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Abstract

Thermal desorption spectroscopy (TDS) is used to study the decomposition kinetics of
erbium hydride thin films. The TDS results presented in this report are analyzed
quantitatively using Redhead’s method to yield kinetic parameters (Ex~54.2 kcal/mol),
which are then utilized to predict hydrogen outgassing in vacuum for a variety of thermal
treatments. Interestingly, it was found that the activation energy for desorption can vary
by more than 7 kcal/mol (0.30 eV) for seemingly similar samples. In addition, small
amounts of less-stable hydrogen were observed for all erbium dihydride films. A detailed
explanation of several approaches for analyzing thermal desorption spectra to obtain
kinetic information is included as an appendix.
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Introduction

Rare earth films are used as hydrogen occluders for various scientific and
industrial applications. Hydrogen desorption kinetics are important for understanding
how processing steps effect the final state of the hydride film. Kinetics predicts the rate
at which thermodynamic equilibrium is approached, and is often the controlling
mechanism for determining the actual film composition. For example, kinetic limitations
can result in “quasi-stable” hydride phases during occluder film loading'. Likewise,
kinetics directly impacts the amount of hydrogen remaining after thermal vacuum
processing. This impact may be slight or negligible, provided the appropriate materials
and processing conditions are chosen. Or, this impact may be critical if the kinetic
barrier to decomposition is too low. Thermal desorption spectroscopy (TDS) is an
experimental tool ideally suited for studying desorption kinetics. This report utilizes
TDS to investigate the decomposition kinetics of erbium hydride films. Emphasis is
placed on erbium hydride decomposition with respect to thermal vacuum processing.

Approach

Thermal desorption spectroscopy (TDS), also known as temperature programmed
desorption (TPD), has been used as a tool to study the kinetics of surface processes since
the early 1960’s, when Redhead published his analysis of the desorption process
assuming a simple power law”.

dé R
Fp =— th =k,0; (1)

Equation 1 states that the rate of desorption (rp) of species A is a function of the surface
coverage (04) and a rate constant (kp) for desorption. The rate constant varies
exponentially with temperature according to the Arrhenius expression (see equation 2).
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Redhead derived from equations 1 and 2, after making a few reasonable assumptions, a
method to analyze a thermal desorption (TD) spectrum to obtain Ea, the activation energy
for desorption, which is the key parameter for describing reaction kinetics. There are
many published reports that utilize Redhead’s method and other, more complicated
methods to analyze desorption spectra to obtain kinetic parameters. A detailed
explanation and comparison of these procedures has been published by Masel® and de
Jong et al.®. Hydride decomposition is one of the most complex systems for kinetic
analysis, due to the many steps involved, any of which may ultimately be rate-limiting.
Appendix A details several methods for quantitative analysis of TD spectra to determine
reaction kinetics.



In this report, hydride desorption kinetics are treated empirically, with the goal of
accurately describing the experimentally observed decomposition behavior. A single rate
equation is utilized to quantitatively analyze the desorption data. This approach assumes
that a single reaction step is rate-limiting, and is a common approach found in the
literature™. Ideally, kinetic analysis would encompass a detailed understanding of all
mechanistic steps inherent in a particular process. As discussed in Appendix B, this is a
significant undertaking, requiring a large array of well-defined samples to fully explore,
and is beyond the scope of this study.

Experimental

A TDS experiment requires a sample heating scheme to linearly ramp the sample
temperature, and a detector, ideally a mass spectrometer, to measure the desorption
products. The resultant TD (or TPD) spectrum is a plot of the desorption rate (as
recorded by the detector) versus sample temperature. Appendix C gives a full description
of the thermal desorption system used to generate the experimental results presented in
this report. Figure 1 illustrates a typical TD spectrum, and also includes representative
plots of the surface coverage (i.e. fractional coverage) and the rate constant over the
course of the TDS experiment.
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Figure 1: Simulated TDS spectrum’.

Generally, the surface coverage of species A is high at the beginning of the
temperature ramp, and the coverage decreases to zero after desorption has concluded.
The rate constant increases exponentially with temperature, as described by the Arrhenius
expression. Since the rate of desorption is a function of both coverage and the rate
constant, a maximum in rate will occur where the rate constant is high, but there is still a
significant amount of species A on the surface. In Redhead’s analysis, the temperature of
the peak in desorption rate is the critical parameter in determining the activation energy
for desorption.



TDS results are presented for four similar erbium hydride films, referred to herein
as “targets”. A heating rate of 0.5 C/s was used for each sample. Targets A and B were
both loaded in a pressure-composition-temperature (PCT) apparatus at 450 C and 500
Torr D, for 1 hour, after activation at 450 C for 1 hour. According to Lundin’s phase
diagram”'®, these conditions should produce B-phase erbium hydride films with a gas-to-
metal (G:M) ratio near 2.0. X-ray diffraction (XRD) of samples loaded under similar
conditions, and the subjective “color criteria” (blue) both indicate that these samples
consisted largely of ErD,. Unfortunately, the sample history for Targets C and D is
unknown. What is known is that both samples were intended to be dihydrides with a
G:M near 2.0.

TDS Results

Target A was cut into four roughly equal sections using “tin snips,” and all four
target quarters were thermally desorbed in the TDS system. Since the four samples were
prepared from the same target, it is expected that the desorption kinetics will be nearly
identical for each sample, and any differences can be attributed to uncertainty inherent to
the experimental procedure. A representative D, desorption spectrum (target quarter, run
4) is presented in Figure 2. In addition to D, small amounts of H, and HD desorption
(not shown) were also detected. The amount of protium “impurity” is not a focus of this
report, and inconsequential with respect to desorption kinetics.
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Figure 2: D, thermal desorption spectrum (Target A, run 4).

In Figure 2, the primary D, desorption peak is observed at roughly 540 C.
Additionally, a smaller desorption peak is clearly resolved near 350 C. Qualitatively, the
large D, desorption peak represents the thermal decomposition of erbium dihydride. The
origin of the smaller desorption peak at lower temperature is unclear at present. Table 1
presents the peak maxima for all four target quarters, and a statistical analysis to
determine the experimental uncertainty.



Table 1: Desorption peak maximum temperatures (Tp) and E4 for Target A quarters.

