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ABSTRACT

In-situ analysis of surfaces during high-flux plasma exposure represents a long-standing challenge in
the study of plasma-material interactions. While post-mortem microscopy can provide a detailed picture
of structural and compositional changes, in-situ techniques can capture the dynamic evolution of the
surface. In this study, we demonstrate how spectroscopic ellipsometry can be applied to real-time
characterization of W nanostructure (also known as “fuzz”) growth during exposure to low temperature,
high-flux He plasmas. Strikingly, over a wide range of sample temperatures and helium fluences, the
measured ellipsometric parameters (W, A) collapse onto a single curve that can be directly correlated
with surface morphologies characterized by ex-situ helium ion microscopy. The initial variation in the
(W, A) parameters appears to be governed by small changes in surface roughness (< 50 nm) produced
by helium bubble nucleation and growth, followed by the emergence of 50 nm-diameter W tendrils.
This basic behavior appears to be reproducible over a wide parameter space, indicating the
spectroscopic ellipsometry may be of general practical use as a diagnostic to study surface morphologies
produced by high-flux He implantation in refractory metals. An advantage of the methods outlined here
is that they are applicable at low incident ion energies, even below the sputtering threshold. As an
example of this application, we apply in-situ ellipsometry to examine how W fuzz growth is affected
both by varying ion energy as well as the temperature of the surface.

. INTRODUCTION

Understanding and predicting how materials respond to high-flux plasma exposure is crucial for
many applications within plasma science, especially within the field of nuclear fusion. In addition to
hydrogen isotopes, fusion edge plasmas potentially contain smaller quantities of He, sputtered and
desorbed impurities from the surrounding wall materials, as well as deliberately introduced species
(typically N, B, or Ne). These particles are predominantly low energy (< 100 eV) and are implanted
into the first few nm of the exposed interface, and nucleate defects within a narrow region (~ 50 nm)
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near the surface [1]. In addition to these ions, higher energy charge-exchange neutral particles may
also reach the plasma-exposed interface. The surface degradation caused by the plasma limits the
practical material lifetime, but its effects are far broader. As the plasma continuously modifies surface
structure, new defects are created which can also trap hydrogen isotopes [2]. For burning plasmas that
rely on a mixture of tritium and deuterium, permeation of tritium through materials poses a
radiological safety issue [3,4]. Furthermore, the effect of the reconstituted surface on edge plasma
operation remains an open question. Unfortunately, current understanding of the coupled mechanisms
underlying these effects falls far short of what is needed for reliable predictions of material lifetime
and tritium retention in magnetic confinement fusion devices.

Our knowledge of these basic mechanisms could be advanced considerably with in-situ
diagnostics capable of probing how surface composition and structure are modified by the plasma.
However, a significant obstacle is that most established forms of electron-based spectroscopy and
microscopy are incompatible with a plasma environment. One strategy for overcoming these problems
includes transferring samples in-vacuum into characterization stations attached directly to the plasma
device [5-8], or into a separate surface science instrument via a self-contained portable chamber [9].
This allows for intermittent characterization, providing information on a “shot by shot” basis.
Alternatively, better time resolution can be realized through in-situ optical and laser-based techniques.
Examples include laser-induced breakdown spectroscopy (LIBS) [10] and laser-induced desorption
spectroscopy (LIDS) [11], which allow for analysis of surface composition and hydrogen isotope
retention. High energy ion beam analysis offers an avenue for probing the depth distribution of
implanted species in-situ [12]. Another noteworthy recent development is in-situ TEM, which allows
for direct imaging of nm-sized bubble nucleation and growth [13]. To date, this technique has been
restricted to low-flux ion bombardment but has the potential to provide unique insight into defect
formation and bubble migration.

While the in-situ techniques described above provide valuable insight into mechanisms governing
surface modification by plasmas, they do not measure how the surface morphology evolves. In-situ
spectroscopic ellipsometry presents an intriguing method of capturing this information. The technique
is non-destructive (and non-contact), is not dependent on the absolute reflectivity of the surface and
provides sensitivity to nm-scale changes in roughness. To determine this information, ellipsometry
measures how the polarization of light is changed when reflected from a sample surface. By
measuring changes in polarization as opposed to changes in reflectivity, ellipsometry is more robust
against instabilities in the experimental instrumentation, including variations in the beam intensity,
and provides greater sensitivity to thin surface layers. While reflectometry has been successfully
applied in quantifying degradation in the performance of diagnostic mirrors intended for use in
nuclear fusion devices [14,15], ellipsometry could provide complementary information on surface
roughening or coating with sputtered impurities due to exposure to the plasma environment. One
limitation of this approach is that ellipsometry provides direct information only on the optical
properties of the surface, rather than on its physical structure. As a result, an understanding of the
basic surface configuration and its composition is required in order to quantitatively interpret the
results. Fortunately, this is usually possible through comparisons with microscopy or surface science
techniques (e.g. Auger electron spectroscopy coupled with ion beam depth profiling). Modelling the
ellipsometry results also often presents challenges for complex surface morphologies; different
approaches are discussed in Sect. III of this article.

