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In this work, the authors expose transferred multilayer graphene on a yttrium based hydrogen
sensor. Using spectroscopic ellipsometry, they show that graphene, as well as amorphous carbon
reference films, reduce diffusion of hydrogen to the underlying Y layer. Graphene and C are both
etched due to exposure to atomic H, eventually leading to hydrogenation of the Y to YH2 and YH3.
Multilayer graphene, even with defects originating from manufacturing and transfer, showed a
higher resistance against atomic H etching compared to amorphous carbon films of a similar
thickness. Published by the AVS. https://doi.org/10.1116/1.5110213

I. INTRODUCTION

Graphene, a hexagonally bound 2D network of carbon
atoms, is shown to possess a number of unique physical,
electronic, and chemical properties.1–8 Multilayer graphene
(MLG) as a membrane has been proposed as a potential can-
didate for inexpensive water desalination,9 memory cells,10

and gas separation.11 The prospects of graphene for applica-
tions are enhanced by its manufacturability in various thin-
film systems. Graphene growth has been demonstrated on
transition metals, such as Ir, Ru, Mo, Cu, and Ni, as well as
on SiC.12–15 After layer growth, graphene can be transferred
onto substrates that can take on arbitrary shapes.16,17

Graphene has, under some circumstances, shown to be
an impermeable membrane with fascinating properties.
Bunch et al.16 have shown that, by applying a pressure
across single-layer graphene, a separation barrier for helium
was created. Other research has shown that graphene oxide
sheets can act as a selective barrier for elements with atomic
radii larger than 0.45 nm.17 Defect-free graphene shows pros-
pects as an impermeable membrane, as indicated by density
functional theory calculations.18 These extraordinary proper-
ties of graphene make the material a potential candidate in
applications where barriers against hydrogen diffusion are
required, such as nuclear fusion technology19 and thin-film
coatings for use in extreme ultraviolet lithography.20 However,
most research16–18 on the diffusion properties of graphene
mainly considered small area membranes or are theoretical
studies on perfect materials. Furthermore, in both experimental
and theoretical work, diffusion through a graphene membrane
is considered for molecular hydrogen or noble gas species. In
practical applications, graphene sheets will not be defect free
and the environment may contain both molecular hydrogen
and hydrogen radicals. In this work, we experimentally study
the stability and diffusion properties of multilayer graphene
under exposure to a mixture of H2 and H radicals.

To study the rate at which hydrogen permeates through a
graphene layer, Y is used as an optical sensing layer for
hydrogen. Earlier experiments have shown that yttrium is
known to form two stable hydrides: YH2 and YH3, depend-
ing on the application of a protective capping layer and the
hydrogen desorption properties of the capping layer.21,22

Both hydrides have clearly different optical properties from
Y metal, which allows the hydrogenation state to be probed
with spectroscopic techniques, such as optical transmission
measurements23 and ellipsometry.24 The stability of YH3

was investigated in the context of using Y as a hydrogen
sensor to measure the hydrogen adsorption of and diffusion
through a metal capping layer on Y.24 In this work, we
present our findings on hydrogen diffusion through multi-
layer graphene, placed on top of a metal capped Y film.
Spectroscopic ellipsometry was performed in situ to monitor
the hydrogen permeation in the Y layer. Ex situ measure-
ments such as x-ray photoelectron spectroscopy (XPS) and
x-ray diffraction (XRD) measurements were used to charac-
terize spectral components and yttrium hydride peaks,
respectively.

