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a b s t r a c t

Lithium (Li) coatings on plasma facing components (PFCs) have been proposed as potential solutions to
first wall and divertor challenges in tokamak fusion reactors. We report on the thermal behavior of ul-
trathin pure Li films deposited on polycrystalline substrates of molybdenum (Mo) and a molybdenum
alloy (titanium zirconium molybdenum, TZM). These Li films were studied under controlled ultrahigh
vacuum (UHV) conditions and thermal stabilities were primarily compared via temperature programmed
desorption (TPD) measurements. In addition, on TZM, which is of particular interest, we obtained
additional spectroscopic data using Auger electron spectroscopy (AES) and low energy ion scattering
(LEIS) to further characterize the film structure and composition. The monolayer of Li in these films in
contact with the substrate is bound much stronger than in bulk Li films, and thermally desorbs at much
higher temperatures. Interfacial Li on Mo(poly) has a higher thermal stability than that on TZM(poly),
where the limiting values for the desorption activation energies, Ed, are 3.56 and 2.84 eV, respectively, in
the low coverage, high temperature desorption tail. LEIS indicates some clustering or interdiffusion of the
Li films on the TZM substrate at 500 K. No appreciable irreversible absorption of Li occurs on Mo or TZM
under the conditions of these experiments.

© 2018 Published by Elsevier B.V.
1. Introduction

Research into the use of lithium (Li) coatings on plasma facing
components (PFCs) in tokamaks has shown that Li coatings can
improve plasma confinement and performance parameters [1e3].
Liquid Li has also been proposed for use in flowing liquid metal
concepts in fusion devices due to its ability to withstand high heat
loads, radiation damage, thermal fatigue, decreased hydrogen
recycling, and erosion [4]. Lithium was first shown to improve
plasma performance in the TFTR reactor [1], but has been used in
fusion experiments in T11-M [5], FTU [6], CDX-U [2], LTX [7], EAST
[8], and NSTX-U [9]. The Li films used thus far in these various
applications have been applied predominately on carbon sub-
strates, but high-Z substrates such as molybdenum (Mo), titanium-
zirconium-molybdenum alloy (TZM), tungsten (W), and stainless
steel (SS) are of increasing interest. Li films on such high-Z PFCs will
operate under conditions that will expose them to transient heat
fluxes and high-temperatures in the vacuum vessels of these
Engineering Quad, Princeton,
devices, and consequently, it is important to characterize and
improve our understanding of the interactions and thermal sta-
bility of Li films with these surfaces including at the interface and
monolayer level. In addition, Ruzic et al. [10] have proposed a
lithiumemetal infused trenches (LiMIT) system for heat removal in
fusion devices, and so an improved understanding of Li-substrate
interactions would also be helpful to better understand the per-
formance of these systems. Although wetting interactions of Li
films on constituent materials of divertors (W, Mo, 316 SS, Ta, and
TZM) have been examined [11], we found only one prior study
under controlled, ultrahigh vacuum (UHV) conditions examining
the thermal stability of thin Li films on polycrystalline Mo or TZM
surfaces [12].

Prior surface science experiments using temperature pro-
grammed desorption (TPD) have examined the adsorption and
thermal stability of ultrathin (a few adsorbed layer) films of Li on
several substrates: Ru(001) [13,14], n-type and p-type Si(100) [15],
Ta(poly) [16], Ni(110) [17], TZM(poly) [12], stainless steel (SS) [18]
and Mo(110) [19]. All these studies found that Li from multilayer
films desorbs with zero-order kinetics, characteristic of Li evapo-
ration, at relatively low temperatures of 540 to 600 K. Li films
exhibit a shift of the desorption temperature to higher values with
decreasing Li coverage in the monolayer regime that is
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characteristic of all adsorbed alkali metals on metal substrates. This
is due to an increase in the Li-substrate bond strength that arises
from decreasing repulsive lateral interactions between the dipoles
of adsorbed alkali metal adatoms that occurs with decreasing Li
coverage. The main differences in the desorption behavior of Li
from these various substrates arises from different Li-substrate
interactions and the concomitant changes in the Li-Li repulsive
lateral interactions. Li intermixing with the substrate atoms was
also observed on Ni(110) [17] and Si(100) [15] surfaces.