The application of ellipsometry for in-situ study of plasma-surface interactions was previously
explored by Bastasz and co-workers [16]. In that work, a single wavelength ellipsometer was attached
to the PISCES-B linear plasma device and successfully measured the erosion rate of a SiO; film on a
Si substrate during D," plasma bombardment. While many of the practical issues associated with
implementing in-situ ellipsometry on a large plasma device were identified and solved, the work of
Bastasz et al. addressed only very modest changes to the surface (erosion of only ~5 nm). Miyamoto
[17] and Nishijima [18] later relied on ex-situ ellipsometry to observe differences in optical features
of tungsten exposed to He plasmas as compared with pristine surfaces over wavelengths of 200 nm —
900 nm. These results demonstrated that it is plausible to also extract meaningful information from the
wavelength dependence of the refractive index and extinction coefficients determined by



ellipsometry. An open question is whether such an approach could be applied in-situ to a broader
range of problems for fusion plasmas.

In this article, we extend the use of in-situ spectroscopic ellipsometry to study complex surface
morphology changes driven by plasma exposure in real time. In this case, we consider the W+He
model system, where high-flux helium plasma exposure of W leads to the growth of a layer of
nanotendrils, also known as tungsten “fuzz”. Here, we correlate the optical properties of the surface,
as determined by in-situ ellipsometry, to changes in surface morphology using ex-situ microscopy.
We find that the ellipsometry measurements are sensitive to the fuzz layer thickness for experimental
conditions relevant for fusion applications. For this study, this encompasses temperatures ranging
between 472 — 937 °C, ion energies < 250 eV, and particle fluences up to 1.2x10% m™. Our initial
objective with this work is to demonstrate the use of in-situ ellipsometry as a diagnostic for
fundamental studies of early-stage effects of He on plasma-facing materials. Data on fuzz layer
thickness and its rate of growth under different exposure conditions is valuable information that can
help motivate modelling studies. Beyond this, we envision that the in-situ ellipsometry approach
discussed here could be applied to a variety of plasma-material interactions studies in linear plasma
devices. This approach, coupled with other characterization tools, could eventually be used to
measure erosion and redeposition of thin films as well as surface morphology changes.

The W-+He model system is particularly important in the realm of plasma-material interactions in
fusion devices. Tungsten will be used in the divertor of ITER, an international magnetic-confinement
fusion experiment under construction in Cadaraché, and is a leading option for wall materials in many
demonstration reactor concepts. During high-flux, low energy plasma exposure, He can nucleate a
dense layer of nm-sized bubbles within the first ~50 nm of the surface. At higher temperatures, these
effects become more pronounced, creating surface ripples, and eventually a layer of ~50 nm diameter
tendrils. Fig. 1 shows the evolution of these surface features with increasing fluence. The individual
images depict nanostructure layers with thicknesses of 135 nm, 180 nm, and 350 nm following
exposure to He fluences of @, = 1.4x10%* m?, 4.3x10** m?, and 7.2x10** m™, respectively. Despite
the considerable experimental and theoretical work that has been invested in exploring this system
over the past 10 years since its discovery [19-21], the mechanisms underlying its growth are debated,
and a comprehensive model has remained elusive. A summary of mechanisms proposed by different
researchers appears in Hammond’s recent review [22] and include: (a) bubble growth and rupture, (b)
dislocation and grain boundary segregation, (c) void-coalescence, (d) electric-field induction, and (e)
sputtering and (selective) erosion. As pointed out by Hammond, there appears to be consensus that
bubble growth and rupture is clearly one of the main drivers for nanostructure growth, while
mechanisms (c) — (e) have fallen out of favor due to a lack of supporting experimental evidence. The
importance of near-surface He bubble growth to surface roughening in the initial stages of plasma
exposure has been highlighted in several recent experimental [23] and modelling studies [24-26].
Setting aside the lack of consensus on some of the other underlying mechanisms, predicting the
evolution of these surface morphologies is of considerable practical importance. Exfoliation of the
damaged surface could be a significant impurity source within core fusion plasmas, and near-surface
He precipitation is known to dramatically affect tritium trapping and permeation [2].