II. EXPERIMENT

Thin-film samples were deposited by DC magnetron
sputtering, taking place in a chamber with a base pressure of
10−8 mbar with targets including 99.95% yttrium and ruthe-
nium and 99.999% C. A layer of 70 nm of Y was coated on
precut 15 × 15 mm2 Si(100) wafer pieces and then capped
with 6 nm of Ru and/or 5 nm C. These capping layers protect
the Y film against oxidation, as checked by XPS, which is
essential for the proper functioning of the Y film as a
hydrogen sensor. Next, the crystallinity and thickness of
the coatings were measured using x-ray reflectivity and
XRD (Panalytical Empyrean). Y thin-film samples with Ru
and/or C caps showed a root mean square (RMS) rough-
ness, determined by atomic force microscopy (AFM), of
typically 0.4 nm. This roughness is dominated by the con-
tribution of the relatively thick Y film.
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MLG was grown by chemical vapor deposition (VG Scienta
system at the NanoLab facilities at the University of Twente)
on a 70 nm Mo thin film, sputter deposited on an SiO2-on-Si
substrate (300 nm oxide thickness). MLG was grown using a
partial pressure of 8mbar each of Ar, H2, and CH4. The resul-
tant graphene layer [5–8 nm thick, determined using a scanning
electron microscope; Raman I(D)/I(G) = 0.11, which translates
to an interdefect distance of 20 nm]25 was then removed from
the growth surface and transferred to a Ru capped Y sample,
using H2O2 as an etchant. After transfer, the resulting sample
was cut to size to ensure the graphene covered the entire
sample surface, i.e., edges not covered by graphene were
removed. Typical domain size of the graphene samples, as
observed from secondary electron microscopy (SEM) images,
is 100–200 nm. The RMS roughness, determined by AFM
(before transfer), was found to be 8 nm and results from rough-
ening of the Mo film during graphene growth. The morphology
of the MLG is in line with previously reported results on
samples grown by a similar recipe.26

Hydrogenation experiments were performed in a vacuum
chamber with a base pressure of 1 × 10−7 mbar and a hydro-
gen pressure of 1.3 × 10−2 mbar. A constant hydrogen flow
of 115 sccm was introduced along a W filament heated to
2000 °C, placed 5 cm away from the surface of the sample.
The filament temperature was measured using an infrared
temperature sensor (Raytek, RayMR1SCCF). The atomic
hydrogen flux incident on the sample surface was estimated
to be in the order of 1018 at⋅cm−2 s−1, based on the calibra-
tion of the etch rate of a carbon thin-film sample.27 A K-type
thermocouple was used to monitor the sample temperature,
which was maintained at 30–40 °C using water cooling.

In situ spectroscopic ellipsometry (Woollam M-2000XI)
at an angle of incidence of 75° and a spectral range of
240–1600 nm was used to monitor hydrogenation of the
Y film and etching of the C film. Figure 1 shows a schematic
picture of the geometry used for atomic H exposure and
ellipsometry monitoring.

XPS measurements were performed ex situ using mono-
chromatic Al-Kα radiation, employing a ThermoFisher Theta
Probe with a beam spot size of typically 1 mm in diameter.

Heating experiments to promote hydrogen release from
samples were performed by heating the sample in a protec-
tive nitrogen atmosphere to 350 °C. This was completed by
increasing the surface temperature in 10° steps and measur-
ing the XRD peaks with a scan time of 5 min for a 2θ range
of 20°–80°. If no change was detected in yttrium XRD
peaks, the temperature was increased by 10 °C, and a new
scan was taken. However, if a change in Y peak intensities
was detected, XRD measurements were repeated without
further temperature increases until the XRD peak intensities
stabilized. A para-focusing geometry with a 0.2 mm fixed
divergence slit through an Ni filter for the incident beam was
used for XRD measurements. Furthermore, a scanning line
detector was used to obtain a higher diffracted intensity and
an increased signal-to-noise ratio.

III. RESULTS AND DISCUSSION

Amorphous C etching by atomic hydrogen has been well
studied, so it was used as a reference for graphene removal
in this study as well.27–29 Therefore, to provide an appropri-
ate comparison of hydrogen diffusion through carbon and
graphene, four different samples were made, as shown in
Fig. 2. Another aspect to take into account is the transfer of
graphene onto a hydrogen sensing thin-film stack, which
involves exposure of the sample to atmosphere. This will
lead to native oxide formation on the Ru cap layer, which is
expected to have a retarding effect on the diffusion of hydro-
gen into the Y film. Type I samples consist of multilayer
graphene, transferred onto an Ru capped Y film. For this
sample type, the Ru layer is exposed to atmosphere, leading
to growth of typically 0.8 nm native ruthenium oxide, as evi-
denced by XPS. For type II samples, after Ru was grown on
the Y film, amorphous carbon was sputtered in vacuo on top
of the Ru layer, so as to not induce any oxidation of Ru.
For type III samples, amorphous carbon was sputtered after
exposing Ru-Y samples to atmosphere (for 24 h) to initiate
Ru oxidation, which will provide a comparison to type I
samples. Lastly, a sample of ruthenium sputtered on yttrium
(without carbon or graphene) was produced to be used as a
reference (type IV).