A recent joint experimental and theoretical study of Li adsorp-
tion and desorption on aMo(110) single crystal surface provides the
most detailed view available for Li-Mo interactions relevant to Li
film thermal stability and our studies [19]. In that work, the Li
desorption energy, Ed, increased from 1.91 to 2.79 eV and the onset
temperature for Li desorption increased from 489 to 878 K as the Li
coverage decreased from one monolayer (a thickness of one atomic
layer, 1ML) to a small coverage of only 0.04ML. The structure of the
Li TPD curve for the monolayer had an onset of desorption at 489 K
with a desorption peak at 711 K, and a shoulder at high tempera-
tures that extended from 800 to 1100 K. Theoretical calculations
using DFT gave results that matched the measured desorption en-
ergies and predicted that Li adatoms at small coverages were
bonded at low-coordination defect sites at steps and kinks. Previ-
ous Li TPD curves from TZM(poly) showed a high temperature peak
at 1040 K at low coverages and two other peaks at 750 and 560 K,
indicating Ed values of 2.9, 2.0 and 1.5 eV [12]. All Li was completely
desorbed from theMo(110) and TZM substrates by 1100 K [12,19]. Li
monolayer films on a Ni(110) substrate desorbed in TPD with peaks
at 820, 630, and 540 K, with a low coverage, high temperature peak
at 900 K and complete Li desorption by 1000 K [17]. On Ru(001)
substrates, the high temperature Li TPD peak occurred at 1050 K at
0.01ML, with Li fully desorbed at 1200 K [14,20]. Studies on 316 SS
showed that the smallest Li dose, producing a submonolayer film,
had a Li desorption peak at 942 K (2.52 eV). Li TPD peaks at 732 K
(2.05 eV) and 632 K (1.67 eV) at higher Li coverages were attributed
to Li desorption from the decomposition of Li compounds.

In this paper we report on the strength of Li-substrate in-
teractions for submonolayer Li films, along with the thermal sta-
bility of these and thicker Li films, on two polycrystalline
substrates, Mo(poly) and TZM(poly), under UHV conditions using a
surface science approach and primarily comparing results from
TPD. The results will provide baseline data for the use of poly-
crystallineMo and TZM PFCs in NSTX-U campaigns [21]. The studies
reported herein identify similarities and differences between the
interactions and thermal stability of Li monolayers and ultrathin
films on these substrates and Mo single crystal samples, and also
other high-Z PFC materials such as W(poly), 316 SS and Ta(poly).
Additionally, we characterize changes that occur in the Li film
structure on TZM due to thermal annealing at elevated tempera-
tures using Auger electron spectroscopy (AES) and low energy ion
scattering (LEIS).

2. Experimental methods

The experiments were performed in an UHV systemwith a four-
axis manipulator and a main chamber equipped with multiple
surface analysis capabilities. The base pressure of the chamber was
4� 10�10 Torr, but the pressure rises to 1e2 x10�9 Torr during ex-
periments. The chamber was equipped with an electron gun
(Kimball Physics, Model EFG-7F-4243, 5 kV) for Auger electron
spectroscopy (AES), a differentially pumped ion gun (PHI Model 04-
303, 5 kV) for Arþ ion sputtering and low energy ion scattering
(LEIS), a spherical capacitor analyzer (SCA; PHI Model 10-360) for
AES, LEIS, and X-ray photoelectron spectroscopy (XPS), low-energy
electron diffraction (LEED) optics (PHI model 15-120), a quadrupole
mass spectrometer (QMS; UTI 100C), and an X-ray source (PHI
model 04-548) that can generate either Al Ka orMg Ka radiation for
XPS. AES spectra were taken with an incident beam energy of 3 kV
and beam current of 65 mA. The LEIS measurements were done
using a lab scattering angle of 104� with 2 keV Heþ ions incident
normal to the surface. All LEIS scans required took 30 s - 2min to
acquire using a 10 nA beam, and no ion beam sputtering effects
were observed when multiple LEIS scans were taken.

Polycrystalline samples of Mo (ESPI Metals, Ashland, OR; purity
3N8) and a titanium-zirconium-molybdenum (TZM) alloy (Good-
fellow, Huntingdon, England; Mo 99/Ti 0.5/Zr 0.1) were used. The
Mo foil sample (1 cm� 1 cm and a thickness of 0.003” (0.076mm))
was freshly polished using alumina paste prior to mounting. The
TZM sample (1 cm� 1 cm and a thickness of 0.005” (0.125mm))
was used without polishing. Both samples were rinsed with
acetone before mounting into the UHV chamber. The samples were
mounted by spotwelding two 0.015 in. (0.38mm) Ta wires to the
back of the samples as heating elements. These were then attached
to 0.040 in. (1.01mm) dia. tantalum rods that were connected to
copper rods using Cu-Be connectors. Resistive heating using a DC
power supply enabled heating of the samples to 1900 K. AW 5%Re/
W 26% Re thermocouple was spotwelded to the samples and used
to monitor the temperature with an Eurotherm 3508, which also
provided a linear heating rate in TPD. The samples were cleaned in
the UHV chamber first by using 1 kV Arþ ion sputtering at room
temperature to reduce the O, C and S contamination to a minimum
level. Surface carbonwas removed by one cycle of heating at 1500 K
in 5� 10�7 Torr O2 for 5e10min. Oxygen contamination was then
reduced by heating the sample to 1900 K in vacuum. Before each Li
adsorption and desorption experiment, the samples were annealed
to 1900 K in vacuum to obtain a clean surface. The “clean” Mo AES
spectrum indicated 94% Mo and 6% O, with no C after the above
cleaning procedure. This oxygen concentration could not be
reduced to below 6% despitemultiple anneals to 1900 K.We believe
that the surface is oxygen-free and this signal arises from oxygen
bound in grain boundaries. For the TZM sample, AES indicates 83%
Mo, 1.8% Ti, 1.5% O, and 14% C. TPD for the cleaned TZM sample
showed desorption peaks for H2O and CO at 400 K, as well as H2
desorption occurring at 400 and 1100 K. There was also C, CO and
O2 desorption at 1100 K due to CO recombination.