Il. EXPERIMENTAL METHODS

The RF plasma source used for this work consists of a 2 m long cylindrical vacuum vessel (25 cm
dia.) constructed from stainless steel UHV components. The chamber itself is equipped with a
turbomolecular pump, enabling an ultimate base pressure of 6.5x10° Pa (5x10® Torr) to be reached.
Four magnet coils positioned along the length of the chamber produce an axial magnetic field. A
cylindrical He" plasma discharge, approximately 5 ¢cm in diameter, is generated by applying RF power
to a slotted Cu coil located inside the chamber. The coil design is based on prior work by Lisitano [27,
28], with later refinements by Kerst [29, 30], and is intended to direct electromagnetic waves along its
axis and ionize the neutral gas using a non-resonant process (frequency: 420 MHz.) Under typical
conditions, we operate the source with an applied axial magnetic field of 185 G, RF power of 250 W,
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and He neutral pressure of 0.65 Pa (5 mTorr.) A Langmuir single probe attached to a linear translation
stage allows measurement of the plasma parameters at different radial positions within the plasma
column. The incident ion flux reached a peak of 4.0x10*° m™s™' under normal operating conditions.
Further information on the fitting and modelling approach for the Langmuir probe data are described
in Ref. [31].

Control of impurities within the plasma is an important consideration for these measurements. To
minimize sputtering from heavier gas-phase impurities (O and N), we pumped out and purged the He
gas lines prior to each experiment. We also relied on a gas purity sensor to check for any changes in
the gas composition. In addition, we measured the mass of specimens before and after plasma
exposure to confirm that sputtering was negligible. One potential problem with having the Lisitano
coil inside the plasma chamber is the possibility of sputtering and redeposition on sample surfaces.
We anticipated that this would not be a serious problem, given that the coil is grounded, the plasma
potential is small (~40 eV), and the ion temperature of the plasma is also low. To verify our
assumptions, we characterized the W specimens looking for signs of Cu, Fe, and other deposited
impurities using x-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES).
Aside from chemisorbed O and C (very typical following exposure to air), we found no evidence of
other impurities. There was also no evidence of sputter-deposited Ta from the front mask used to
secure the specimen to the target holder. The sensitivity of our AES and XPS instruments is
approximately 0.5% at.

Because ellipsometry is sensitive to differences in surface morphology, consistency of sample
fabrication and surface preparation is an important consideration. For this work, specimens were cut
from polycrystalline W (ITER-grade [32], Allied Materials Corporation) via electrical discharge
machining and mechanically polished to an RMS surface finish of 10 nm. The spot size from the
beam of the ellipsometer required the use of 25 mm diameter specimens (2 mm thick) for in-situ
analysis. For ex-situ analysis, smaller 6 mm diameter buttons were used for convenience. After
polishing, all samples were heated to 900 °C in an ultra-high vacuum (UHV) furnace (< 107 Torr)
over a 30 min. interval and held at this temperature for 1 hr. Prior electron backscatter diffraction
measurements on these materials indicate that the grains range between 10 — 20 pm in width [33]. In
addition to the ITER-grade specimens, one sample of rolled polycrystalline W (Goodfellow) was also
included in our test matrix for comparison.

Following annealing, the W specimens were then mounted to a target equipped with a button-
style heater, enabling sample temperatures up to 1000 °C to be reached. The sample temperature was
measured using a type C thermocouple spot-welded to a Ta foil placed beneath the sample. Because
the thermocouple may pick up some current from the plasma (thereby distorting the signal), we also
used an optical pyrometer to monitor the stability of the sample temperature during exposure. The
samples were isolated from the heater using a sapphire disc, allowing the collected ion current to be
measured. For most of the exposures discussed here, the applied bias was -50 V relative to the
chamber ground. When corrected for the plasma potential (42 eV), the resulting calculated ion energy
was 92 eV. For the He plasmas considered here, we did not note any appreciable mass loss for the
samples exposed to plasmas at a bias of -125 V (ion energy: 167 eV.) The temperature range and
incident ion flux encompass the conditions required for He-induced nanostructure growth.

Following plasma exposure, all specimens were imaged using a helium ion microscope (HIM),
the Zeiss ORION NanoFab. This was used to assess how the surface morphology changed after
exposure. In cases where plasma exposure had produced a thick fuzz layer, we determine its thickness
with Ga” focused ion beam (FIB) profiling. Because of the delicate nature of the nano-tendrils, care
was taken to use a low beam current for the FIB milling and the beam scanning parameters were
tuned to produce clean cuts free from redeposited material. Using a 25 keV Ga' beam at 10 pA, a
rectangular area of dimensions 3 um x 3 um was first milled using standard raster scan mode to a
depth of approximately 1 um. Then, reducing to 1 pA, the final cleaning cuts of the cross section were
performed using a reduced rectangle of dimensions 3 um x 100 nm, with the long side of the rectangle
closest to the region of interest milled last. This final rectangle was milled using a scanning mode in
which each scan line is milled multiple times before moving on to the next line, rather than the many
repeats across the same area that are performed in raster scan mode. Each cross section was then
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imaged by HIM under an angle of 54 degrees relative to the surface normal. The HIM images were
acquired using a 1-2 pA He" beam (beam diameter ~ 0.5 nm) at 25 keV. There was no discernible
change in the sample morphology resulting from the HIM imaging. In cases where the morphology
was in its early stage of formation, we used atomic force microscopy to generate surface height maps.

