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A B S T R A C T   

Surface nanostructuring enables the fabrication of materials with highly desirable properties. Nanostructured 
tungsten surfaces have potential applications in solar water splitting. Exposing a polished tungsten surface to 
helium plasma induces various surface morphological changes. Depending on the helium ion energy, tempera-
ture, and fluence, helium clusters, helium bubbles and foam-like nanostructures develop on the tungsten surface. 
In this study, tungsten foam-like nanostructures were formed and/or oxidised, and then examined using X-ray 
and ultraviolet photoelectron spectroscopy (XPS and UPS) without breaking the vacuum. The chemical state of 
nanostructured W or WO3 was not modified in comparison to the pristine one. However, measuring the line 
width of the emitted electrons from the onset of the secondary electrons up to the Fermi edge and subtracting 
value from the incident photon energy, the work function acquired in situ by UPS for a nanostructured W surface 
increased by 0.9 eV in comparison to the pristine one. Helium ions effectively eliminated field emission sites via 
sputtering/implantation and thereby increased the work function. No change in work function was measured for 
WO3-pristine and its fuzz: the oxidation hindered the effect of helium. In contrast to the W-fuzz sample, no 
helium bubbles were identified in WO3-fuzz, as helium diffused out during oxidation.   

1. Introduction 

Surface nanostructuring has attracted great interest in the last few 
decades owing to its exceptional material properties [1]. These newly 
obtained mechanical, optical, and electronic properties mainly stem 
from the nanometer-sized micro-structures (such as grains and fila-
ments) and the enhanced number of interfaces. The resultant higher 
surface area to volume ratio is especially desirable in fields like energy 
conversion and storage, catalysis and sensing. For instance, nano-
structured materials achieve higher electrode reaction rates in lithium- 
ion batteries and have a higher efficiency in the photoelectrochemical 
splitting of water. It was reported that tungsten surfaces could be 
nanostructured by low-energy helium ions and after oxidation was 
suitable for solar water splitting applications [2], photoelectrochemical 
activity [3] and hydrogen gas sensing [4]. Recently, WO3 nanostructure 
demonstrated photoelectrochemical performance compared to the 
sample without nanostructures [5]. 

Determining the work function (WF) provides fundamental insight 

into the electronic properties of the surface of a material [6–8]. The WF 
depends on the crystal structure as well as on the surface contamination 
and surface roughness [6,8]. Understanding the electronic states of the 
materials is therefore, crucial to control the electronic properties. The 
WF affects the secondary ion emission [9], the field and secondary- 
electron emission [10,11], thermionic electron emission and thermal 
field emission [12]. The so-called “fuzz” tungsten, that is, tungsten with 
a tendril formation, was first reported by Takamura et al. [13] Low- 
energy helium ion bombardment of W at high temperature nano-
structured the surface at high fluence. This structure is assumed to be a 
consequence of the formation and growth of helium bubbles that can 
exhibit the highest surface area to volume ratio. For the first time in 
2014, Petty et al. [14,15] reported the formation of W-fuzz using the 
unbalanced magnetron (UBM) technique. 

In this work, using a dedicated transferable sample holder, nano-
structured tungsten surface was achieved using helium ion irradiation. 
Without breaking the vacuum, X-ray photoelectron spectroscopy (XPS) 
and ultraviolet photoelectron spectroscopy (UPS) were used to measure 
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the surface chemical composition and WF of the samples. Core level W4f 
spectra were used to determine the electronic state of the tungsten 
surfaces. The WF of nanostructured W was measured for the first time via 
ex situ Kelvin probe using gold as reference material [16] and later using 
XPS [17]. However, as the Kelvin probe measurements were performed 
in air, the adsorbed species and the oxide on the surface hindered the 
results. Similarly, XPS results of Kajita et al. showed carbon and oxygen 
on polished and W-fuzz. The fuzz WF was measured with O, C, and an 
oxidised surface. Even though the polished surface was sputtered to 
remove the adsorbed species and the oxide, they were not able to ach-
ieve a pure metal surface as 25 % of oxide was measured. To the best of 
our knowledge, we report the first in situ WF measurement of W and 
WO3 nanostructured surfaces using UPS. 