The Li films were deposited by physical vapor deposition, i.e.,
thermal evaporation from a commercially available Li metal
dispenser source (SAES Inc.). Before experiments, the Li source was
thoroughly degassed at currents yielding temperatures lower than
that needed for Li evaporation. The amount of Li deposited on the
sample surfaces was calibrated by Li TPD measurements. TPD was
carried out using the QMS in direct line-of-sight with the sample
surface. Since a QMSmeasures the fluxof desorbing particles in TPD
experiments, a flux correction to account for the lower sensitivity of
the QMS signal to fast moving particles was applied to the QMS
signal to properly determine the number of desorbing Li atoms, and
these flux-corrected values were used for the integration needed to
determine the Li film coverages reported herein. The flux-corrected
values were obtained by multiplying the Li QMS signal by √Tsurf.
The particle velocity is proportional to √T and T¼ Tsurf is assumed
to describe the translational kinetic energy of the particle.

3. Results and discussion

3.1. Temperature programmed desorption

Lithium films were deposited on polycrystalline Mo and TZM
substrates at 300 K. AES after deposition onMo detected 0.4% O and
no C, and on TZM found 0.6% O and 1.6% C. Li (7 amu) TPD curves
fromMo are shown in Fig.1 for Li films of qLi¼ 0.05e1.05ML. The qLi



Fig. 1. Li TPD traces from Mo for Li coverages from 0.05 to 1.06ML. The red curve is used to denote a Li coverage of 1.0ML. The Li TPD areas given in the inset are flux-corrected
values. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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values indicated next to each spectrum were determined based on
assignment of the red curve as the saturation monolayer coverage,
i.e. qLi¼ 1.0ML. This assignment was made by analyzing the
appearance of the low temperature components of the Li TPD
curves, specifically the leading edge and the appearance of a sharp,
zero-order desorption peak signifying desorption from a Li cluster
or bulk phase, and determining the TPD trace with the largest area
without these features. Importantly, the area under this curve did
not increase after deposition of thicker Li films. This assignment is
within about 5%, which is sufficient for the experiments reported
herein. We note that other supporting information that is
commonly used in surface science experiments was not used here:
LEED cannot be used on polycrystalline samples, and quantitative
analysis of Li using AES is problematic due to the core-valence-
valence nature of the Li transition and its strong sensitivity to
electronic structure. The smallest Li coverage of 0.05ML gave a Li
TPD peak at 1279 K (b1) and a smaller peak at 890 K. The high
temperature peak could be due to the increased stability of an
oxidized Li compound formed by Li reacting with small amounts of
oxygen at the surface. Another possible origin for this peak could be
tightly bound Li desorbing from grain boundaries. Li in these films
was not fully desorbed until 1500 K, which is much higher tem-
peratures than that seen for Mo(110) single crystals [19] and other
polycrystalline substrates such as tantalum [12] [16], and that seen
below for TZM.

With increasing Li coverage on Mo, the peak maximum shifted
gradually to lower temperature and occurred at 824 K (b2) for
qLi¼ 1.0ML. The decrease in desorption temperature is caused by
repulsive dipole-dipole interactions among Lidþ adatoms. The
appearance of another peak, b3, at 705 K occurred for
qLi¼ 0.88e1.05ML. This b3 peak could be due to a pre-metallic state
of Li in the initial stages of second-layer growth, as was proposed
for Li/Ni (110) [17]. At qLi> 1.0ML, a lower temperature peak, b4,
appeared at 580 K initially. With increasing Li coverage, the b4 peak
grew and eventually developed zero-order kinetics. Based on this
behavior, along with previous assignments for Li desorption from
other substrates [12,13,17,19,22], we assign the b4 peak to Li
desorption from the beginning of multilayer films characterized by
Li-Li interactions.We note that the bulkmelting temperature of Li is
453 K, and so Li desorbing from multilayer Li films occurs via
evaporation from a liquid state. We conclude that the thermal
stability of Li films on polycrystalline Mo substrates is significantly
higher than on Mo single crystal substrates, as evidenced by the
large loss of Li in a peak at 700 K on Mo(110) [19] compared to the
peak above 800 K on polycrystalline Mo and the complete
desorption of Li fromMo(110) at 1100 K compared to 1500 K for the
Mo(poly) substrate.