Primary Peak Small Peak

Run # Tp (C) Tp (C)
1 542 345
2 540 350
3 510 322
4 545 362

Average 534.1 344.6

Median 540.9 347.7
Standard Deviation (C) 16.1 16.9
95% Confidence (C) 15.8 16.6
E, (kcal/mol) 54.2 41.2

The analysis yields a temperature of 534+16 C for the maximum in desorption
rate due to hydride decomposition. Using Redhead’s method, this value was then used to
solve for the activation energy for desorption. This result is also presented in Table 1.
The initial estimate for E, is obtained assuming that In(Ex/kTp) equals 3.64. Redhead’s
equation is then solved iteratively to yield the final result. The pre-exponential factor, ko,
is assumed to be 10" s7! for these calculations, and the reaction is assumed to be 1% order.
Note that a 2™ order reaction with an initial coverage equal to one will yield the same
results. Redhead analysis for Target A yields an activation energy of 54.2 + 1.1 kcal/mol
for the primary desorption peak. Converted to other common energy units, Ex equals 227
kJ/mol or 2.35 eV. This value is consistent with the value of 61 kcal/mol reported by
Beavis'' for trititum desorption from 50 days old erbium tritide films. Likewise, this
value is very similar to the differential heat of reaction for the phase change of erbium
dihydride to an erbium-hydrogen solid solution, which is reported”'’ to be 53.0 + 0.2
kcal/mol.

Target B was cut into smaller fragments, three of which were thermally desorbed
at 0.5 C/s in the TDS system. Targets C and D were desorbed intact. Shown in Table 2
are the (average) peak maximum desorption temperatures for hydride decomposition for
all four targets, and the corresponding activation energies for desorption as determined
using Redhead’s method.

Table 2: Summary of Tp and E4 for Targets A, B, C, and D.

Target Tp (C) E (kcal/mol)
A 534+ 16.1 54.2
B 558 £15.5 55.9
C 638 61.4
D 539 54.5

The desorption peak maximum temperatures (Tp) for Targets A and D are nearly
identical, and Tp for Target B is in relatively close agreement, as well. However, note
that Tp for Target C is 638 C, nearly 100 C more than that observed for the other samples.
This is a significant difference in decomposition kinetics a seemingly identical sample.
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In other hydride systems™'?%, the observed rate of hydrogen desorption is a often a

complex function of film structure and composition, depending on factors such as the
surface oxide layer, grain size, stress, and stoichiometry. It is likely that one or more
such effects are responsible for the stability of the hydride for Target C. A
comprehensive investigation of the factors that control the thermal decomposition of
erbium hydride is underway, and will be the topic of future reports.

It is conceivable that the differing results for Target C are due to experimental
error. However, the small, low temperature desorption peak for Target C is observed
near 375 C, similar to all other samples. Also, consider that the standard deviation of Tp
for Targets A and B is approximately 15 C, much smaller than the observed 100 C
difference. It is unlikely that a gross experimental error is the reason for the difference
in hydride decomposition kinetics for Target C.

Discussion

It is relatively straight-forward to determine the expected final stoichiometry (i.e.
gas:metal ratio) of an occluder film for an assortment of thermal treatments in vacuum.
The rate of desorption is defined in Equation 1. Solving this differential equation for first
order desorption yields Equation 3, while second order desorption yields Equation 4.

6 =6, exp(—kt) (3)

6
= )
1+ 6kt

Both of these equations express concentration as a function of time. Using these
relationships, it is possible to predict outgassing rates, assuming the kinetic parameters
for desorption are known. Activation energy was calculated using Redhead’s method, as
detailed above. The pre-exponential factor and reaction order are discussed below.

Pre-exponential Factor

For gas phase and surface reactions, empirical evidence and transition state theory
both show that k, typically equals 10" s' within an order of magnitude or two.
Theoretically, this result is derived from the fact that kT/hp is approximately equal to 10"
s, while the ratio of the partition functions (q: / qr; where } = transition state and R =
reactants) is generally equal to unity (but can vary between 107 and 10°) and the
transmission coefficient pre-factor varies from 10~ to 10°. The rate constant pre-
exponential factor (k,) is a function of these three terms, and it is difficult to predict
exactly what the result will be for a given reaction. A general rule of thumb is that, if the
system gains in degrees of freedom approaching the transition state, then k, will be > 10"
s'. Conversely, if the system loses degrees of freedom approaching the transition state,
then k, will be < 10" s™'. Experimentally, k, is known to vary between 10'* and 10" s™'.
Bimolecular surface reactions involving hydrogen recombination on metal surfaces
typically possess ko values ranging from 10'* s™ for Pd and Pt to 10'*° s for Ru. (For
further details, see Masel’.) Recently, Xiong et al** applied the Kissinger method (i.e.
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heating rate variation) to determine the kinetic parameters of hydride decomposition for
the Li-Mg-N-H system. Deduced from the reported y-intercepts, the pre-exponential
factors for hydrogen desorption from Mg(NH,), and Mg(NH,),+2LiH are 7.9x10'" s’
and 7.3x10" s, respectively. Similarly, Luo and Gross reported’ of 1.9x10" s™ and
2.9x10'" s for the decomposition of NaAlH4 and NazAlHg, respectively. These k,
values illustrate that unusually low pre-exponential factors can be observed for hydride
decomposition reactions.

Table 3 presents E4 values as calculated using Redhead’s method for different
assumed k, values, for the same Tp of 534 C (as observed for Target A).

Table 3: E4 and k, for Tp = 534 C.

k, (s") | E4 (kcal/mol)
10" 54.2
10" 50.6
10" 47.0
10" 43.5

This result highlights the uncertainty inherent in Redhead’s method for data analysis.
The Kissinger approach, which utilizes a series of TDS data taken over a range of
different heating rates, is a superior method for determining kinetic parameters, as both
Es and k, can be independently calculated. Studying the kinetics of erbium hydride
decomposition using Kissinger’s method will likely be pursued in the future. Still, recall
that the heat of reaction for the decomposition of erbium dihydride is reported to be 53.0
kcal/mol. The activation energy for desorption should be equal to or greater than this
value, suggesting that 10" s™' is indeed a fair estimate for the pre-exponential factor. In
this report, Redhead analysis was performed assuming a k, value equal to10" s™. Note
that, with respect to outgassing predictions, all ko/Ex pairs presented in Table 3 will yield
nearly identical results.

