiH" and ~600
relative units for H. Such values were determined by measuring the intensities after high (>10* Langmuir) surface
exposures in hydrogen atmosphere without ion bombardment just after the beginning of bombardment. The ion
bombardment was initiated with substantially reduced beam current density to minimize hydrogen removal, thus
appropriate normalization of intensity values using the ratio between the nominal and the reduced beam current densities
was done.
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Figure 3. Approximations of the measured dependences for the TiFe alloy. a: secondary ion emission intensity dependences
I{*¥TiH"} and I{H'} on hydrogen pressure and their fits using formula (4), b: I/{H"} dependence on the sample temperature at
hydrogen pressure p {H2}=7.1x10 Torr and its fits using formulae (2-4), (assuming D=0).

Besides the intensity scale factors, other pre-set parameters in the approximations were the rate coefficient of
hydrogen removal: s, = 0.167 s! as determined from the results shown in Fig. 2, and the value ny = 1.8x10'> cm™ used
in expression (2) (it was calculated using the density of TiFe alloy 6.5 gxcm™[42]), assuming that it is equal to the density
of possible hydrogen atom chemisorption sites on the alloy surface. Other parameters values included in equation (4),
namely the sticking probability, the rate coefficient of ion-stimulated H, desorption, the contribution of hydrogen content
in the sample bulk to the surface coverage, were determined when approximating the measured dependences on hydrogen
pressure by formula (4), as shown in Fig. 3a, provided that absorption (D=0) and desorption (5=0) are effectively absent.

The parameters values determined by the approximation differ quite substantially when using I{**TiH"} or /{H"}
dependences. Nevertheless, both values of the sticking probability correspond to the range of typical values for many
transition metals [35,43]. The relatively large value of s2/s; determined from the approximation using /{**TiH*} may
indicate that, starting from the coverage 8 > 0.278, most of the hydrogen is removed from the surface by ion-stimulated
recombinative desorption.

The difference in the measured pressure dependences for TiH" and H- is because the yields of secondary ions either
TiH* or H™ (or both of them) nonlinearly depend on the hydrogen surface concentration when the concentration is high.
The possible reasons for the nonlinearity are discussed in [12]. Since the secondary ion emission intensity values
corresponding to the coverage saturation (7700 rel. units for TiH" and 600 rel. units for H") were determined at ‘maximal’
coverage, the nonlinearity is included in the dynamic range of the ion emission intensity and therefore affects the values
resulting from the fittings, including the residual hydrogen concentration (6y) and sticking probability (a), even that the
dependence lines for /{TiH"} and /{H"} in Fig. 3a are parallel (can match each other when shifted) at low concentrations.
Unfortunately, it is not possible to determine whether the yield dependences of these secondary ions on the concentration
are linear or not with the available experimental data. In order to obtain reliable parameters values by doing such
approximations as shown in Fig. 3, the knowledge of the exact relationship between the secondary ion emission intensities
and the hydrogen concentration is required. To obtain such knowledge, it is necessary either to know the value of the
sticking probability of hydrogen and its precise dependence on coverage or to use another quantitative method for in situ
calibration, such as temperature programmed desorption (TPD) or nuclear reaction analysis (NRA) [16,17,44-46].