The inset in Fig. 1 shows a plot of the flux-corrected areas under
the Li TPD curves, which is proportional to the amount of desorbed
Li, for increasing Li dose times resulting in qLi¼ 0.05e1.76ML. The
linear relationship observed indicates that the sticking coefficient
of Li on the surface is constant over this coverage range and that no
Li is irreversibly absorbed on the Mo substrate, i.e., no Li diffuses
deep into the Mo bulk and does not desorb in these experiments.

Li TPD curves from Li films on a polycrystalline TZM sample are
shown in Fig. 2. The indicated Li coverages were determined as
defined above for Mo. The Li TPD curve indicated in red is from a Li
film at close to monolayer coverage, as explained for Mo above, and
herein has been assigned as arising from the Li monolayer
qLi¼ 1.0ML. For the lowest Li coverage, qLi¼ 0.06ML, on TZM, two
peaks were observed in Li TPD at 808 and 1030 K (as will be shown
more clearly in Fig. 3(a)), with a1 denoting the 1030 K peak. This
curve shows that submonolayer amounts of Li are stable to tem-
peratures of up to near 900 K. With increasing Li coverage, the
1030 K peak shifted gradually to lower temperature to 987 K and
saturated near qLi¼ 0.2ML. Further increases in Li coverage caused



Fig. 2. Li TPD traces from TZM for Li coverages from 0.06 to 1.38ML. The red curve is used to denote a Li coverage of 1.0ML. The Li TPD areas given in the inset are flux-corrected
values. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Li desorption to shift further to lower temperatures and eventually
formed a peak, a2, at 712 K at monolayer saturation coverage. For
qLi> 1.0ML, the 712 K peak due to Li-TZM interactions continued to
grow indicating that monolayer coverage was not fully completed
prior to formation of additional layers. This is indicative of Li surface
clustering or the formation of 3D islands of the film. At coverages
exceeding one monolayer of Li, the appearance of the Li multilayer
peak, a3, was observed initially at 550 K and then at 560 K at
qLi¼ 1.38ML. The multilayer for coverages with qLi¼ 5.0ML desorb
at 600 K. The inset to Fig. 2 indicates that on TZM, as on Mo, the Li
sticking coefficient was constant over the coverage range of
qLi¼ 0.06e1.72ML and that no deposited Li was irreversibly lost
into the TZM bulk sample in these experiments.

A comparison of Li desorption from Mo with that from TZM
indicates several notable differences as shown in Fig. 3. First, Li has
a higher thermal stability overall on polycrystalline Mo compared
to TZM. This can be seen in Fig. 3(a) where there is a 250 K differ-
ence in the high temperature desorption peak at low Li coverages,
i.e., the last traces of Li are not fully desorbed until nearly 1500 K on
Mo compared to 1130 K on TZM. Also, Li desorption at these small
coverages is dominated by the higher temperature peak on Mo
compared toTZM. Such a high temperature Li desorption peak from
polycrystalline Mo was unexpected since prior experiments on a
Mo (110) single crystal showed that Li was fully desorbed at 1100 K
[19]. This could be caused by the interactions of Li with specific low
coordination Mo sites on high Miller index planes exposed on the
polycrystalline substrate or by Li interactions with oxygen at
interfacial sites or grain boundaries, which arises from a small
concentration of oxygen in the bulk of the sample. TZM also has
oxygen at interfacial sites or grain boundaries, but TZM might not
show this high temperature stability due to the presence of Ti in the
TZM alloy which binds oxygen more tightly than Mo and may
inhibit oxygen interactions with Li at the surface or grain bound-
aries. Increased thermal stability for Li is also evident in the Li TPD
curves on Mo compared to TZM over most of the Li monolayer
range, where more Li remained on the surface at a given temper-
ature for Mo than for TZM over the range of 600e1100 K.

These observations for Mo are more clearly visible in Fig. 4,
which shows the amount of adsorbed Li, as obtained by integrating
the flux-corrected Li TPD areas, as a function of temperature for
initial coverages of qLi¼ 0.5, 1 and 1.78ML on Mo. For initial cov-
erages of qLi� 1.0ML, a large decrease in Li coverage occurs just
below 600 K due to multilayer Li desorption. However, the qLi¼ 0.5
film remained stable on Mo until 800 K, while this was only stable
on TZM to 700 K. The amount of Li that desorbed from Mo above
600 K was independent of the initial Li film coverage.