For in-situ measurements, a spectroscopic ellipsometer (245 — 1000 nm wavelength range) was
attached to the RF-plasma source with direct line-of-sight to the sample surface, as shown in Fig. 2.
Both the ellipsometer light source and detector were mounted to gimbals and aligned to a specular
angle of 70°. Following installation and alignment, we calibrated the ellipsometer using a 25 nm SiO;
layer grown on a Si substrate to precisely determine the offsets for the ellipsometer polarizers and any
errors introduced by the optical viewports. To allow us to compensate for thermal expansion, the
sample stage was equipped with a micrometer positioner. During each exposure, complete
ellipsometry spectra were acquired every 2 s.

lll. RESULTS AND DISCUSSION

Fig. 3 shows results from in-situ ellipsometry measurements, as indicated by the three solid
curves corresponding to exposure times of 1 hr, 3 hrs, and 5 hrs. Here the data are rendered in terms
of the two parameters measured by the ellipsometer, ¥ and A, used to determine the polarization
change of the reflected light. The phase difference between the parallel and perpendicular components
of the incoming and outgoing light are indicated by §; and §,, respectively. The parameter A = §; —
8, is the phase shift that occurs upon reflection and can have any value between 0 - 360°. Amplitude
information, on the other hand, is contained in the parameter ¥, which ranges between 0-90°. It is
related to the ratio of the magnitudes of the parallel and perpendicular components of the total
reflection coefficients, (denoted as 7, and 7, respectively), by tan(¥) = |rp | /|1rs|. These two basic
quantities can be combined to give the complex ratio p of total reflection coefficients by the
expression below:

tan(P) e’ = p = n,/n

While the ellipsometer collected data over its entire spectral range, three discrete wavelengths (245
nm, 624 nm, and 999 nm) are shown in Fig. 3 for simplicity. Except for the total plasma fluence, the
exposure conditions were identical for each of the in-situ measurements (Eion = 92 €V, Tsurface =

900 °C, and Ion = 4.0x10% m? s™"). The three exposures correspond to the same images depicted in
Fig. 1. The in-situ data trace out different lengths along the same trajectory in (¥, A) space. This
illustrates not only the reproducibility of the experimental conditions and measurement technique, but
also that of the He bubble nucleation and fuzz growth process. There is a slight variability in the
values of (¥, A) for each sample at ¢ = 0, which we attribute to small variations in surface preparation
(e.g. small differences in oxidation and surface roughness).

-Table 1: Summary of ex-situ data sets for low energy He" exposure of W surfaces

data set # of Comments
ID samples

Sample temperature varied between 472 — 937 °C. Exposure conditions: Eion = 92 eV,

A ? Lion = 4.0x10*° m? 57!; @i, = 7.2x10%* m2. Material: ITER-grade W

Ton fluence varied between ®io, = 5.0x10% — 1.2x10% m™.
B 6 Exposure conditions: Tyumpe = 840 °C; Eion = 92 €V; Fon = 2.7x10%° m?2 s, Results
reported in Ref. [26]. Material: ITER-grade W

Exposure conditions: Tsumpie = 900 °C; Eion = 92 €V; ion = 4.0x102° m? 57!,
Djon = 7.2x10%* m2. Material: rolled polycrystalline W foil

Exposure conditions: Tsumpie = 840 °C; Eion = 92 €V; ion = 4.0x102° m? s7!;
Dion = 8.6x10%* m2. Material: ITER-grade W. Results reported in Ref. [31].




While several factors influence the ellipsometry measurements described here, the most important
contribution is the dramatic roughening of the surface depicted in the images in Fig. 1. This effect has
been well documented, particularly in prior work by Aspnes and co-workers [37]. To better
understand how changes in the (¥, A) trajectories are correlated to surface morphology, we performed
ex-situ characterization of 21 additional tungsten samples exposed to pure He" plasmas over a wide
range of temperatures and fluences. The exposure conditions for these samples are summarized in
Table 1, with further details included in Refs. [26, 34] and in the supplemental online information.
After plasma exposure, we acquired ex-situ ellipsometry spectra for each specimen and imaged its
surface morphology using helium ion microscopy (HIM). The thickness of the fuzz layer was also
determined by gallium focused ion beam profiling. The (P, A) values for each sample are indicated in
Fig. 3 by markers for the same 70° specular reflection angle used for the in-situ measurements. The
corresponding thicknesses of the nanostructure layer for select specimens exposed at varying
temperatures (series “A” in Table 1) are indicated in units of nm in the figure overlay. For
comparison, the final thickness of the fuzz layer measured for the in-situ samples is also indicated
using the red labels. Though these data were acquired over a wide range of conditions, it is striking
that they all appear to collapse onto a single curve in (¥, A) space, tracing out a trajectory that
depends on the fuzz layer thickness. Taking the 624 nm case as an example, changes in A span over
120°, whereas W varies over 12° as the nanostructure thickness approaches 1 um. These changes are
far larger than the uncertainty introduced by small variations in surface preparation.