Fig. 3b shows the measured points of the temperature dependence of secondary ion emission intensity and several
variants of their approximation using expressions (2-4) in the presence of thermally-stimulated hydrogen desorption from
the surface. The values of the desorption activation energy E, and the pre-exponential factor bg are also given for each
approximation variant. At coverages 6 < 0.2, the calculated dependences of the coverage on the temperature coincide
quite well with the measured points. However, at higher coverages, experimental results indicate that desorption begins
at significantly lower temperatures than predicted by the calculations. Most probably this is a result of a reduction of the
desorption activation energy at high coverages, which has not been accounted for in (3). This reduction may be related to
the desorption from less strongly bound states on the surface, or related to the existence of repulsive interaction between
the adsorbed hydrogen atoms [47—49]. Another problem concerning specifically the approximation in Fig. 3b is the
presence of a ‘compensation effect’ [47,50], which consists in that different combinations of the values of desorption
activation energy E, and of the pre-exponential factor by produce very similar calculated desorption rate dependences.
The accuracy of the experimental data, therefore, allows fitting the data by a certain range of different combinations of
E, and by, as illustrated by curves 1-3. In addition, possible non-linearity of the secondary ion yield relation to the coverage
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can also contribute to the mismatch of desorption rate at high coverages. Thus, unfortunately, in the absence of an
accurately calibrated relation between the ion yield and hydrogen coverage/concentration, the estimates of the parameters
obtained with the approximations in Fig.3 are not reliable.

3.3. Constant-Coverage Approach to Characterize Thermally-Activated Desorption Process

A possible approach that can bypass the mentioned earlier ‘compensation effect’ and determine the value of the
desorption activation energy separately is realized by setting up the desorption experiment in the constant coverage mode.
The calibration of secondary ion yield is also unnecessary unless the activation energy needs to be tied to a specific
coverage value. Although, one should make sure the relationship between the ion yield and hydrogen concentration on
the surface is not affected by the sample temperature.

When a dynamic equilibrium is established among the action of a number of processes, which results in a certain
surface coverage by chemisorbed hydrogen, and when only the desorption rate coefficient depends on temperature?, the
hydrogen pressure near the surface can be expressed using relations (1-3) as follows:

p = cyexp {22} +p,. ©)

where, F, is the desorption activation energy, 7 is the surface temperature, c1, po are constants that depend on the coverage
and the parameters values in (1-3). Formula (9) expresses the necessity to increase pressure exponentially with
temperature in order to compensate for the increasing desorption rate while maintaining the same coverage.

The experiments testing such approach were performed with a polycrystalline nickel sample under experimental
conditions similar to those described in [12]. During the experiments, hydrogen pressure was adjusted and measured
following each stepwise increase of the sample temperature, in order to maintain constant coverage. The 3¥Ni,H" emission
intensity was used as the main indicator of coverage. The examples of the measured dependences of hydrogen gas pressure
on the sample temperature are shown in Fig. 4a.
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Figure 4. a: Dependences of the hydrogen gas pressure needed to maintain the same surface coverage with chemisorbed hydrogen
on the reciprocal temperature of the nickel sample. Points denote experimental data, lines correspond to its fit with formula (9). b:
Dependence of the obtained hydrogen desorption activation energy Ea on the ratio of secondary ion emission intensity
T{3NiHY/I{*®Niz*}, serving as a relative measure of the surface coverage with hydrogen.

The plotted two sets of data were obtained at twofold-different values of ion beam current density but the same
coverage. The logarithmic scale plot of hydrogen pressure on the reciprocal sample temperature gives a straight line
indicating the existence of exponential dependence in the temperature range where the desorption rate dominates over the
ion-induced removal. Fitting the data (see the lines in Fig. 4a) with function (9) allows one to determine the desorption
activation energy E,. Such measurements and approximations were carried out at different hydrogen coverages, which
thereby provided information on how E, changes over about two orders of the coverage amount. Fig. 4b shows the
dependence of E, on the secondary ion emission intensity ratio /{>*NiH'} / I{>*Ni,"}, which serves as an instrument-
independent measure of the relative surface coverage by chemisorbed hydrogen [17,18]. The obtained values are close to
the known values of E, = 1 eV/H, for Ni(111), Ni(100) [43], whereas the increase of H, adsorption heat (which is related
to the measured here £,) from small to moderate coverages was also observed for Ni(110) [51].