2. Experimental section 

The sample was prepared in a high-vacuum chamber with a back-
ground pressure under 5 × 10− 6 Pa. The transferable sample holder 
consists of a plate where the sample is mounted between two molyb-
denum clamps (Fig. 1a). The molybdenum clamps act as connectors for 
the current and are electrically isolated from the plate using one ceramic 
ring and also allow for electrical biasing of the sample. Depending on the 
size of the sample, current up to 100 A is allowed to flow through the 
stripe. A bayonet locking ring was used to transfer the sample under 
vacuum. The W sample (99.95 %) in the form of a 30 × 4 × 0.1 mm3 

stripe was clamped with the connectors to be heated. Up to 200 K 
temperature gradient was measured due to asymmetric contact of both 
wirings. One was electrically isolated and directly connected to the 
vacuum feedthrough. The other was placed in contact with the electrode 
body, which is water-cooled (Fig. 1b). UBM sputtering technique was 
used as He ion source. The basic principle is to unbalance the inner and 
outer poles of the magnetron to open the magnetic field lines [18]. To 
emphasise this effect, an additional coil around the magnetron enhances 
the outer magnets and leads to the plasma beam being shaped as a 
function of the coil current (Fig. 1). Helium gas at 8.5 Pa was used. After 
the helium exposure, one-hour annealing under oxygen at the same 
pressure and temperature was performed to oxidise the samples. The 
oxidised pristine sample was subjected to an identical oxidation process. 

A retarding field energy analyser (RFEA) (model Semion Single 
Sensor, Impedans) was used to determine the ion flux and energy. The 
deposition rate was estimated using a quartz microbalance (QMB, Infi-
con XTM). The W morphology was investigated using a scanning elec-
tron microscope (SEM, Hitachi S-4800 field emission at 5 kV), and a 
focused ion beam system (FIB, Helios NanoLab 650) was used to 
determine the W-fuzz thickness. The temperature was measured and 

recorded using a pyrometer (IGAR 12-Lo, Impac at a wavelength of 1.28 
μm) whose optical emissivity of bulk material was ε = 0.38 an. XPS 
measurements were performed under ultrahigh vacuum (UHV) condi-
tions with a VG ESCALAB 210 spectrometer and monochromatic Al Kα 
radiation (1486.6 eV) having an energy resolution better than 0.5 eV for 
20 eV pass energy. A helium discharge lamp emitting in the ultraviolet 
range (HeI, 21.2 eV) was used for the UPS measurements. The samples 
were transferred to the photoemission chamber without breaking the 
high-vacuum conditions. The base pressure in this chamber was around 
10− 7 Pa during acquisition. A normal electron escape angle (i.e., polar 
angle = 0◦) and a step size of 0.025 eV were used. The Au 4f7/2 line was 
measured at a binding energy (BE) of 83.71 eV; hence all our XPS peaks 
are shifted by − 0.29 eV. Wide-scan XPS spectra from 0 to 1200 eV 
showed only W and oxygen. 

3. Results and discussion 

3.1. Formation of tungsten nanostructures at different temperatures 

Using the UBM, the helium ion flux was increased by increasing the 
magnetron power. The bias applied on the sample and the coil current 
was measured with the RFEA. For few parameters presented in Table 1 
(Supplementary Information), the W-fuzz thickness measured by FIB is 
plotted against the fluence (Fig. SI 1, Supplementary Information). A 
similar growth rate was observed for both UBM sputtering experiments. 
The growth rate follows the 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fluence

√
behaviour that was proposed by 

Baldwin et al. [19] and confirmed in references [15,20]. 
The nanostructures formed at different temperatures on a single W 

stripe are shown in Fig. 2 (left) for an ion energy of 60 eV and a fluence 
of 3.7 × 1024 m− 2. Owing to the temperature gradient, several topog-
raphies of He exposed surfaces evidencing pinholes and W-fuzz (Fig. 2) 
were imaged in one batch. The formation of W-fuzz appears in the 
window of temperature and He ions energies, typically assumed to be 
approximately 900–2000 K and 20–250 eV, respectively [21]. At 950 K, 
a pinhole structure similar to that reported by Petty et al. [15] in the 
range 1000–1100 K is shown in Fig. 2. Typically, above 1200 K, 
annealing hindered the formation of nanostructures. The different 
temperature ranges have been presented diagrammatically in Fig. 11 of 
reference [15]. 