There are several unusual features of the plots shown in Fig. 3 that are worth considering. First, a
sharp “knee” in the data is present A = 245 nm as the fuzz layer thickness reaches between 360 — 405
nm. This same knee is less prominent in the A = 624 nm plot and absent from the A = 999 nm. This
suggests a connection between the wavelength of light used to probe the surface and the fuzz
thickness, though more modelling is needed to understand the precise mechanism. As for the shapes
of the trajectories, changes in A and ¥ themselves do not provide much physical insight without being
correlated with microscopy, as these two parameters are only the raw data that is measured by the
ellipsometer. In principle, an alternate approach involves using the A and ¥ values to calculate the
“effective” index of refraction <n> and extinction coefficient </>. Such results must be interpreted
with care, however, as changes in roughness can produce similar effects to changes in refractive index
and extinction coefficient. In this case, (¥, A) trajectories appeared to be a more straightforward way
to interpret the data.

To demonstrate that our ellipsometry results were insensitive to the sample temperature, we
performed two further sets of in-situ measurements. These measurements were intended to address
any concerns that changes to the emissivity of the W surface or desorption of impurities due to
heating may have led to differences between our ex-situ and in-situ results, which were obtained at
room temperature and at temperatures as high as 900 °C, respectively. First, to determine the
significance of this issue, we measured changes in W and A during heating of a pristine, unexposed
sample to 900 °C and cooling afterward. As described in the supplemental information, in the most
severe cases, A varies only by 4°, whereas W changes by 1°. This indicates that changes in the
emissivity are not drastically affecting the measured results; in fact, these variations are far smaller
than the observed changes resulting from fuzz growth discussed here. As further support of this,
consider the in-situ data shown in Fig. 4(a). Here, data was obtained for exposure temperatures of
720 °C and 900 °C and, as is evident from the plot, the two data sets nearly overlap. The 900 °C case
traces out a longer trajectory due to more extensive fuzz growth. These results provide evidence that
even at elevated temperature, ellipsometry is a robust diagnostic of He-induced surface morphologies.

The agreement between the in-situ and ex-situ measurements is satisfactory, but it was initially
unclear why these data collapse onto a single (¥, A) trajectory, given the broad range of exposure
conditions. A qualitative inspection of the images in Fig. 1, as well as in Refs. [26, 31], shows that the
characteristic lateral size of the surface features generated by He plasma exposure are within the range
of 50 — 100 nm. A more quantitative analysis is possible at the initial stages of fuzz growth by using
atomic force microscopy (AFM) to map surface roughness. As described in our prior work (in
collaboration with Dasgupta et al., c.f. Ref. [26]), the lateral dimensions measured by AFM for several
W specimens exposed to low He fluence fall within the range mentioned above. This suggests that,



over the parameter space explored here, the dimensions of the structures created by He plasma
exposure are similar, with changes in exposure temperature mainly serving to accelerate or decelerate
the growth process.

A fundamental question is: Under what circumstances would the results deviate from this
behavior? One parameter that we have not varied until now is the incident ion energy, which has been
kept consistent between tests at 92 eV. In Fig. 4(b), in-situ data are shown for ion energies of 92 eV,
167 eV, and 542 eV, with corresponding HIM images in panels (c) and (d). All exposures were
performed at the same temperature (900 °C) and plasma flux (4.0x10*° m? s'.) For comparison, a
specimen exposed at 92 eV under the same conditions appears in Fig. 1. Unlike previous cases, the
higher energy exposures deviate considerably from the previously established pattern, suggesting
differences in the evolution of the fuzz layer. Whereas exposure at 167 eV results in a thicker
nanostructure layer (c.f. Fig. 4(c)), increasing the particle energy to 542 eV appears to impede the
growth of the nanotendrils. A plausible explanation for this phenomenon is that below the sputtering
threshold, increasing the incident ion energy results in more He implantation into the lattice, thereby
accelerating bubble nucleation and growth. Fuzz growth can proceed if the ion energy is kept
sufficiently low so that sputtering is not appreciable. This appears to be true for our exposures at 92
eV and 167 eV. At higher energies, sputtering by He" ions become increasingly important, as in the
542 eV case. From the HIM image in Fig. 4(d), clearly erosion begins to compete with fuzz growth at
this energy, consistent with prior experimental work [35] and modelling [36]. In either case, the
difference in surface structure is easily detectable by ellipsometry.