3 if there is effectively no absorption, and neither the rate of ion-induced hydrogen removal nor the chemisorption sticking probability depend on the
sample temperature, which is valid for the TiFe alloy, at least in the range of 300-500 K [12]
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3.4. Characterizing Thermally-Activated Absorption/Dissolution Processes

The developed model was also applied to characterize hydrogen absorption/dissolution process, i.e. the transition of
hydrogen atoms from the surface chemisorbed sites into the volume of the Zr,Fe getter alloy sample [13]. In the studies
series with Zr,Fe, the dependences of emission intensities of several types of negative secondary ions on hydrogen
pressure were measured at three sample temperatures. The bombarding ion beam current density j, was reduced fivefold
from the nominal during those measurements. Such measured dependencies are shown in Fig. 5 for the secondary ions
H-, 3°FeH", and *°ZrH,". It was also found [13] that increasing the sample temperature above 300 K leads to a progressive
increase in the efficiency of hydrogen absorption into the bulk of the alloy.

Following the model predictions, a substantial increase in the rate of hydrogen absorption from the surface into the
depth of a sample causes a shift of the coverage dependence on the pressure towards higher pressures (Fig. 1¢). Similar
shift of the curves towards higher pressures is observed in the experimental results in Fig. 5 with increasing the sample
temperature. For comparative purposes, the dependences measured at 513 K are additionally plotted in Fig. 5 with their
hydrogen pressure values multiplied by 10 (hollow point symbols). These ‘shifted’ dependences approximately coincide
with the dependences measured at 627 K, thus the dependences measured at 513 and 627 K are approximately parallel
with ten times difference in the hydrogen pressure between them, which is similar to the parallel shifts predicted in Fig. 1c.
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Figure 5. Dependences of the secondary ion emission intensity of negative hydrogen-containing secondary ions on hydrogen
partial pressure measured at several temperatures of the Zr:Fe alloy sample. For these measurements, the current density of the
primary ion beam was fivefold-reduced (sijp~ 0.05 s™!) from its nominal value.

Considering that the absorption of hydrogen from the surface chemisorption states into the bulk of the alloy is a
thermally-activated process, it is possible to estimate the effective value of its activation energy from the available
experimental results. Besides the desorption, expression (9) can be used for the evaluation of the absorption activation
energy too. The values of ¢, po, and E, can be found after selecting three hydrogen pressure values at each sample
temperature that correspond to the same coverage. At 315 K, the hydrogen coverage is mostly limited by the ion beam
removal, and the rate of hydrogen outflow into the bulk is comparatively small [13], thus in expression (9), the
contribution from py is dominant. At 513 and 627 K, the rate of hydrogen removal from the surface by absorption already
exceeds several times the rate of its sputtering by ion beam, thus in expression (9), the contribution of ciexp{—E./(RT)}
is dominant, which allows determining ¢; and E,. The found value of the absorption activation energy is E£,=0.61 eV at
hydrogen coverage around the middle of the investigated range. Since based on only three available points of hydrogen
pressure it is impossible to confirm the presence of a straight-line segment on a logarithmic plot, similar to that in Fig.
4a, the found F, value can be considered only as an estimate.

3.5. Characterizing the Surface Stage of Desorption of Bulk Absorbed Hydrogen

In such process, hydrogen atoms migrate from the volume of a metal/alloy to its surface (let’s call it the bulk stage)
where they recombine into H, molecules and desorb (the surface stage). The bulk stage can consist of other sub-stages
such as H-detrapping, hydride phase decomposition, diffusion and we won’t consider the details of the bulk stage due to
its general complexity and our inability to control/study it with SIMS. The surface stage is assumed to be the same as for
the desorption of chemisorbed hydrogen, although the exceptions from this are possible. The hydrogen atoms migrating
from the bulk to the surface are ‘segregating’ on the surface before the desorption in the same states as chemisorbed
hydrogen. Therefore, in SIMS conditions, the processes included in equation (1) apply. Essentially, the surface receives
a flow of ‘segregating’ hydrogen atoms from the bulk. This flow, in one of most simple ways, can be modelled by a term
(10) equivalent to atomic (first order) adsorption and be added to the equation (1).
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+ko(1—0). (10)

Here ks is the segregation frequency which depends on all of the bulk sub-stages, (1-6) is the surface site availability
factor. This process in isolation should produce increase of the coverage up to the saturation. In our SIMS experimental
practice, it was never observed in isolation, but only simultaneously with other processes which makes it difficult to study.
However, there had been experiments where it helped in studying the surface desorption stage.