Reaction Order

In order to accurately predict hydrogen outgassing, it is desirable to know the
order of reaction. Furthermore, identification of the reaction order is useful for helping to
identify the rate limiting step for a complex reaction. This concept is based on the
assumption that one of the elementary reaction steps is considerably slower than the other
steps, and therefore the kinetics of this particular step controls the overall reaction rate.
Checcheto et al, have consistently adopted this approach when examining hydrogen
desorption from various thin film materials, including hydrides®****?". Typically, the
potential rate limiting steps are considered to be: bulk diffusion, dissociation of the
hydride phase, and surface recombination. Literature values for bulk diffusivity are
compared with the time-scale of the desorption experiment to rule out possible diffusion
limits*>**, and the observed desorption order, 1 or 2", is associated with phase change
and surface recombination, respectively. Diffusion-limited desorption for erbium
dihydride decomposition is considered and ruled out in Appendix D.
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Two common methods for analyzing TD spectra to obtain the reaction order (n)
are visual inspection/peak fitting and the “Arrhenius Plots” method. A large majority of
reactions are characterized by first, second, or zeroeth order kinetics. First order
desorption appears in TDS as an asymmetric peak that is skewed towards lower
temperature. Second order desorption results in a nearly symmetric desorption peak.
Zeroeth order desorption occurs when the rate is concentration independent; therefore,
the desorption rate simply increases exponentially with temperature until all available
reactant is exhausted. Desorption spectra were simulated assuming 1%, 2™, and 0™ order
kinetics, ko=10"s™", and Ex=54.9 kcal/mol. These theoretical spectra were plotted against
the actual D, desorption spectrum for Target A (run 4), and the results are presented in
Figure 3.
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Figure 3: Simulated TD spectra and actual (black) TDS results for Target A. (green:
n=2; red: n=1, blue: n=0.)

The desorption order for erbium hydride decomposition is not obvious from the
simulation results. Based strictly on visual inspection of Figure 4, the 1* order simulation
does appear to be the best fit for the desorption data. However, the actual desorption
peak is significantly more narrow (i.e. smaller FWHM) than the theoretical prediction.

A more objective method to determine reaction order from a single TDS spectrum
is the generation of Arrhenius plots of In(rp/0") versus 1/T for n equal to 0, 1, and 2. The
value of n for which a straight line is produced is the correct reaction order. The basis for
this approach can be easily understood by combining and rearranging Equations 1 and 2
to the following form:

ln( ' j = —E—Y{ +In(k,) (5
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Note that this approach also yields the activation energy and pre-exponential factor from
the slope and intercept of the straight line, a technique often utilized in the literature to
determine kinetic parameters. Unfortunately, the accuracy of the Arrhenius plots method
for determining E4 and k, is poor for large surface coverages®; therefore this approach is
not advisable for studying dehydriding kinetics. Still, these plots were generated for the
D, desorption data for Target A, run 4, and the results are presented in Figure 4. Note
that the inverse temperature scale in Figure 4 spans the entire desorption peak, from
approximately 440 C (“0.0014”) to 600 C (“0.00115”).
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0.0011 0.00115 0.0012 0.00125 0.0013 0.00135 0.0014
1T

Figure 4: Arrhenius Plots of D, desorption spectra for Target A (run 4). (green: n=2;
red: n=1, blue: n=0.)

The results presented in Figure 4 are complex. All three order plots are clearly
not linear. The plots are, however, arguably comprised of two separate “linear” portions,
with a break point corresponding to the peak maximum desorption temperature. A
similar observation has been reported previously by Porshke et al”” and Spulak®. They
argued that two (or more) distinct activation energies for hydrogen desorption from the
bulk can be observed during a thermal desorption experiment, due in part to the
dissolution of the surface oxide layer. This explanation is appealing for describing the
erbium hydride decomposition results, as the surface oxide is believed to inhibit the
hydriding and dehydriding of erbium films. Table 4 presents the results of a linear
regression for the low temperature and high temperature portions of the order plot. Note
that the slope must be negative for E4 to have a realistic, positive value.

Table 4: Regression for high and low temp portions of order plot

Order | Low Temp High Temp
R’ Ex (kcal/mol) ko (s7) R’ E (kcal/mol) ko (s7)
2 0.88 479 1.2x10" 0.91 58.1 1.0x10*"
1 0.90 44.1 8.8x10"
0.91 40.3 5.9x10"
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This approach does provide a reasonable fit to the data. The results suggest that the
kinetics are second order after the peak maximum temperature, and zero, first, or second
order before. The activation energy for the low temperature (440 to 540 C) portion of the
desorption curve is significantly lower than expected, and the pre-exponential factors are
greater than expected, but still within reason. For the high temperature portion of the
desorption curve, an activation energy of 58.1 kcal/mol and a k, of 1.0x10*' are
determined. However, Porshke and Spulak both state that the kinetic parameters for the
higher temperature linear fit are a combination of multiple factors, and should not be
analyzed as the activation energy for desorption. By arbitrarily choosing optimal values
for kinetic parameters (not the parameters presented in Table 4), it is possible to simulate
a TD spectrum that changes from zero or first order kinetics to second order kinetics that
closely agrees with the actual experimental data (results not shown). However, this
simulation is very sensitive to the kinetic parameters chosen, and odd-shaped desorption
spectra are easily simulated for small (less than 1 kcal/mol) changes to the activation
energy. As mentioned above, the Arrhenius plots method is not recommended for the
analysis of hydride samples, and the discussion presented in this paragraph should be
viewed accordingly.