To better understand the information contained in the ellipsometry measurements, it is useful to
consider different ways to model how roughness affects the ellipsometry result itself. Fitting the
ellipsometry data and modelling these results is a topic of active investigation and will be reported in
a future study. An overview of the general approach is provided here. One important consideration is
the average feature size relative to the wavelength of light used in the ellipsometry analysis, 4. Some
guidance on this topic can be found in prior work by Aspnes [37]. During the initial stages of fuzz
growth, the surface roughness is rather modest, with the variations in surface height < 50 nm. Under
such conditions, even in the UV range, the surface feature size is << A. Here, it is reasonable to
employ the “effective medium” approach detailed in Ref. [37] to model the ellipsometry data. This
involves approximating the surface roughness with a thin layer that has been reduced in density. As
surface features grow, a “graded medium” approximation as described in prior work by Lehmann et
al. [38] may be used to account for density gradients in the early-stage fuzz growth. Here atomic force
microscopy surface height maps could be used to provide layer density as a function of thickness. In
principle, a combination of these two approaches could be used to provide insight into the surface
morphology as it evolves. As the surface feature size (e.g. the tendril length or fuzz thickness)
approaches the wavelength of light used in the ellipsometry analysis, the assumptions used in these
models may begin to break down. Under such conditions, scattering and depolarization of the incident
light may begin to dominate the measurement. Even with this limitation, one can still empirically
compare the observed structures with the ellipsometry results to provide insight into the surface
morphology.

IV. CONCLUDING REMARKS AND OUTLOOK

A primary goal of this study was to test the effectiveness of spectroscopic ellipsometry as an in-
situ diagnostic for the effects of He plasmas on W surfaces. Because ellipsometry is highly sensitive
to nm-scale changes in surface roughness, it can capture initial surface morphologies produced by the
He plasma that typically only can be detected using microscopy. The contribution of nanoscale
surface features to the measured ellipsometry signal easily overwhelms the influence of secondary
effects such as surface preparation and sample temperature. This enabled us to obtain reliable
measurements from room temperature up to 900 °C. Furthermore, if the incident plasma flux and
fluence can be adequately controlled, the nanostructure growth is highly reproducible, making it
possible to develop an adequate database of ex-situ microscopy to calibrate against the ellipsometry
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measurements. Using this approach is was possible to measure the thickness of the tungsten fuzz layer
over a range 77 nm — 900 nm. For these reasons, ellipsometry appears to be well-suited for
fundamental studies of He+W interactions, and in particular for investigations of early-stage tungsten
nanostructure growth.

Over a wide range of exposure parameters, the He-induced surface morphologies conform to a
single trajectory in (W, A) space. This indicates that the fundamental way in which the plasma
modifies the surface remains similar over the parameter space examined here, with increases in
temperature serving mainly to accelerate the surface morphology evolution. We also demonstrated the
ability to identify different sputtering regimes depending on the energy of the incident ions. Further
progress may be possible through modeling the ellipsometric results. During the initial stages of
plasma exposure, the average surface feature size (i.e., the mean height and correlation length) is
much smaller than the wavelength of light used to probe the surface. For such cases, “effective
medium” [37] or “graded medium” approximations [38] can be correlated with microscopy and fitted
to the ellipsometry data. This is a topic of ongoing research and will be reported in future work.

From a practical standpoint, our work did not find major obstacles to applying ellipsometry to
other linear plasma devices for in-situ measurements. The main constraint is the need for direct
optical line-of-sight access to the sample. If this is not possible, the use of mirrors or other optical
components would be required, as well as calibration to account for changes in the ellipsometric
angles due to reflections. While the relatively modest magnetic fields present in our RF-plasma source
did not pose any issues for our ellipsometer, the higher fields in some larger plasma devices may
affect the operation of motorized components. These effects can usually be mitigated through
shielding or other countermeasures. Because the integration time for ellipsometry is relatively short
(in this case, about 2 s per measurement), we believe it would be possible to operate at higher plasma
fluxes. Even if the nanostructure growth rate were an order of magnitude higher than what we
encountered in our experiments, the integration time should not be a serious limitation in resolving the
fuzz growth.