We can determine the activation energy for Li desorption, Ed,
from the Li desorption peak temperatures (Tp) by fitting the
desorption curves using the Polanyi-Wigner equation:

rdes ¼ �dq
dt

¼ vn$exp
�
�Ed
RT

�
$qn (1)

where vn is the preexponential factor, q is the instantaneous
coverage, and n is the kinetic order of desorption, which in this case
is first order with n¼ 1. In our analysis of the Li TPD curves we
assumed a constant pre-exponential factor of v1 ¼ 1013s�1 and first
order desorption kinetics, and calculated Li desorption activation
energies as a function of Li coverage by estimating Tp values near
the onsets of desorption. These results are shown in Fig. 5 for both
Mo and TZM substrates. These values for Ed are equal to the Li
adsorption energies, in cases such as those here, where there is no



Fig. 3. Comparison of Li TPD traces for (a) 0.06ML Li/TZM(poly) and 0.05ML Li/
Mo(poly), and (b) 1.38ML Li/TZM(poly) and 1.05ML Li/Mo(poly).

Fig. 4. Thermal stability of Li films on Mo(poly) surfaces probed by showing the Li film
coverage changes with temperature as determined by flux-corrected Li TPD areas for
several initial Li film coverages.

Fig. 5. The dependence of the Li desorption energy on the Li coverage, qLi, derived
from a Redhead analysis of the Li TPD curves from Figs. 1 and 2.
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activation energy barrier for adsorption, i.e. Li adsorption is not
activated. The value of Ed for Li on Mo at low coverage was 3.52 eV
(340. kJ/mol) and this decreased rapidly with coverage to 1.94 eV at
0.63ML, and then finally decreasing to 1.46 eV at monolayer
coverage. On TZM, the Li desorption energy is 2.81 eV (271 kJ/mol)
at 0.06ML and decreases smoothly to a value of 1.49 eV at mono-
layer coverage. Li films near one monolayer coverage on Mo and
TZM have the same desorption energies, but Li is adsorbed more
strongly and desorbs with a higher desorption energy on Mo than
on TZM for qLi< 0.77ML.

Table 1 compares this information on the thermal stability of Li
films onMo and TZM to several other metal substrates. In all case, Li
multilayer films begin to desorb near 520 K at an appreciable rate in
vacuum during heating in TPD and only a more stable chemisorbed
monolayer remains at the surface after heating to 560 K. This sit-
uation arises from relativelyweak Li-Li interactions in bulk Li with a
corresponding relatively high vapor pressure and a cohesive energy
of 1.69 eV [23]. Within the Li monolayer film at the surface, the Li
desorption energy, equal to the adsorption energy, probes the Li-
substrate interactions. The bonding of Li to the substrate is



Table 1
Maximum Li-substrate binding energies.

Substrate Tp (K) (qLi, ML) Ed (eV) Ref.

TZM(poly) 1040 (0.017) 2.85 [12]
TZM(poly) 1030 (0.06) 2.82 This work
Mo(poly) 1276 (0.05) 3.52 This work
Mo(110) 1030 (0.04) 2.82 [19]
Ni(110) 900 2.46 [17]
Ru(001) 1000 (<0.01) 2.74 [13,14]
SS316 942 2.57 [18]
Ta 913 (0.13) 2.49 [16]
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strongest at low Li coverage and is gradually reduced with
increasing coverage, which is caused by electronic effects and
dipole-dipole repulsive interactions within the Li adlayer, to values
nearly equivalent to that for Li multilayer desorption. Dipole-dipole
interactions between Lidþ adatoms that form due to charge transfer
from Li to the substrate account for most of the coverage depen-
dence of Ed. An analytical model to account for these dipole-dipole
interactions by Albano [24] model was used to simulate fairly well
the measured temperature-dependent desorption rates of Li on
Mo(110) [19]. However, additional coverage-dependent ordering
and structural changes within the Li monolayer can cause relatively
large changes in the Li desorption rate and give rise to noticeable,
large desorption features in the Li TPD curves that typically occur
between 700 and 800 K.

From Table 1, the Li films show higher stability on all molyb-
denum substrates (single crystal, polycrystalline as well as alloy).
This indicates that the bonds for Li-Mo> Li-Ru> Li-SS316> Li-
Ta> Li-Ni if there is no impurity contamination leading to com-
pound formation which could contribute to increased stability.