The results presented in Figure 4 suggest that the activation energy changes over
the course of the thermal desorption experiment. However, rather than a step change, as
implied by two distinct linear curve fits, it is feasible that the change is gradual and varies
with hydrogen concentration. This is precisely what is modeled by the Elovich equation.
As detailed in Appendix A, the activation energy is adjusted using an interaction
parameter, o, that effectively increases or decreases Ex as a function of coverage. A
negative value for o will decrease the apparent magnitude of E, as coverage decreases.
This is manifest in a TD spectrum as a narrowing of the desorption peak (and a shift to
higher temperatures). Typically, a negative o is visualized as attractive adsorbate-
adsorbate interactions.  Therefore, as coverage decreases, the strength of these
interactions decrease, and it becomes easier to desorb the remaining species. For
example, assuming that E4 = 49.4 kcal/mol and o = -7 kcal/mol, the apparent activation
energy is initially 56.4 kcal/mol, and it decreases to 49.4 kcal/mol as coverage
approaches zero. First and second order desorption spectra were simulated assuming
attractive interactions using the Elovich equation, and the results are presented in Figure
5. Clearly, a better fit is obtained than is presented in Figure 3. In particular, the second
order fit is almost exact. The physical implication of the interaction parameter is not
obvious for the case of hydrogen desorption from the bulk of a hydride film. It is
possible that changes in film stress or surface chemistry as desorption proceeds can
mimic the effect of attractive or repulsive interactions.
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Figure 5: Simulated TD spectra and actual (black) TDS results for Target A. (green:
n=2, red: n=1.) (2" order: E, = 49.4 kcal/mol, o = -7 kcal/mol, ko = 1x10"%s!; 1%
order: Ex = 52.8 kcal/mol, o = -3 kcal/mol, ko = 1><1013s'1.)

Finally, Castro et al’ and Gabis et al’' have modeled TDS using subsets of the
potential energy diagram depicted in Appendix C. Depending on the assumed rate-
limiting step, a variety of unusual desorption peak shapes are reported. Similarly,
complex models of hydriding and dehydriding based on nucleation and growth kinetics
and hydride front velocity have been published’*>’. However, these models often assume
isothermal conditions, which is clearly not the case during a thermal desorption
experiment. Still, it is possible that the simple 1** and 2" order description is not detailed
enough to capture the complexity of desorption kinetics observed during the thermal
decomposition of hydride films.

Outgassing Predictions

Empirically, the best kinetic fit to the experimental thermal desorption data is
obtained assuming 2" order kinetics, k0~1013 s'l, and E, values and negative Elovich
interaction parameters as determined through best-fit TDS simulations. To determine the
amount of hydrogen lost during thermal vacuum treatments, these kinetic parameters are
inserted into Equation 4 for a given temperature/time profile. The percent difference
between 0 initial and 6 final is a direct estimate of the amount of hydrogen lost due to
outgassing. These calculations were performed for 1 hour isothermal vacuum treatments
for a range of temperatures. Theoretical hydrogen outgassing results are presented for
two different activation energies, corresponding to Targets A and C, in Figure 6. For
comparison, theoretical outgassing results are also presented assuming simple first order
kinetics, using Equation 3.
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Figure 6: Outgassing estimates (fraction remaining) for 1 hour isothermal anneals in
vacuum assuming Target A (m) and Target C ( A) kinetics.

Figure 6 illustrates that the increase in thermal stability (i.e. the activation energy
for hydrogen desorption) for Target C yields, as expected, an increase in the temperature
at which significant hydrogen outgassing is expected. For example, Target C kinetics
predicts that, following an isothermal anneal at 525 C for 1 hour, more than 50% of the
initial hydrogen will still remain in the hydride film. In contrast, these same conditions,
assuming Target A kinetics, will result in a completely dehydrided sample. Also
apparent in Figure 6 is that the actual kinetic model (simple first order versus Elovich 2nd
order) is not critical for making approximate outgassing predictions.
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Figure 7: Zoom view of outgassing estimates (fraction remaining) for 1 hour isothermal
anneals in vacuum assuming Target A (m) and Target C ( A) kinetics.
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Presented in Figure 7 is a close-up of Figure 6 depicting the region for which 10%
or less hydrogen is lost due to outgassing. During processing of erbium occluder films, it
is obviously desirable to minimize the amount of hydrogen lost during thermal vacuum
treatments. Assuming that roughly 1% or less hydrogen loss is acceptable, Figure 7
predicts that, according to conservative values for kinetic parameters (i.e. Target A
kinetics), the occluder film temperature should not exceed 390 C during a 1 hour vacuum
anneal. However, if the factors that control decomposition kinetics are better understood,
it is possible to produce erbium occluders (according to Target C kinetics) that can
withstand 465 C, 1 hour vacuum anneals with minimal hydrogen loss due to outgassing.

Pressure Considerations

For certain applications, it is known that erbium hydride films during hour-long
thermal vacuum processing can reach temperatures of 435 C. Likewise, it is known that
these occluders often lose on the order of 1% of the total hydrogen content due to
outgassing. In contrast, the kinetic analysis for Target A presented above predicts that an
isothermal vacuum anneal at 435 C would results in roughly 40% hydrogen loss. How
can these real-life processing results be explained with respect to the thermal desorption
data? In short, the thermal desorption system represents an ideal case, where it is
assumed that the ultra-high vacuum conditions are sufficient to remove gas-phase effects.
This can be viewed as the harshest of conditions with respect to outgassing. Thermal
vacuum processing of vacuum tubes containing erbium occluders likely does not achieve
this ideal UHV state, and so gas-phase and surface effects may be more pronounced,
helping to stabilize the hydride phase.

The pressure-driving force for thermal decomposition of hydrides is often
described as a function of applied (actual) and equilibrium pressures’**. The rate
equation for desorption can be modified as follows’, to account for pressure effects:

do . (P
===t =ky0; ln[ P‘f} 6)

Note that P equals the hydrogen partial pressure, not the total system pressure, while Peq
is the temperature-dependent hydrogen equilibrium pressure as determined from the
thermodynamic phase diagram. If the hydrogen partial pressure exceeds the equilibrium
pressure, the pressure-driving force, In(P.i/P), becomes negative, and adsorption
(loading) rather than desorption is favored. If P is less than but similar in magnitude to
P.q, desorption occurs at a significantly reduced rate. If P<<P.,, as is assumed for TDS
experiments in UHV, then the pressure term is nearly constant, and is often neglected or
assumed to be incorporated in the pre-exponential term. A Van’t Hoff plot of P, for

erbium dihydride is presented in Figure 8, based on Lundin’s results™'°.
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Figure 8: Van’t Hoff plot for erbium dihydride.