Hydrogen absorbed in the bulk of the Zr,Fe alloy could be desorbed by high-temperature heating of the sample. The
desorption rate could be measured by gas mass spectrometer (TDS/TPD technique) and hydrogen coverage on the surface
could be simultaneously monitored with H-containing secondary ion signal. Such experiments were presented in [13],
although a round of similar experiments was conducted later with slightly modified technique. Briefly, in these
experiments the sample was exposed to various hydrogen pressures for 175 seconds, at T = 473 K. The Ar" beam
bombardment was started simultaneously with heating of the sample to generate secondary ions for monitoring of
hydrogen coverage changes on the surface. The intensity changes of ZrH* secondary ions and the hydrogen pressure in
the sample chamber, reflecting desorption of the absorbed hydrogen during the temperature ramp (1.45 K/s) after
exposures, are shown in Fig. 6.
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Figure 6. Dependences of emission intensity of *>ZrH* secondary ions on time (a) and dependences of hydrogen pressure in the
sample chamber on time (b) during the heating and desorption of hydrogen from the Zr.Fe alloy sample exposed to hydrogen
atmosphere (exposures: <5 to 3x10* Langmuir). The I{*>ZrH*} dependences are smoothed by a moving average filter with a window
size of 8 s for better visibility, and the background hydrogen pressure in the sample chamber is subtracted from the hydrogen
pressure dependences.

During the analysis of these results, we hypothesized that in these experiments surface hydrogen coverage might be
in an effective equilibrium between the segregation of hydrogen and hydrogen removal processes (its thermal desorption
and sputtering by ion beam) since the surface was not saturated with hydrogen when substantial desorption occurred. At
high temperatures, the rate of (thermal) recombinative desorption can be much higher than that of the beam sputtering.
Therefore, the main processes that determine the hydrogen surface coverage are its segregation on surface and
recombinative desorption, whereas impacts of other processes are comparably small. The segregation flow in such
conditions is approximately equal to the desorption flow (when neglecting all other processes and neglecting the change
of actual amount of hydrogen on the surface), hence the measured pressure rise due to the desorbing hydrogen
Ap {HZe°™} can be used as a measure of the segregation flow. In the dynamic equilibrium corresponding to such
conditions, from (1) we can find:

2607 ~ C,Ap{H{es™, (11)

where C; is an instrument-sample-characteristic constant. Relation (11) is similar to the main relation of conventional
TDS-analysis for second order desorption, but the crucial difference here is that in case of the desorption from bulk
Polyani-Wigner equation generally cannot be used to find the surface coverage. The relation (11) can also be expressed
as

Ap{ngsorb.}

: )~ b, (12)

where Cs is another instrument-sample-characteristic constant. From the experiments in Fig.6, we have both the desorbing
hydrogen pressure and ZrH' ion intensity which reflects the surface coverage. According to (12), the ratio
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Ap{HZe°™}/(1{ZrH"})* should be proportional to the desorption frequency constant, which (if not dependent on
coverage) should be a function of temperature only and, in these experiments, should be the same at the same sample
temperature. The ratio is plotted versus desorption time/sample temperature in Fig. 7a. Indeed, the ratio curves constructed
from different hydrogen absorption-desorption experiments coincide at higher temperatures, demonstrate seemingly
exponential growth when the sample temperature increases linearly, and demonstrate plateau when temperature is
stabilized at 1167K, which is the expected behavior for the desorption frequency constant. This validates the hypothesis
and the assumptions above. Plotting the ratio curves using a logarithmic scale versus inverse temperature Fig. 7b produces
a straight line in the region where the individual curves coincide, confirming the exponential dependence on temperature.
Fitting the line with exponential function similar to (3) allows extraction of the activation energy F,=1,85 eV of hydrogen
desorption from the surface of the studied Zr,Fe alloy sample.
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Figure 7. Dependences of the ratio of desorbing hydrogen pressure (from Fig.6b) to hydrogen-containing secondary ion emission
intensity 7{*?ZrH*} squared (from Fig.6a) on the sample heating/desorption time (a) and on the inverse sample temperature (b).
Note that some dependence curves are manually shifted on Y-scale for better visibility.