FIG. 1. Schematic of the setup used for atomic H exposure and in situ ellips-
ometry monitoring.

FIG. 2. Four types of samples made with multilayer graphene (type I) and
carbon [no oxide (II) and with Ru native oxide (III)] on Ru-Y surface and
uncovered ruthenium capped yttrium film (IV).
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Ellipsometry measures the reflectance ratio (ρ) of the thin-
film system the light is incident upon and is parametrized by
the amplitude ratio upon reflection Ψ and phase shift Δ.30

Therefore, a change in the reflectance of the perpendicular
(rs) and parallel components (rp) of polarized incident light
is reflected as a change in the dielectric properties of the
system. This is described in the following equation:

ρ ¼ rp
rs

¼ tan (ψ)eiΔ: (1)

When measuring a system composed of isotropic, homo-
geneous thin films with known optical constants, Ψ and Δ
can be used to create a layer model to extract thicknesses of
individual layers. In a complex multilayer system, such as in
our present study, optical constants, thickness, possible inho-
mogeneous composition of films, and roughness would need
to be taken into account to construct a model. However,
since the multilayer graphene used here has a variable
thickness, with varying surface morphology,31 realizing an
accurate layer model is challenging. In addition, the poly-
crystalline Y layer changes its crystal structure upon hydro-
genation and may form various mixtures of hydrogenation
states. For this reason, Ψ and Δ are only used as fingerprints
for changes in hydrogenation state.32

We expose a multilayer graphene on Ru-Y (type I) sample
to atomic hydrogen until no further change is observed in the
ellipsometric angles of Ψ and Δ, which in this case turned
out to be after ∼1450 min exposure. The time-series for Ψ is
shown in Fig. 3 for several representative wavelengths.
For the first 500 min, there is no significant change in Ψ, as
H radicals are most likely involved in the removal of the
graphene layer on the sample. Beyond 500 min, as the gra-
phene layer gets thinner, Ψ is reduced for all wavelengths,
except for 1689.6 and 245.2 nm for which Ψ increases
between 500 and 850 min. Next, for the wavelengths
1689.6 and 1108.5 nm, a peak in Ψ is observed at 1003min.
Experiments conducted by Soroka et al.24,32 show that this
peak corresponds to complete YH2 phase formation in the
layer, therefore indicating that all Y has reacted with H.

Prolonged exposure to atomic hydrogen further decreases Ψ
for all wavelengths, except 245.2 nm, below its initial state
and Ψ saturates after ∼1400min of exposure. Soroka et al.24

attribute this decrease in Ψ to the transition of YH2 to YH3

and nearly complete formation of YH3 is seen at ∼1400min
when no change is seen for further atomic H exposure.
(Previous Y hydrogenation studies have shown that, depend-
ing on experimental conditions, the YH3 state may not be
fully reached.33 For simplicity, we indicate the saturation state
with YH3.)

Figure 4 shows the Ψ and Δ values of all four types
of samples, which have been exposed to H radicals until
there is no further change in Ψ. Characteristic peaks in Ψ
values for 1108.5 and 1689.6 nm occur at 257, 489, 693, and
1004 min exposure for type IV, III, II, and I samples, respec-
tively. As discussed earlier, this is attributed to the transition
of Y to YH2, indicating that the time to hydrogenate is reli-
ably indicated by the time it takes for these peaks to appear.
Thus, the sample with graphene transferred onto a hydrogen
sensing stack shows the highest resistance to hydrogenation,
followed by samples with amorphous C on oxide-free Ru
and amorphous C on Ru with native oxide. The reference
sample of Ru capped Y (with Ru native oxide) without
carbon or graphene shows the fastest hydrogenation.

For Δ, we see corresponding troughs to the peaks seen
in Ψ. Noticeably, both amorphous carbon capped samples
(types II and III) show an initial linear increase in Δ by about

FIG. 3. Ellipsometry angle, Ψ, of multilayer graphene on a ruthenium capped
yttrium substrate (type I) during exposure to atomic H. The change in Ψ
indicates hydrogenation of Y ending in the formation of YH3.