The partial pressure due to hydrogen must be below this line for thermal decomposition
to occur. At 435 C, the hydrogen equilibrium pressure is approximately 2x10° Torr. It
is conceivable that, during thermal vacuum processing, the hydrogen pressure inside the
vacuum tube housing the erbium occluder is of a similar magnitude. For example, if the
pumping speed is sufficiently slow, the erbium occluder can decompose less than 1% of
the hydride over the course of an hour, and still easily generate sufficient hydrogen
pressure in the extremely small vacuum tube to approach or exceed the equilibrium
pressure, therefore inhibiting thermal decomposition. TDS experiments in non-ideal
conditions (such as a moderate hydrogen background) may help to validate this
hypothesis.

An additional complication related to gas-phase stabilization of the hydride phase
is the potential for oxygen-containing compounds (such as water and CO) to alter the
stability of the surface oxide layer. Evidence suggests that, in a reducing environment,
the surface oxide is “activated” at temperatures as low as 300 C. Erbium films can be
loaded at temperatures as low as 200 C, but only after an activation step (450 C) in which
the surface oxide is thermally reduced'. Likewise, the results presented in this report
show a small, low temperature desorption peak centered near 350 C for all samples.
Clearly, the surface is active for the recombinative desorption of hydrogen at this
temperature. Similarly, diffusion through the oxide layer is also possible at these
temperatures, as loading would not occur otherwise, and as proposed below, the small
desorption peak is likely derived from the bulk of the hydride or the oxide layer itself,
implying that diffusion through the oxide is occurring at this temperature. Despite these
observations, it is possible that, during actual thermal vacuum processing, a sufficient
amount of contaminants may present to stabilize the surface oxide to much greater
temperatures, therefore poisoning the surface recombination reaction. TDS experiments
in relatively oxidizing conditions may help to validate this hypothesis. Also, sputtering
the oxide layer or deposition of a catalyst can probe the effects of the oxide layer on
hydride decomposition kinetics.
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Even if the recombinative desorption of H, at the surface oxide is not rate-
limiting, it is possible that the oxygen content near the phase boundary can impact the
observed decomposition kinetics. Checcheto et al present a schematic diagram of the
potential energy diagram at the phase boundary”. They note that the activation energy is
a combination of the heat of dissociation of the hydride phase, the heat of solution in the
metal phase, and the activation energy for diffusion in the metal phase. It is likely that
oxygen concentration in the metal phase will impact the metal phase energies to some
extent, potentially stabilizing the hydride. The oxygen concentration in the metal may be
impacted by the concentration of gas phase contaminants.

Wild-Card: small, low-temperature peak

An interesting facet to studying kinetics via thermal desorption spectroscopy is
the potential observation of multiple binding states in a material. Generally, a species
that occupies different chemical states in the same material will be bound to each distinct
state with a different energy barrier. Simply stated, the activation energy for desorption
will be different for each distinct chemical state. For example, hydrogen in erbium can
occupy octahedral and tetrahedral sites in the B phase, or it can be found in trihydride
domains, solid solution, surface sites, the surface oxide layer, at grain boundaries, or
bound at the erbium/support interface. Assuming that the different binding energies
associated with each of these distinct states is rate-limiting, thermal desorption
experiments performed on erbium hydride samples can potentially yield multiple
hydrogen desorption peaks. The ratio of the areas of these different peaks is a direct
measure of the relative populations of hydrogen at these different sites. Recall that a
small, low temperature peak was observed in all hydrogen desorption spectra, in addition
to the primary desorption peak. This peak is a “wild-card” with respect to the outgassing
analysis presented above. Peak area analysis concludes that this low temperature
desorption feature accounts for roughly 1 to 2% of the total amount of hydrogen that
desorbs for each sample. It is likely that this hydrogen species accounts for a fraction (or
the entirety) of the hydrogen outgassing that is observed during erbium occluder film
processing.

What is the origin of this peak? Why is this hydrogen species not desorbed
immediately after loading? It is unlikely that this low temperature desorption feature is
due to hydrogen adsorbed at the surface or grain boundaries. The hydride films studied
in this report were approximately 5000 A in thickness. Erbium dihydride is known to be
face-centered cubic (CaF, type) with a lattice parameter of 5.126 A*'. Simple geometric
considerations would suggest that the hydride film is composed of approximately 975
monolayers, and that the relative amount of hydrogen at the surface is around 0.1% of the
total amount stored in the bulk of the film. Likewise, the film is known to consist of
columnar grains of a size of roughly 5000 A. Geometric considerations suggest that
approximately 0.1% of the total amount of hydrogen will exist at grain boundaries. The
amount of hydrogen that desorbs at low temperatures is an order of magnitude greater
than what is accounted for due to the surface layer and grain boundaries. Instead, it is
calculated that the hydrogen desorbed at low temperature would fill roughly 75 A of the
5000 A hydride film. This value is in close agreement with the actual thickness of the
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surface oxide layer, and also in close agreement with the thickness of the theorized
“denuded zone” that exists directly below the oxide layer for tritiated erbium occluder
films. Still, the origin of this source of low-temperature hydrogen is unclear at present,
and will be explored further in future reports.

It is curious that this low temperature desorption feature is observed at all,
considering that the erbium films studied in this report were loaded at temperatures in
excess of 400 C. Outgassing predictions based on the kinetic parameters for this low
temperature desorption feature suggest that less than 10% of this hydrogen species would
remain after only 3 seconds at 450 C in ultra-high vacuum conditions. This time
increases to about 15 seconds at 400 C. Typically, hydride films are loaded at a specified
temperature and pressure. The manner in which the samples are extracted from the
loading apparatus is critical in determining whether or not this hydrogen species should
theoretically be present or not. For example, if the films are held at temperature for any
significant length of time as the system is evacuated, it is expected this low temperature
species will be completely outgassed. However, the pressure-driving force must be
considered. The equilibrium pressure for erbium dihydride at 400 C is approximately
3%x107 Torr, and it continues to decrease with decreasing temperature. After evacuation,
it is possible that the background hydrogen pressure is still sufficient to favor adsorption
rather than desorption, therefore stabilizing the occluder film. Another possibility is that
this hydrogen species does indeed fully desorb after loading, and that ambient storage
conditions are sufficient to “re-load” this state. However, erbium films loaded with
deuterium still desorb primarily D, during this low temperature desorption peak. It is
expected that this peak would primarily consist of H; if contamination during storage is
responsible for populating this state. This does not preclude the possibility of diffusion
from the bulk hydride as a deuterium source. The differential heat of reaction for the
phase change of erbium dihydride to an erbium-hydrogen solid solution, however, would
suggest that this deuterium source would not be available at such low temperatures. (It
should be noted that the protium contamination is indeed twice to five times as large
during this low temperature desorption peak as compared to the primary desorption peak
at higher temperatures.)