3.2. AES annealing studies

AES spectra from clean and Li-coated TZM surfaces were ob-
tained and the low energy portion of these are shown in Fig. 6. The
clean surface is characterized by theMo 186 eV peak, and otherMo-
derived peaks, and a Ti 418 eV peak (not shown), and no detected C,
O, or Zr signals. Deposition of Li on the TZM substrate caused the
appearance of two Li-derived peaks, at 40 and 50 eV. The 40 eV Li
peak is attributed to oxidized Li that results from coadsorption of
CO or H2O impurities from background gases, and this peak in-
terconverts to the 50 eV peak after annealing the surface to 450 K
and the desorption of impurities. In a prior study of Li adsorption on
Ni(110), the presence of a 42 eV Li transitionwas attributed to arise
from an Auger electron exchange process due to interaction of Li
with the substrate [17] and similar effects may also occur in our
spectra due to Li-Mo interactions. The 50 eV peak is assigned to
metallic Li in the film, as done previously [25]. The 50 eV peak in-
tensity increased with increasing Li deposition, roughly doubling in
size from 0.5 to 1ML, and then increasing from the 1ML value by a
factor of 2.0 and 1.8 for the 2 and 5ML films. While the Li peak-to-
peak height here is not a reliable measure of the Li concentration,
due to lineshape changes, these observations are very roughly
consistent (as further explained below) with expectations for a
Frank-van der Merwe (FM) layer-by-layer growth mode, in which
one would expect these signals to be 1.5 and 1.8 times larger than
the 1ML value using an inelastic scattering mean free path, lLi, of
4.6Å at 50 eV in Li.

Annealing studies of several Li films on TZM were conducted
using AES to probe the film thermal stability and interactions of the
Li films with the substrate for increasing temperatures, as shown in
Fig. 7. Li films were deposited onto the TZM substrate at 300 K,
annealed for 20 s at the indicated temperatures, and then AES
spectra were taken after the sample was returned to 300 K.
Fig. 7(a)e(b) show the Li 50 eV andMo 186 eV AES signals (peak-to-
peak heights of the Auger transitions in dN/dE mode), respectively,
as a function of annealing temperature for Li films of qLi¼ 1.0, 2.0,
and 4.7ML. Fig. 7(b) shows additional data for qLi¼ 0.47. The
amount of Li in the deposited films was determined by the Li dose
time and confirmed by Li TPD experiments. Due to the nature of
AES in general, and in particular for the Li 50 eV AES transition, we
do not expect the Li signal plotted in Fig. 7(a) to be strictly pro-
portional to the Li coverage, but rather it can be used to probe
qualitatively the amount of Li and aspects of the film structure. Two
dashed lines are shown on the graphs: one for the melting point of
bulk Li, Tm, at 453 K, which represents the upper limit for melting at
the Li surface of multilayer Li films, and one for the onset of Li
desorption from multilayer films, To, at 527 K. We defined To as the
temperaturewith 1% of the maximum Li desorption rate in TPD. For
the two films exceeding monolayer coverage, changes in the Li
signals were seen near the Li melting point and prior to the onset of
Li desorption. These could arise from changes in the Li film struc-
ture due to desorption of impurities (CO desorption was observed
at 370 K), 3D clustering, and melting of Li films thicker than one
monolayer near Tm. The large decrease in the Li signals at tem-
peratures above 527 K is due to the loss of Li from the film after the
onset of Li desorption. This is consistent with the TPD data, and the
coincident Li AES signals above this temperature are consistent
with the formation of a Li monolayer film independent of initial
film thickness.

The Mo 186 eV AES signals plotted in Fig. 7(b) are less sensitive,
but more reliable reporters (due to smaller chemical effects on the
Mo signal) of changes in the Li film morphology and coverage with
temperature. The Mo AES signal from TZM without any Li as a
function of temperature is shown as the top curve for reference.
This curve should be temperature independent, if there are no
surface composition changes of the other TZM components. The
temperature-dependent changes observed in the Mo signal are
attributed to the accumulation of contaminants (e.g. CO and H2O)
during data acquisition and their desorption from the surface at
higher temperatures. For the curves for Li films, the changes in the
Mo signal with temperature should be complementary to those
changes seen for the Li signals, since due to the surface sensitivity of
AES, the Mo signal is increasingly attenuated by increasing Li film
thickness. For a submonolayer Li coverage, qLi¼ 0.47ML, the Mo
signal is attenuated compared to the Li-free surface and is nearly
constant until 900 K when the final amounts of Li begin to desorb
from the surface and no longer attenuate theMo signal. For all films
that exceed one monolayer or more thickness, qLi� 1ML, the Mo
signal first decreases and then increases near the Li melting point
and prior to the onset of Li desorption, consistent with the changes
in the Li AES signals and Li film discussed above. Again, the similar
Mo AES signals above To at 527 K are consistent with forming Li
monolayer films independent of initial film thickness. The Mo
signals at 1200 K are below that of the Mo curve without Li due to
the presence of atomic oxygen on the surface that does not desorb
until higher temperatures. This oxygen was seen in AES spectra
after the annealing experiments where completed, which showed a
TZM surface composition of 84.2% Mo, 7.0% Ti, 8.8% O. Evidently,
some additional contamination on the surface is accumulated
during the Li film deposition and annealing experiments that
causes a small attenuation of the clean Mo signal after all Li
desorption has occurred by 1200 K.