3.2. In situ XPS and UPS of W and WO3 nanostructures 

Fig. 3 shows a comparison of the W4f and O1s core level spectra of 
W-fuzz and WO3-fuzz with those of a W-pristine sample prepared by 
magnetron sputtering [22]. The W4f and O1s core level spectra of W- 

Fig. 1. a) In situ transferable sample holder for high temperature; b) helium ion beam produced by UBM sputtering.  
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fuzz and W-pristine are relatively similar, with a W4f7/2 BE of 31.1 eV. 
Both spectra exhibit a metallic state with oxygen adsorbed on the sur-
face. For WO3 nanostructures, the core level displays an oxidised state, 
W6+, at a BE of 35.7 eV [23]. The fitting and deconvolution of the XPS 
spectrum revealed 15 at.% of oxidation state W5+ (Fig. SI 4). The 
morphology of the resulting WO3-fuzz shows larger tendrils in com-
parison with W-fuzz as presented in the SEM images of Fig. 3. Since the 
temperature of the stripes was not constant for these two samples, 
several structures were formed. The other top-view SEM images with the 

corresponding XPS and UPS measurements are presented in Figs. SI 2 
and SI 3. When the surface temperature was lower than 1000 K, a rough 
structure appeared on the surface. Nevertheless, neither pinhole nor 
fibre-form structures were observed. Only grooves were identified, 
albeit dependent on the grain orientation. Above 1150 K, fibre-form 
structure disappeared and a rough micrometre-sized structure with 
many pinholes was formed. However, for metallic or oxidised stripes, no 
noticeable differences were observed in the XPS and UPS measurements. 

The WF is the minimum energy needed to remove an electron from 

Fig. 2. W sample exposed to He ions having an energy of 60 eV and a fluence of 3.7 × 1024 m− 2 at different temperatures with the corresponding SEM images.  

Fig. 3. W4f and O1s core level spectra of nanostructured W-fuzz and WO3-fuzz compared with W-pristine. SEM images of W-fuzz and WO3-fuzz obtained after 
exposing W surface to He ions. It corresponds to the green area of Figs. SI 2 and SI 3. (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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the surface of a condensed solid to a point in the vacuum. It is given by 
WF = − eφ − EF, where e is the charge of an electron, φ is the electrostatic 
potential in the vacuum, and EF is the Fermi level [5]. In this study, 
photoemission by means of in situ UPS was used to measure WF. If the 
energy of the incoming photon is greater than the substrate's WF, pho-
toelectric emission occurs. The measured value is highly sensitive to the 
surface cleanliness and homogeneity for a single metal. Changes in WF 
are often observed over time due to contamination from within the UHV 
chamber [5]. The minimum energy required to emit an electron from the 
surface into the vacuum is the photon energy of the metal minus the 
secondary-electron cut-off energy of the UPS spectrum: WF = hυ − Ecutoff, 
where hυ is the energy of the incoming photons (21.2 eV) emitted by the 
He discharge lamp. 

Fig. 4 shows the UPS spectra of W-pristine, W-fuzz and WO3-fuzz. In 
Fig. 4b, it can be seen that both W-pristine and W-fuzz exhibit one main 
peak at 2.3 eV, which corresponds to the W5d orbital. The second one, 
around 5.6 eV, is attributed to the O2p orbitals. The last peak at 12.1 eV 
(Fig. 4b) appears only for polished W and arises from the W5d–O2p 
orbital mixing. A significant difference in the UPS line shape between W 
and WO3 is the shift observed in the oxide spectrum near the EF (Fig. 4c). 
WO3 is a semiconductor and thus features a band gap between the 
valence and conduction bands. The two small peaks at 0.80 and 2.34 eV 
correspond to the under-stoichiometric W oxide, which comes from the 
15 at.% W5+ identified on the W4f core level data (Fig. SI 4). The peak at 
0.8 eV means that a new occupied state is formed inside the band gap, 
while the peak at 2.84 eV represents the valence-band maximum, i.e., 
the lowest band gap limit of a semiconductor. The peak at approximately 
4.4 eV on the WO3 spectrum is assigned to an O2p-derived band and the 
shoulder around 6 eV is assigned to a hybridised W5d–O2p band 
[24–26]. Fig. 4a shows the evolution of the high BE cut-off of the UPS 
spectra: WF decreases from 6.1 eV for WO3-fuzz to 5.77 eV for W-fuzz 
and to 4.78 eV for W-pristine. The resulting WF can be derived by a 
linear extrapolation at the edge where the intensity reaches zero, as 
shown in Fig. 4a. Several areas of the strip were characterized for W-fuzz 
and WO3-fuzz (Figs. SI 2 and SI 3). The WF was calculated for different 
growth rates of W-fuzz and WO3-fuzz and are indicated in the SI. 