Conclusions

The TDS results presented in this report provide the basis for a fundamental
understanding of the kinetics of erbium hydride decomposition. Kinetic analysis has
illustrated that measurable properties, such as the gas-to-metal ratio obtained after
loading and thermal vacuum treatments, can be impacted by hydrogen desorption
kinetics. For a given application, the thermal stability of the hydride film, and therefore
desorption kinetics, is a key consideration during materials selection and processing.

Kinetic parameters were determined for erbium dihydride, and utilized to predict
hydrogen outgassing in vacuum for a variety of thermal treatments. Gas-phase (pressure)
effects were considered that can potentially enhance hydride stability and alter outgassing
predictions for non-ideal environments. It was found that the activation energy for
desorption can vary by more than 7 kcal/mol (0.30 eV) for seemingly similar samples.
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Small amounts of less-stable hydrogen were found to be present in all erbium dihydride
films. Many open-ended questions were introduced, such as what is the actual rate-
limiting step for desorption? How do factors such as film structure and composition
control desorption kinetics? A systematic study of the factors that control hydride
decomposition kinetics will be explored in future reports. The goal of these studies will
be to understand and possibly enhance film stability, and identify any “danger zones” (i.e.
processing cliffs) that produce unstable films.

Finally, hydrogen desorption studies represent the “base case” for future helium
desorption studies. It is proposed that, ultimately, the processing “knobs” that control
dehydriding kinetics may also impact the kinetics of helium release from tritiated
occluder films. At the very least, it is theorized that helium desorption kinetics can be
used as a measure and predictor of helium retention. Therefore, TDS may become a
powerful tool for understanding and optimizing helium retention properties.
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Appendix A - Determining kinetic parameters from thermal desorption spectra

There are many different analytical procedures for deriving kinetic parameters
from TD spectra. For a comprehensive review and detailed explanation of these
procedures, please refer to Masel® and de Jong et al.*. The defining equations for the rate
of desorption (equations 1 and 2) include all three kinetic parameters of interest: n, ko,
and E5. The reaction order, n, is the exponent of the concentration term in the rate law,
and often provides important clues to the mechanism of a reaction. For a surface
reaction, 1% order kinetics (n=1) often implies dependence on one reactant (i.e. the
breaking of a single bond), such as the desorption of molecular NO chemisorbed to a
metal surface. In contrast, 2" order kinetics (n=2) suggests the importance of two
separate species in the rate-limiting step for desorption, such as the recombinative
desorption of hydrogen gas, as shown in the following chemical equation:

2H(ads)—— H,(g) (A1)

Equation Al is of particular importance to hydride decomposition reactions, as the
surface recombination of adsorbed hydrogen is often cited as the rate-limiting-step for
desorption. The pre-exponential factor, k,, is part of the Arrhenius equation (equation 2)
and is generally assumed to be temperature-independent. Using transition state theory as
a basis, the pre-exponential factor can be roughly viewed as the frequency of attempts to
cross the energy barrier, which is dependent on the “freedom” of the transition state. A
value of 10"%/s is typically chosen for k,. The activation energy, Ey, is the key quantity in
the Arrhenius equation that defines the rate constant. E4 is the amount of energy that is
needed for a particular reaction to take place. In terms of hydride decomposition, E5
might represent the energy barrier for surface recombination of adsorbed hydrogen, the
barrier for hydrogen diffusion from the bulk to the surface, or the barrier for
decomposition of the hydride at the metal-hydride interface, among others; any of which
may be the rate-limiting-step for hydrogen desorption.

As suggested in Section 1 of this report, the simplest approach for determining
kinetic parameters from TD spectra is Redhead’s method. This derivation assumes that
the temperature varies linearly with time, and that rp is measured directly (i.e. the mass
spectrometer signal) during a TDS experiment. Equation A2 illustrates the linear
temperature dependence with time, where B is the heating rate.

T=T +f (A2

Upon substituting Equation A2 into Equation 1, and noting that the maximum in
desorption rate occurs when the derivative of the rate with respect to temperature is zero
(Equation A3), the relationship shown as Equation A4 can be deduced. (See Masel’® for
details).

dry

=0 (A3)
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E E
- :k—”msr"—1 exp| ——= | (A4)
kT; B kT,

Tp is the temperature of the maximum of the TDS curve. For 1* or 2" order desorption,
Equation 6 can be rearranged to yield Equation AS5. Note that, due to symmetry
considerations, surface coverage at the peak maximum temperature is half the initial
coverage (0,) for 2" order reactions.

n—1
E, =In k,T:6, —1In E, (A5)
kT, B kT,

Equation A5 can be solved iteratively for E5 given the peak maximum temperature from
the TD spectrum, the experimental heating rate, and an assumption for the pre-
exponential factor. A further simplification® assumes that In(Ea/kTp) ~ 3.64. This

introduces an error of only +1.5% provided that ko/B falls between 10® and 10" K.

An improvement over the Redhead method for determining E4 is the Kissinger
method, which utilizes multiple desorption spectra obtained at different heating rates.
Equation A4 can be re-written as follows:

E T? E
—4—="Texp -—* (A6)
kk n@" Yij kT,

Taking the natural log of both sides and rearranging terms yields:

2
ln(%’j = :;f + ln( m E; — J (A7)
P on

A plot of In(Tp*/B) versus 1/Tp yields a straight line, with a slope equal to Ea/k.