4. CONCLUSIONS

The developed model is a simple and useful tool for practical analysis and characterization of hydrogen interaction
processes with metal samples using the dynamic SIMS technique as demonstrated by the examples of extraction of the
quantitative process parameters of hydrogen sputtering, absorption, and desorption. At the same time, the simplified
reflection of the processes, characteristic parameters of which often depend on the amount of coverage, can limit the
model's applicability. Regardless of that, in the case of analysis of SIMS measurements, the major obstacle preventing
the full-potential realization of the model capabilities to quantitatively characterize the interaction processes occurring
during the experiments was the lack of experimental data on the exact correspondence of the yields of secondary ions to
the hydrogen concentration on the surface and the yields nonlinearities, which is a problem of the experimental technique
rather than of the model and should be addressed in future studies.
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MMPOCTA AHAJIITHYHA MOJEJIb TIOKPUTTA NIOBEPXHI BOAHEM IIIJI BINIMBOM PI3HUX ITPOLIECIB HA
MMOBEPXHI TA IOHHOI'O BOMBAPYBAHHS
IBan I. Okceniok, Biktop O. JlitBinos, /Imutpo 1. llleBuenko, Inna O. ApanacreBa, Banrentun B. bookoB
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VY CTaTTi ONKCAaHO MPOCTY aHATITHYHY MOJIEIb, SIKa T03BOJISIE PO3paxXyBaTH MMOKPHUTTS MOBEPXHI BOIHEM I/ Ji€I0 JEKiJIbKOX MPOLECIB,
1110 MOXKYTh BiIOyBaTHCs OJHOYACHO I1iJ] 4ac OoMOapayBaHHS/PO3MUIICHHS HOBEPXHi 3pa3ka IOHHUM ITy4KOM, 30KpeMa ITij yac aHajizy
3a JIOMOMOTOI0 BTOPHHHOI 10HHOT Mac-crektpometpii (BIMC). Monens po3risgae mpouecu IUCOLMiaTHBHOI ancopOrii, necopOuii,
MOTJIMHAHHS 3 TIOBEPXHI B 00°€M 3pa3ka Ta BUAAICHHS BOIHIO iOHHUM OomOapmyBanHsAM. [licns ommcy Momneni HaBEeAEHO HU3KY
MIPUKJIAAIB 11 MPaKTUYHOTO 3aCTOCYBAHHS JUIS iHTepIpeTanii eKCIepUMEHTATBHIX Pe3ybTaTiB, OTPUMAHUX I 4ac in situ BIMC-
JIOCTIDKEHb B3a€EMOJIi BOAHIO 3 TigpuAOyTBOprorounMHu ciutaBamu, TiFe, ZroFe Ta 3 HikeneM. Y HaBeICHUX MpPHKIANaX, i3
3aCTOCYBaHHSIM Pi3HUX alpOKCUMaNii Mozeni Oyiio yCIilIHO BU3HAYEHO HU3KY KUIBKICHUX XapaKTePHCTHK TOBEPXHEBHX IPOLIECIB 3a
YYaCTIO BOJHIO, 30KpeMa MIBUKICTh PO3MMUIICHHS BOJHIO, BEJIMYMHHU CHEPTil akTHBAIT 1ecopOIlii Ta abcopOiii BOIHIO.
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