FIG. 4. Change in Ψ (λ = 1698.6 nm) for different samples during hydrogena-
tion via atomic H exposure. The four samples shown (in the order of hydro-
genation speed) are Ru (with native oxide) on Y (black, type IV), 5 nm
carbon on Ru and Y (blue, type III), 5 nm of carbon on Ru (with native
oxide) (green, type II) and Y, and graphene on Ru (with native oxide) and Y
(red, type I).
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10°, due to carbon etching off of the surface.28 For sample
type III (amorphous C on Ru with native oxide), we see an
additional, but slower increase in Δ of about 4°, most likely
due to the etching of native oxide present on the Ru
surface34,35 once carbon is removed. A similar increase in Δ
is also observed in the initial stage of exposure of the refer-
ence Ru capped Y film (with Ru native oxide), albeit that the
increase in Δ is much faster (6° in 157 min).34 Possibly,
residual carbon in the case of samples type III slows down
the etching of Ru oxide, but based on ellipsometry only it is
not possible to obtain further details on a possible interplay
between the etching mechanisms of carbon and native oxide.

Both samples with amorphous carbon show that hydroge-
nation of the Y only takes place after the carbon film (and
where applicable Ru oxide) is removed. The carbon films thus
act as a barrier against penetration of atomic H, regardless of
the presence of Ru oxide. The hydrogenation of the C-on-Ru
sample (without native oxide) is considerably slower than that
of the sample with native Ru oxide. We speculate that this
may be caused by the formation of an Ru carbide layer that is
more resistant to carbon etching and slows the diffusion of
atomic H. In contrast, the graphene capped Ru-Y surface
behaves differently: a monotonic increase in Δ of about 25°
over 800 min is observed before the trough appears. The more
gradual slope of Δ may be due to the fact that the graphene
layer is transferred onto the surface and does not adhere to the
surface as a sputtered amorphous carbon layer would.24,31

Also, we do not observe any distinct linear increase that
would be indicative of etching of Ru native oxide. As a result,
graphene etching is more gradual than that of amorphous
carbon. During part of the first 900 min of H exposure, gra-
phene and native Ru oxide are probably etched simultane-
ously, due to lateral thickness variations of the graphene and
holes that expose the underlying Ru layer.

The multilayer graphene which has been used for this
experiment is known to contain holes due to artifacts in
synthesis. From secondary electron microscopy pictures
(see Fig. 5), these holes are known to be around 40–50 nm
in diameter on average with the largest holes being
∼120 nm in size. Also, holes are known to account for

2%–3% of the total sample area.31 As such, in the frame of
this experiment, one would expect these holes to form a
direct way for hydrogen to access the underlying Ru-Y
layers. On the other hand, as we see from the results shown
in Fig. 4, the holes do not result in rapid hydrogenation of
graphene covered H sensing samples, since the Ψ value at
λ = 1698.6 nm only starts to increase after 600 min of
hydrogen exposure. On the contrary, graphene proves to be
a better barrier to hydrogenation compared to sputtered
amorphous carbon. This, at first sight unexpected, result
may be explained by redeposition of amorphous carbon
from volatile hydrocarbon species on the Ru surface
exposed by holes in the graphene. Atomic H etching of
graphene takes place through the formation of volatile
hydrocarbons.27,29 Previous experimental and theoretical
results have shown that on clean Ru, dissociation of hydro-
carbons to amorphous carbon or adsorbed CxHy species is
more effective than formation of volatile hydrocarbons.36

Therefore, while most of the surface is still covered with
graphene, it is likely that amorphous carbon will efficiently
redeposit on exposed Ru in holes and, thereby, prevent
direct hydrogenation of the underlying Ru/Y stack through
these holes.

XPS data have been compared for multilayer graphene on
Ru-Y (type I) before and after atomic H exposure in Fig. 6
and Table I. Firstly, the sum of the C1s atomic percentage is

FIG. 5. Representative SEM image of a transferred MLG film, showing grain
structure and holes (black).

FIG. 6. XPS data for a type I sample [graphene on Ru (with native oxide)/Y]
before and after exposure to atomic H for 1450min. The peaks seen here are for
C1s (sp2 and sp3 components), C1s O, Ru 3d5/2 and Ru 3d3/2 and Ru oxides.