Implementation on a larger device such as a tokamak would present more significant challenges
from a practical standpoint. Availability of appropriate sightlines to the surface for characterization
may be limited, and some form of in-situ calibration and alignment would be needed. Alternatively,
the technique could be quite effective on a short pulse device where samples could be exposed and
retracted in-vacuuo into a secondary analysis chamber afterward. Measurements obtained between
could then provide valuable information on surface morphology changes. Under such conditions, the
potential for ellipsometry, in combination with other techniques, to yield insight into
erosion/redeposition studies and effects of impurities on plasma-exposed surfaces appears particularly
promising.

SUPPLEMENTARY MATERIAL

Additional information on helium plasma exposure conditions and the effects of temperature on the
ellipsometry measurements is contained in the online supplementary material.
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FIGURE CAPTIONS

Fig. 1: Helium ion microscope images showing the growth of ~50 nm diameter W tendrils following He" plasma
exposure. The upper panels show a top view, whereas the lower panels include profile images produced using a
focused gallium ion beam. Exposure conditions: Tsumpie = 900 °C; Eion = 92 €V; Lion = 4.0x102° m2 571,

Fig. 2: Experimental diagram showing the in-situ configuration with the attached ellipsometer.

Fig. 3: (¥, A) plots for W surfaces exposed to varying He plasma conditions. In-situ measurements are given by
the solid curves, which trace out a similar trajectory in (P, A) space. For comparison, ex-situ spectroscopic
ellipsometry measurements for 21 samples are indicated by markers. The fuzz layer thicknesses were measured
via HIM for a subset of the samples and are indicated in nm by the labels next to each marker. The black labels
correspond to samples where the ellipsometry was performed ex-situ, whereas the red labels indicate the final
fuzz thickness measured by HIM for the specimens used in the in-situ analyses.

Fig. 4: In-situ (¥, A) data showing the effect of varying (a) exposure temperature and (b) ion energy. Post-mortem
HIM reveals the final surface morphologies for specimens exposed to ion energies of 167 eV and 542 eV, shown
in Figs. (c) and (d). Plasma conditions: Iion = 4.0x102° m? s7!; ®jpy = 7.2x10% m?2,
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Fig. 1: Helium ion microscope images showing the growth of ~50 nm diameter W tendrils following He* plasma
exposure. The upper panels show a top view, whereas the lower panels include profile images produced using a
focused gallium ion beam. Exposure conditions: Tyumpie = 900 °C; Eion = 92 €V; Tion = 4.0x102° m?2 57\,
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Fig. 2: Experimental diagram showing the in-situ configuration with the attached ellipsometer.
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Fig. 3: (¥, A) plots for W surfaces exposed to varying He plasma conditions. In-situ measurements are given by the
solid curves, which trace out a similar trajectory in (¥, A) space. For comparison, ex-situ spectroscopic ellipsometry
measurements for 21 samples are indicated by markers. The fuzz layer thicknesses were measured via HIM for a
subset of the samples and are indicated in nm by the labels next to each marker. The black labels correspond to
samples where the ellipsometry was performed ex-situ, whereas the red labels indicate the final fuzz thickness
measured by HIM for the specimens used in the in-situ analyses.
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Fig. 4: In-situ (¥, A) data showing the effect of varying (a) exposure temperature and (b) ion energy. Post-mortem
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SUPPLEMENTAL INFORMATION

I. Temperature Effects

To determine what effect changes in surface temperature have on the ellipsometry result, we
measured the corresponding changes in W and A for a pristine sample heated up to 900 °C and
allowed to radiatively cool afterward, as illustrated in Fig. S1 for three wavelengths. Note that two
identical heating cycles were performed on the sample, labelled as “cycle 1” and “cycle 2” in Fig. S1.
These measurements were obtained in-situ using a button-style heater to heat the samples within the
vacuum system for the RF source, without a plasma discharge. The heating cycle was terminated
immediately after the samples reached 900 °C. In the most severe cases, A varies by as much as 4°,
whereas W changes by 1°. For the data acquired at wavelength of 245 nm, the starting point for the
two cycles does not match. The most likely reason is a small amount of oxidation or segregation of
impurities occurred during the intervening time. in any case, for the He" — W system under
investigation here, these variations are far smaller than the observed changes resulting from
nanostructure growth. These results provide evidence that, for our application, the effects of
temperature will have only a modest effect on the interpretation of our measurements, thereby
enabling one to obtain consistent results with ellipsometry even with W samples at elevated
temperature. Accounting for such effects will pose a bigger challenge for systems where the surface is
only modestly altered (e.g. removal of a thin oxide layer.)