Analysis of the AES data can provide insight into the Li film
growth mode, i.e., layer-by-layer, layer plus clustering, or clus-
tering, for Li films deposited on TZM at 300 K. The Mo 186 eV Auger
electrons have lMo of 10.7Å in Li [26] and one can calculate the
attenuation of the Mo 186 eV signal expected due to the deposition
of Li films growing in a layer-by-layer mode [27] as:



Fig. 6. AES spectra for a clean TZM surface and for deposited films with Li coverages of 0.5, 1, 2 and 5ML.
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IMo ¼ I0Moe
�d

lcosðqÞ (2)

where IMo is the Mo AES signal intensity, IoMo is the Mo AES signal
intensity from the clean TZM substrate, q is the angle between the
surface normal and the electron analyzer axis (90�), and d is the Li
film thickness. Based on this calculation, Li film coverages of 1, 2
and 5ML (determined accurately from TPD) should attenuate the
Mo AES signal to values of 75, 56 and 24% that of the original, clean
Mo AES signal if the filmwas growing in a layer-by-layer mode. Our
measured values for the Mo AES signals observed of 59, 49 and 43%
are very roughly consistent with the model predictions for growth
with non-ideal layering, and some clustering in thicker layers, and
the strong modification of the Li electronic structure in the
monolayer.
3.3. LEIS annealing studies

LEIS is more surface sensitive than AES and can provide
elemental analysis of the topmost atomic layer of a solid [28]. LEIS
spectra obtained using 2.0-keV Heþ ions are shown in Fig. 8 for the
initial, clean TZM substrate (bottom curve) and after deposition of a
5-ML Li film on TZM at 300 K. Binary scattering calculations predict
peaks from C, O, Ti, Zr, andMo at 843,1082,1643,1793, and 1810 eV,
respectively, and a peak from Li at 390 eV. Prior to Li deposition, no
Zr LEIS peaks were seen. As shown in the top curve, the deposition
of 5-ML Li eliminates the Mo and Ti signals and strongly alters the
shape of the background in the ion scattering spectrum.

Fig. 9(a)-(c) show data from thermal stability measurements
using LEIS for several Li films deposited on TZM at 300 Kwith initial
Li coverages of qLi¼ 0.5, 1, 2, and 5ML. The LEIS intensities were
calculated using the integrated areas under the scattering peaks.
The Mo and Ti LEIS signals were normalized to the signals
measured from the clean TZM surface at 300 K and the Li LEIS signal
was normalized to that value for the 5ML Li film at 300 K. As shown
in Fig. 9(a), the Li LEIS intensities for the 2 and 5ML Li films after
deposition on TZM at 300 K were identical, and the Li LEIS signal
changes with heating of these films are nearly the same. The Li
signals are unchanged as the temperature is raised until above the
onset of desorption from Li multilayer films, To, at 527 K. Annealing
to 600 K produces a 50% decrease in the signals to about the initial
intensity seen for the 0.5ML Li film. This agrees with the TPD re-
sults in Fig. 2 that show the 0.56ML curve has an onset of
desorption near 600 K. The Li LEIS signals are nearly constant for
temperatures of 600e900 K despite the desorption of Li from the
substrate seen in TPD. This could be due to either a coverage-
dependent ion neutralization probability for Li scattering or the
presence of contamination that oxidized these submonolayer Li
films and therefore made them more stable until desorption at
temperatures greater than 900 K. After 900 K, these films show a
gradual decrease to zero at 1200 K. The signal for the 1-ML Li film
decreases upon heating until 500 K and then follows roughly the
curves for the thicker Li films. The lower than expected intensity for
the as-deposited 1-ML Li film could arise from either some 3D
clustering or contamination, or both. The 0.5-ML Li film has a Li LEIS
signal intensity initially that is close to one-half that of the thick Li
films as would be expected, and with heating follows roughly the
curves obtained for heating the thicker Li films.

The Mo LEIS signals shown in Fig. 9(b) provide complementary
information to that in Fig. 9(a), since the surface atoms are pri-
marily Li or Mo and so increases in the Mo signal should occur as
the Li signal decreases due to uncovering of the Mo substrate by
clustering or desorbing Li atoms. The increase in the Mo LEIS signal
near Tm and below To for the multilayer films indicates 3D clus-
tering in the Li film. After desorption of any Li exceeding the
monolayer, the Mo LEIS signal gradually increases with tempera-
ture, with a much sharper rise above 900 K, and finally at 1200 K
attains the Mo LEIS signal corresponding to the initial TZM surface.