3.3. Discussion of the WF of W and WO3 nanostructures 

Fig. 5 shows a comparison of the WF of W and WO3 (polished and 
fuzz) determined in this work to the previously reported results. 

Nishijima [15] used ex situ Kelvin probe measurements using gold as the 
reference material; the chemical state of the surface was not stated. 
Kajita et al. [16] measured the WF of 1:1 W:WO3 using XPS valence-band 
spectra. The figure also includes measurements performed without 
breaking the vacuum. Meyer et al. [27] evaporated WO3 on silicon using 
a Knudsen effusion method; Bouvard et al. [23] used magnetron sput-
tering with an Ar/O2 gas mixture. Our in situ measurements revealed a 
WF of approximately 5.75 eV for W-fuzz. In contrast, the WF of W-fuzz 
reported by Nishijima et al. is approximately 0.5 eV lower. However, it is 
worth mentioning that their value was obtained with Kelvin probe 
measurements in air and thus with a contaminated surface. As reported 
by Greiner et al., in the case of nickel oxide [28], the WF of ex situ NiO is 
significantly lower than the WF of in situ NiO due to hydroxylation of the 
surface. The WF of 1:1 W:WO3-fuzz reported by Kajita et al. is approxi-
mately 4.75 eV, and this value was obtained in-vacuo after argon 
sputtering. As reported by Vida et al. [29], the chemical state of the 
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Fig. 4. He I UPS photoemission spectra of W-fuzz, WO3-fuzz and W-pristine: (a) secondary-electron cut-off region, (b) expanded view of the valence band spectra and 
(c) near EF region. 

Fig. 5. Comparison of the WF of W-fuzz and WO3-fuzz to polished tungsten and 
other values from the literature: Nishijima et al. [16] measured ex situ with a 
Kelvin probe. Kajita et al. [17] compared polished and fuzz for a mixture of 50 
% W and 50 % WO3 measured by ex situ XPS. Meyer et al. and Bouvard et al. 
report in situ measurements of WO3 [27,30]. 
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surface influences the WF and the WF measured by Kajita et al. was 
between the WF of metallic W and WO3. 

In our study, the WF of W-fuzz is approximately 0.8 eV greater than 
that of the W-pristine. This result could be counter-intuitive since, as 
previously reported [31,32], the WF of metals tends to decrease with an 
increase in surface roughness. Although Petty [15] reported a fuzz 
roughness determined using a confocal microscope, we consider that the 
fuzz structure displayed in Fig. 3 cannot be accurately represented in 
terms of a roughness value. The results suggest that the tendril structure 
and the higher surface area for W-fuzz may increase the energy needed 
to remove the valence electrons from the surface. Moreover, it is known 
that the WF of tungsten single crystal varies from 4.47 to 5.25 eV 
depending on the (111), (100), and (110) plane orientations [33]. 
Instead, a W-pristine coated film is polycrystalline [34], and therefore, 
an average contribution from all crystalline orientations to WF is 
determined with UPS. Since Ohno et al. [35] have demonstrated that W- 
fuzz has a random orientation, the WF reported in this study is also an 
average contribution from all crystalline orientations. According to 
Grubbs et al. [36], the higher WF of a metal oxide when compared to that 
of the pure metal cannot be attributed to a change in the crystalline 
structure, presence of strain, or any residual oxygen in the bulk. Instead, 
it is thought to be caused by the incorporation of oxygen from the 
growth environment into the W layer and therefore the oxygen-rich 
layer reduces the chemical gradient that would tend to pull the oxy-
gen out of the oxide. The WF is observed to increase by approximately 
1.3 eV from W-pristine to WO3-pristine and by 0.6 eV from a W-fuzz to a 
WO3-fuzz. Although no WF values for a fully WO3-fuzz surface were 
found in the literature, a similar behaviour was reported by Kajita [37] 
for polished and nanostructured 1:1 W:WO3 samples. They found that 
the WF of the fuzz sample increased by 0.5 eV. 