TDS simulation is another method for determining kinetic parameters. Expanding
upon Equation 1 yields the following:

46,  de, dr _E,
__ 40, _ a4t al ;g A8
T T ar ar AP [ kT J (A8)

From Equation A2, dT/dt equals B. Therefore:

0, _ —k—ve;; exp £, (A9)
dT B kT
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Using numerical methods (e.g. Euler Method), 6;;; can be derived from Equation A9 for
a given temperature step and initial conditions (T,, 6;) for an assumed set of kinetic
parameters. The instantaneous reaction rate (rp) is determined using Equation A10.

de,

=P

(A10)

This iterative process will yield a thermal desorption spectrum for the assumed kinetic
parameters. Simple trial and error will yield a best fit theoretical TD spectrum for the
actual desorption data. An additional term can be included in Equation A9 to account for
interactions between desorbing species, typically visualized as “adsorbate-adsorbate
interactions”. For attractive interactions, the absolute value of the heat of adsorption (i.e.
the apparent magnitude of E5) will increase. Likewise, repulsive interactions will lead to
an apparent decrease in Ex. These interactions are coverage-dependent, and will result in
fairly significant changes to the peak shape and temperature of maximum desorption rate
in a TD spectrum. Equation Al1, known as the Elovich equation, is a modified version
of Equation A9 that incorporates this interaction parameter, O.

0, _ _k, 0’ exp
ar B

_(EA _aEe)J (All)

kT

There are many methods for deriving kinetic parameters from desorption spectra.
These methods vary in complexity, accuracy, feasibility, and experimental effort. In this
author’s opinion, the methods detailed above (Redhead, Kissinger, and Euler simulation)
are most efficient for studying the kinetics of hydride decomposition reactions.
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Appendix B: Thermal Desorption System — technical description

The thermal desorption system developed for studying the desorption kinetics of
hydrogen and helium from occluder films basically consists of the following: an ultra-
high vacuum (UHV) chamber, a controllable sample heater, a time-of-flight mass
spectrometer, and a data acquisition system. A schematic representation of the system is
shown in Figure B1.
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Figure B1: Schematic representation of the thermal desorption system.

The UHV chamber is evacuated by a combination of turbo and cryo pumps; a base
pressure of 1x10™ Torr is typically achieved. The sample heating scheme consists of a
flat Boralectric® heater (Advanced Ceramics Corporation, Cleveland, OH) upon which
samples are mounted and held in place using two molybdenum clips. A ‘K’-type
thermocouple is placed in direct contact with the sample surface using one of the clips,
and the signal is sent to both the data acquisition system and to a digital program control
module (model REX-P300, RKC Instruments, Tokyo, Japan). Figure B2 shows a typical
sample mount, while Figure B3 plots a typical linear temperature ramp that this sample
heating scheme can produce.

Figure B2: Sample Mounting Technique.
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Figure B3: Plot of 0.5 C/s linear temperature ramp

The mass spectrometer is an angular reflectron time-of-flight mass spectrometer
(R.-M. Jordan Company, Grassvalley, CA). Time-of-flight systems have a number of
advantages over conventional quadrupole mass spectrometers (i.e. RGAs), including
significantly better resolution and the ability to measure a large mass range
simultaneously and quickly. Furthermore, the transmission efficiency for low mass ions
such as hydrogen is better for a time-of-flight system, and very large masses can be
detected, if necessary. Briefly, the time-of-flight system functions as follows. Gases that
evolve from the heated sample are ionized by electrons from an electron gun. The high
voltage pulser (triggered by pulse generator) then releases these trapped ions from a
potential well and the ejected ions are focused into the time-of-flight tube with the same
kinetic energy. Atomic pulses are detected at the MCP detector.

Data sets are recorded every second (an arbitrary but efficient time interval) via a
LabVIEW program that coordinates the acquisition of temperature and pressure data and
corresponding time-of-flight spectra. A time-of-flight spectrum is initiated by a “trigger”
pulse generated by timing electronics. This trigger allows ions to enter the time-of-flight
tube, where pulses of ions are formed based on atomic weight differences according to
Equation B1.

E. =%mv2 (B1)

Since all triggered ions possess the same kinetic energy (Ex), those with a smaller mass
(m) will traverse the time-of-flight tube with a greater velocity (v). The pulses are
detected at the MCP detector, sent through a series of conditioning electronics, and
recorded using a multi-channel scalar (FAST ComTech, model P7887) which
communicates the results to LabVIEW. Finally, an Excel VBA program was written to
extract the rate of desorption versus temperature for each atomic mass of interest from the
vast array of data generated over the course of a thermal desorption experiment, which
typically consists of at least 1,200 time-of-flight spectra, each comprising nearly 4000
data points.
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Converting time-of-flight data to actual atomic mass values requires calibration.
Manipulating Equation B1 yields the following, which is used for system calibration.

1

TOF = Am* + B (B2)

By measuring the time-of-flight (TOF) for at least two known species, a plot of TOF
versus the square root of atomic mass will produce a straight line, the slope and intercept
of which contains the calibration parameters A and B. An example of such a calibration
plot is shown in Figure B4. Note that the units for TOF are nanoseconds.
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Figure B4: TOF calibration plot

Mass spectrometers typically measure the parent species, as well as fragments of
the parent that are formed due to the ionization step. Molecules tend to form fragments
with a particular efficiency, although the specifics of each experimental apparatus may
slightly alter this efficiency. The NIST Chemistry WebBook gives the normalized
cracking pattern for hydrogen (H,) as 100 m/q 2 and 2.1 m/q 1. This means that for every
100 counts on the detector for m/q 2 (H,"), there will be 2.1 counts at the “cracking
fragment” m/q 1 (H"). A value of 2.3 for the m/q 2 (D) cracking fragment is consistent
with calibration results, and yields the best fit for the data presented in this report.
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Appendix C: Comments on potential energy diagrams
Potential energy diagrams present a convenient way to visualize the progress of a
particular chemical reaction. Figure C1 illustrates the energetics of a simple process:

surface adsorption.

VACUUM SURFACE
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Figure C1: Potential energy diagram for adsorption and desorption™®

In this particular case, a hydrogen gas molecule must overcome an energy barrier to
adsorption, Ec, before it can dissociate and assume a stable adsorbed configuration.
Likewise, H(ads) must overcome the energy barrier Ep for recombinative desorption to
occur. The rate constant for adsorption (ks) and desorption (kp) both assume the
Arrhenius form shown in Equation 2, with activation energies equal to Ec and Ep,
respectively. Pick et al present a compelling model for hydrogen-metal interaction by
describing the various fluxes implied by the potential energy diagram®. The incident
adsorbed flux, fa, is defined as:

f,=2Is(1-6) (C1)

Where I is the flux of impinging molecules as defined by the kinetic theory of gases, and
s is the sticking coefficient. Note that I' is a function of pressure, while s can be
considered the rate constant for adsorption. The flux for recombinative desorption is as
follows:

fp =2k 6’ (C2)

Pick’s model also includes fluxes for surface penetration (transfer from surface to bulk
and visa versa) and bulk diffusion. By assuming equilibrium, the fluxes are balanced and
the resulting system of equations are solved analytically* to yield an expression for bulk
concentration in terms of the various kinetic parameters defined in the model. Pick’s
model is effective for describing the interaction of hydrogen with a metal, but it does not
include diffusion through a surface barrier layer (i.e. surface oxide layer), and it does not
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include phase changes in the bulk (i.e. hydrogen solid solution to hydride phase).
Additionally, solving the time-dependent equations (i.e. equilibrium is not assumed for
all partial steps) is considerably more difficult*'.