As shown in Fig. 9(c), for the qLi¼ 1, 2 and 5ML Li films, no Ti
LEIS signal is detected until the substrate is heated above 500 K.
After Li films exceeding one monolayer are desorbed by heating to
600 K, a Ti LEIS signal is observed, but with large variations in size



Fig. 7. Influence of temperature on the (a) Li-50 eV and (b) Mo-186 eV AES signal in-
tensities as measured by peak to peak height for several initial Li film coverages.

Fig. 8. LEIS curves for (a) the clean TZM(poly) substrate, and (b) 5ML Li film on TZM.
LEIS detected surface atoms of Mo, Ti, O and C for the initial TZM substrate prior to Li
deposition.
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depending on the initial amount of deposited Li. This probably
arises from the different amounts, for different deposited Li films, of
oxygen on the surface from impurities such as CO and H2O, which
could preferentially adsorb on the Ti and increase the surface
concentration of Ti during annealing.

A comparison of the TPD data Fig. 2 with the LEIS data shown in
Fig. 9(a) is shown in Fig. 10 and enables us to make conclusions
about the nature of the Li film as the temperature is increased
above 300 K. To evaluate the amount of Li left on the surface as
measured by TPD after annealing, we used the onset of desorption
and the flux-corrected TPD areas. Onset temperatures of 522, 583,
711, 772 and 925 K corresponded to coverages of qLi¼ 0.06, 0.13,
0.26, 0.56 and 0.77 in TPD respectively. Prior to and at 600 K, there
is good agreement between the TPD data and the Li LEIS annealing
plot. However, at 700 K and above LEIS indicates muchmore Li than
does TPD, which is due to contamination that accumulates during
the sequential LEIS measurements and stabilizes surface Li. None-
theless, we can conclude that with heating there is no significant
diffusion of Li out of the deposited film into the grain boundaries or
TZM subsurface regions since the LEIS signal intensities indicate Li
surface layer concentrations at or exceeding those determined by Li
TPD at all temperatures from 500 to 1200 K.
4. Conclusion

The thermal stability of thin Li films on two polycrystalline
substrates, pure molybdenum and a molybdenum alloy (titanium
zirconium molybdenum, TZM), has been studied under UHV con-
ditions using a multi-technique surface science approach. Li TPD
results show that Li in films thicker than one monolayer thermally
desorb in a peak at 560e600 K. Li monolayer films on both sub-
strates show stronger Li-Mo bonding than Li-Li bonding in the
thicker Li films, however Li in the monolayer, in contact with the
substrate metal, begins to desorb at only slightly higher tempera-
tures. On Mo, the Li monolayer is characterized by a broad thermal
desorption feature from 600 to 850 K and a high temperature tail
with Li remaining on the surface until 1500 K. The Li monolayer on
TZM shows a prominent and well-defined desorption peak near
700 K and a shoulder near 1000 K, with Li remaining on the surface
until 1100 K. These results show an unusually high thermal stability
of Li films on a Mo (poly) substrate compared to TZM(poly), single-
crystal Mo (110) surfaces, and other metal substrates. This could be
caused by the interactions of Li with specific low coordination Mo
sites on high Miller index planes exposed on the polycrystalline
substrate or by Li interactions with oxygen at interfacial sites or
grain boundaries. No irreversible intermixing of Li with either the
Mo or TZM substrates was observed, as evidenced from studies of
TPD and surface spectroscopy. Evidence in LEIS was found for 3D-
clustering in Li films at or exceeding one monolayer on TZM when
heated at temperatures of 300e400 K. Li AES and Mo AES attenu-
ation measurements were roughly consistent with Li film growth
with non-ideal layering, and some clustering in thicker layers, at
room temperature, and LEIS also shows no exposed Mo or Ti atoms



Fig. 9. Thermal stability of Li films on TZM probed by LEIS for several initial Li film coverages. Changes in the LEIS signals for (a) Li, (b) Mo, and (c) Ti are shown as the substrate
annealing temperature was increased.

Fig. 10. A comparison of the temperature dependence of the Li LEIS signals and Li TPD
areas for a 5ML Li film on TZM.
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for Li films thicker than 2ML on the TZM substrate. These results
provide benchmark thermal stability data that will assist in
understanding Li film behavior on high-Z substrates at tempera-
tures that may be found in fusion devices. In particular, such data
on the Li monolayer stability on these substrates is important for
“dry-out” conditions and rewetting phenomena.
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