When compared to a WO3-pristine sample, an increase of approxi-
mately 0.12 eV in WF of WO3-fuzz can be observed (Fig. 5). This increase 
is significantly smaller than the 0.9 eV obtained in the metal case. In 
comparison, Bouvard reported for pristine surface a WF value of 5.8 eV 
for WO3 and 6.0 eV for WO2.7 [30]. It is close to our value (6.13 eV), 
considering that our W-pristine and WO3-fuzz have a component of 
oxidation state 5+ (Fig. SI 4). As reported by BastaniNejad et al., mea-
surements and accompanying simulation results obtained using Stop-
ping and Range of Ions in Matter (SRIM) [38] suggest that ion resulting 
in gas conditioning effectively eliminates field emission sites via sput-
tering and ion implantation, thereby increasing the WF of the electrodes 
[39]. The simulation results also support the general trend that helium 

gas conditioning is more effective at lower voltages because it yields a 
shallow implantation depth, which is better suited to increase the WF of 
the metal. These results were obtained at energies similar to those used 
in our work, i.e., 60 eV. Moreover, transmission electron microscopy 
images revealed that W-fuzz stored helium bubbles in the dendrites 
[40]. Therefore, since the WF of WO3-pristine and WO3-fuzz are similar, 
one explanation might be that the oxygen in the W lattice and the 
removal of He from the surface and subsurface by oxygen during the 
one-hour long oxidation hinders the He effect. Fig. 6a, b, d, and e pre-
sents cross-section SEM images of the WO3-fuzz sample using FIB (the 
corresponding top-view SEM image of the sample is presented in Fig. 3). 
The WO3 filament structure does not exhibit typical He bubble reported 
in W-fuzz [40–42]. Voids in between the filaments were observed but no 
helium bubbles were seen inside the tendrils. For comparison, Fig. 6c 
and f presents the W-fuzz cross-section (refer to Fig. 3 for top-view). 
Helium bubbles in the filaments of the W-fuzz structure are revealed 
in these images. As explained above, one of the main effects concerning 
the WF increase is the helium implantation, which is also demonstrated 
by the higher WF obtained in other structures on the W stripe exposed for 
the same He fluence but at different temperatures (Fig. SI 2). Also, the 
WF determined for pinhole-W and nano-W structures show a variation of 
<0.5 eV (Fig. SI 2). For a high coverage of He on a metal surface, a large 
increase in the WF was measured by Kolesnychenko et al. [43]. This 
corroborates the fact that an increase in the surface roughness does not 
necessarily translate into a decrease in WF. Moreover, Kajita et al. [17] 
reported an increase in the Ra value from 0.1 to 1 μm and an increase in 
the WF from pristine to fuzz surfaces. 

4. Conclusion 

In situ core level and valence-band photoelectron spectroscopy were 
used to investigate the effect of the surface morphology of tungsten and 
tungsten oxide on their WF. It was shown that the surface topography 
and the oxidation of tungsten strongly influence the WF of the material. 
An increase of 0.9 eV in the WF was observed from W-pristine to W-fuzz. 
These observations can be explained by the low-energy He bombard-
ment, which effectively eliminates field emission sites via sputtering and 
ion implantation, thereby increasing the WF of the electrode. In com-
parison to Nishijima, the WF reported for air-contaminated W-fuzz is 0.5 
eV lower than our value; this highlight the need for in situ measurement. 
Moreover, for the first time, WO3-fuzz's WF was measured and also 
shows an increase from tungsten to tungsten oxide. No significant 

Fig. 6. FIB cross-section SEM images of the W-fuzz and WO3-fuzz sample. Image (e) was obtained without a platinum protection layer. Top-view SEM images of the 
W-fuzz and WO3-fuzz are presented in Fig. 3. 
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change was measured from WO3-pristine to WO3-fuzz since the helium 
bubbles observed in the W-fuzz filament might disappear for the WO3- 
fuzz during the oxidation step. In contradiction, Kajita did not evidence 
this effect as the W-fuzz was not fully oxidised. 

Electrochemical reaction on surfaces is related to the work function 
of material and the high W and WO3 nanostructures WF might play an 
important role for photocatalytic reaction with visible light. For 
example, high work function metal oxides material, like tungsten oxide, 
has an excellent ability to form a hole-selective contact for a crystalline 
silicon solar cells absorber [44]. Having a WO3-fuzz structure may 
improve the hole extraction for this application. Moreover, in the case of 
surface arcing, the field emission can be linked to the surface WF. Uni-
polar arcing is a crucial issue for metallic fusion reactors, and this study 
will bring more insight into the case of nanostructured W surfaces. 
Comparison of WF measurements using UPS and Kelvin probe under 
vacuum is foreseen to develop this work further. 
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Tungsten sample exposed to He ions at different temperature with 

the corresponding SEM images and the XPS and UPS measurements 
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ture with the corresponding SEM images and the XPS and UPS 
measurements 
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