Il. Summary of Sample Exposure Conditions

A summary of four data sets (labelled “A” through “D”) included in our ex-situ analyses appears
in Table 1, in the main text of this article. More detailed information regarding the individual
exposure conditions appears in Table S1, contained herein. Data set A examines the temperature
dependence of He-induced surface morphology and nanostructure growth. A total of nine specimens
were exposed at specific temperatures ranging between 472 — 937 °C in roughly 50 °C steps.
Following exposure to plasma, the samples were imaged by HIM following the procedure described
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above. These results will be reported in a forthcoming publication (c.f. Ref. [1]). We also consider six
additional samples that were exposed to varying plasma fluences, which comprise data set “B.” The
surface morphologies of these specimens were already reported in a previous paper and compared
with an atomistically-informed continuum scale model (discussed in Ref. [2].) In this case, each
sample was heated to 840 + 20 °C. The surface evolution largely mimics the behavior observed with
varying temperature, where the initial roughening is coupled with near-surface bubble growth and
bursting. As the exposure time increases, a network of 50 nm diameter nano-tendrils emerges, much
like the temperature dependence series.

Data sets “C” and “D” were not intended to systematically explore dependencies on exposure
conditions. Instead, the experimental parameters were selected with the goal of producing a thick W
nanostructure layer for permeation and recrystallization studies. The exposures included in data set D
are described in detail in a recent publication by Wong et al. [3]. A representative top-view image of
the specimen from data set C is included in Fig. S2. This specimen was punched from rolled
polycrystalline W foil, and thus had a much different grain structure in comparison to the ITER-grade
material used for all the other samples in this study. We did not note any obvious difference in the
structure of the nano-tendrils due to these differences. In the case of data set D, all the exposure
conditions were held constant. Unfortunately, unlike in the other data sets, we had difficulty in
attaining consistent fuzz growth between exposures (in principle they should all be nearly the same).
Even though different thicknesses were attained, all the ellipsometry data matched up satisfactorily
with the basic trend mapped out in Fig. 3.
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Fig. S1: Variation of A and W during sample heating up to 900 °C from 25 °C and cooling afterward. Two
heating cycles are shown here, for three discrete wavelengths (245 nm, 624 nm, and 999 nm.) The arrows
indicate the starting point and initial direction of each trajectory

Regarding the interpretation of the ellipsometry results, one consideration for the thicker
nanostructures is the penetration depth of the incident light. This would likely depend on the density
of the fuzz layer and the degree to which light is scattered within it. More modelling is needed to
determine the maximum thickness that can be detected, though even at fluences up to 10%° m=, we
continue to see changes in A and ¥ in our ellipsometry data with increasing fluence. With proper
calibration against microscopy images, it is plausible that the technique would continue to provide
useful data at higher fluences. The main consequence would be diminished sensitivity. For example,
from Fig. 3 in the main article, the growth of a tungsten fuzz layer that is 400 nm thick produces a
change in A of 100° compared with the pristine surface. However, an additional 500 nm of growth
(resulting in a total nanostructure layer thickness of 900 nm) causes only an additional 20° change in



A. For extremely thick nanostructures, only the top few microns may contribute to the measured
signal, it is possible that this effect may need to be taken into consideration when attempting to model
the ellipsometry data. Given that most of the nanostructure layers considered here are thinner than this
(< 1 um), this would only affect a small number of samples included in this study.

Fig. S2: “Top view” HIM image of W nanotendrils formed following He plasma exposure. The surface morphology
depicted here is representative of specimens from data set “C”. Exposure conditions: Tsampte = 900 °C; Eion =92 eV;
Fion = 4.0x102 m? s7!, ®jon = 7.2x10% m?2,

Table S1: Detailed set of ex-situ exposure conditions for low energy He* exposures

data set # of Comments
ID samples
Sample temperature varied between 472 — 937 °C. Exposure conditions: Eion = 92 eV,
Fion = 4.0x102° m? s7!; @jop = 7.2x10%* m2. Material: ITER-grade W
A 9
Temperature data points:
Tsample =472 °C, 546 °C, 658 °C, 720 °C, 786 °C, 815 °C, 848 °C, 889 °C, and 937 °C
Ion fluence varied between ®jon = 5.0x10%° — 1.2x10% m™2,
Exposure conditions: Tsumpie = 840 °C; Eion = 92 €V; Ton = 2.7%10%° m? 57!, Results
B 6 reported in Ref. [26]. Material: ITER-grade W
Fluence data points:
Dion = 5.0x10% m?2, 1.2x10%*m2, 2.7x10**m?2, 4.5x10*m™2, 6x10*m2, 1.2x10% m?
C | Exposure conditions: Tsumpie = 900 °C; Eion = 92 €V; Ton = 4.0x102 m2 57!,
Dion = 7.2x10?* m2. Material: rolled polycrystalline W foil
D 5 Exposure conditions: Tyumpie = 840 °C; Eion = 92 €V; Tion = 4.0x102 m2 s°/;
Dion = 8.6x10%* m. Material: ITER-grade W. Results reported in Ref. [31].
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