Presented in Figure C2 is one possible representation of the potential energy
diagram for a metal hydride system. This figure illustrates the complexity of the system
in question. At the surface, there are fluxes for adsorption, desorption, surface
penetration, and diffusion from bulk to the surface. The hydrogen concentration in the
oxide layer, solid solution, and hydride phase are characterized by Fick’s Law (see
Equation C3), with Arrhenius-type diffusivities different for each individual layer.

oC 9°C
—=D(T
ot ( )822

(C3)

Interface boundary conditions are assigned that maintain conservation of mass, with the
solid solution-hydride boundary incorporating the activation energy for phase
transformation. Additionally, the solid solution-hydride interface is a Stefan-type moving
boundary. Finally, the chemical state of the oxide layer is temperature-dependent, with
stoichiometric and sub-stoichiometric oxides likely described by differing kinetic
parameters.
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Figure C2: Potential energy diagram for metal-hydride system.

It is theoretically possible to describe the hydrogen flux (i.e. hydrogen concentration)
throughout the layers depicted in Figure C2 using a system of simultaneous differential
equations. Indeed, these equations have already been published for subsets of the metal-
hydride system depicted in Figure C2 by Mavrikakis et al*** and others®***. Ideally,
these equations would be solved to yield the time-dependent hydrogen concentration
profile throughout the thin film system. In theory, this solution would completely define
the system, and a TD spectrum could be generated by simply plotting the flux due to
recombinative desorption as a function of time (i.e. temperature). Unfortunately, at
present there are too many unknowns to accurately solve this system of equations. Due
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to the significant effort involved in pursuing this approach, coupled with the modest-at-
best return on this potential investment, it is concluded that numerically simulating the
kinetics of hydriding and dehydriding based on a system of simultaneous differential
equations abstractly visualized in Figure C2 is beyond the scope of this study at this time.

In the future, a comprehensive study may help unravel the complexities of
hydride decomposition. Some possible experiments include sputtering the oxide layer to
reveal a pristine hydride surface, thereby removing any diffusion or recombination limits
due to the presence of oxygen. Deposition of a catalyst such as Pt or Pd on the surface of
the sample will enhance recombination rates, thereby effectively removing surface
recombination as a barrier to hydrogen desorption. Similarly, increasing or decreasing
the overall film thickness will effect hydrogen desorption if diffusion in the bulk is rate
limiting.
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Appendix D: Diffusion

Diffusion-limited desorption generally appears as a broad peak spanning hundreds
of degrees in a TD spectrum. An approach adopted in a number of kinetic research
publicationszs’28 compares the estimated diffusion time necessary to traverse the film
thickness versus the characteristic time for desorption during the thermal desorption
experiment. The first value, Tpp, is estimated from the random-walk expression:

d2
Tpir :3 (D1)

where d is the film thickness, and D is the diffusivity. The characteristic desorption time,
TpEs, 1S determined from the following simple expression:

AT
Tpes = 71) (D2)

where ATp is the width of the desorption peak and P is the heating rate. Note that the
value of the diffusion constant in Equation D1 is temperature-dependent, and the value
used should correspond to the peak maximum temperature. Unfortunately, diffusivity
data for the erbium system is not readily available (if it even exists), so Tpr cannot be
conclusively determined. However, atomic theory suggests that the diffusion of
hydrogen in yttrium and erbium are expected to be qualitatively and even quantitatively
similar, and diffusivity data for the yttrium system is available in the literature®', due to
interest in yttrium hydride as a switchable mirror. Presented in Table D1 are the
Arrhenius parameters published by Majer et al®® for hydrogen diffusivity in various
yttrium hydrides. Theory suggests that hydrogen diffusion in the metal should be even
faster.

Table D1: Arrhenius parameters for hydrogen diffusivity in yttrium hydride (YHy).

x | Do (ecm’/s) EA(eV) | D@ 540 C (em’/s)
191 | 4.8x10* 0.53 5.43x10”
1.95| 9.0x107° 0.40 1.66x10°
2.03 | 1.0x10™ 0.38 2.84x107®

Given that the heating rate for the desorption experiments was 0.5 C/s and the observed
peak width was approximately 75 C, Tpgs is calculated to be 150 s. If Tpr << Tpgs, then
diffusion is not limiting. Since the films studied for this report were approximately 5000
A in thickness, it can be argued that diffusion is significant for diffusivity (D) values of
roughly 107" cm?/s or smaller, which would results in a Tpr values of 25 s or more. As
shown in Table D1, the diffusivity value does not approach the critical value determined
above. Indeed, this approximate method predicts that diffusion in the hydride (or metal)
is only an issue for temperatures near 125 C or below. However, erbium hydride
decomposition is complex, with diffusion through the surface oxide potentially
representing a limiting step for desorption. As diffusivity values for yttrium oxide were
unavailable, this remains a possibility.
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Assuming that hydrogen diffusion in yttrium is indeed a realistic model for the
erbium system, it should be noted that yttrium hydride decomposes at 620 K (~350 C), a
value significantly less than that observed for erbium dihydride. This strongly suggests
that diffusion is not limiting erbium’s high temperature hydrogen desorption peaks. Also,
Gabis et al’' have recently published a report on the kinetics of hydrogen desorption from
erbium hydride powder samples. A key assumption of their data analysis is that diffusion
is fast (i.e. non-limiting), such that the concentration gradients in the solid solution and
hydride phases are nearly zero. The preliminary conclusion is that, at the high
temperatures of the dihydride decomposition reaction, diffusion is not a limiting factor in
the observed desorption kinetics.
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