051801-4 Mund et al.: Atomic H diffusion and C etching in multilayer graphene 051801-4

J. Vac. Sci. Technol. B, Vol. 37, No. 5, Sep/Oct 2019



shown to decrease from 97.3% before exposure to 15.3%
after exposure to atomic hydrogen. This confirms that atomic
hydrogen etches graphene from the surface, similarly as
amorphous carbon films were found to be etched, based on
ellipsometry results from Fig. 4. The C1s signal remaining
after exposure is typical for C contamination due to sample
storage and handling. Thus, this supports the conclusion that
there is no more graphene left on the surface after atomic
hydrogen exposure. In addition, Raman spectroscopy did not
show the presence of graphene after atomic H exposure.

Secondly, as a result of the reduced carbon layer thickness
uncovering the underlying Ru layer, the elemental Ru con-
centration is shown to increase from 0.4% before exposure to
42.5% after exposure. Additionally, we see an increase in
oxidized Ru (0.2%–8.2%), which can be explained because
the Ru surface is reintroduced into ambient pressure after
atomic hydrogen exposure.

The in situ ellipsometry data measured during atomic H
exposure show that hydrogenation of the Y sensing layer
only proceeds after (most of) the carbon and/or graphene
layer is etched away. This suggests that carbon and graphene
in principle could form effective barriers against diffusion of
hydrogen, as long as their surfaces are protected against direct
exposure to H radicals. To check whether graphene provides
an effective barrier for hydrogen, without exposing the gra-
phene surface to H radicals, a multilayer graphene sheet was
transferred on a previously completely hydrogenated Ru-Y
sample, for which XRD indicated that all detectable Y was
present in the form of YH3. Previous experiments24 showed
that when such a fully hydrogenated Ru/YH3 sample is heated
above 420 K, hydrogen diffuses back through the Ru film and
desorbs as H2 from the surface, until all YH3 is converted to
YH2.

24 Possible changes in dehydrogenation of a presaturated
sensing sample covered by graphene might, thus, be used to
check whether graphene acts as a diffusion barrier, without
directly exposing graphene to atomic H. Figure 7 compares
the evolution of YH3 and YH2 XRD peaks as a function of
temperature for a reference prehydrogenated Ru/YH3 sample
and an Ru/YH3 sample covered by graphene. We observe that
YH3 starts to dehydrogenate in both samples at 423K (Fig. 7).
We see, however, that in the case of graphene/Ru/YH3, the

decrease of YH3 is about 2.5 times slower compared to the
Ru/YH3 reference sample. Consequently, reformation of YH2

also happens more gradually in the case of a graphene covered
sample compared to the reference sample. This would indicate
that graphene does not delay the initiation of dehydrogenation
but can slow the hydrogen transport process.

As discussed in the previous work, the graphene film
retains the texture of the rough molybdenum carbide film
that forms during graphene growth after transfer onto a
flat sample.31,37 The graphene film, thus, only adheres to a
limited surface area of the Ru/YH3 sample, leaving room
for hydrogen to desorb from the Ru surface, but stay
trapped below the graphene. This possibly explains why
the onset for dehydrogenation is identical to the reference
Ru/YH3 sample. Moreover, holes in the graphene will
allow hydrogen desorbing from the Ru cap to escape.
Unfortunately, these effects make it impossible to use this
experiment as a proper check how well graphene blocks
diffusion of hydrogen.

As mentioned in Sec. III, multilayer graphene, being
highly ordered,31 resists hydrogenation better compared to
sputtered carbon. Despite manufacturing defects, such as
holes and additional access points for hydrogen created
during the transfer process, graphene still provides more
resistance to etching than amorphous carbon and, as a result,
delayed complete hydrogenation of a Y based sensor.

IV. CONCLUSIONS

In this work, we investigated the ability of multilayer
graphene to serve as a barrier to the diffusion of atomic
hydrogen and compared that with amorphous carbon of a
similar thickness. Using spectroscopic ellipsometry to probe
hydrogenation of an underlying Ru/Y stack, we do indeed
see that multilayer graphene is shown to delay hydrogenation
of the Y sensor compared to an uncovered and amorphous
carbon capped Y sensor. This is due to the fact that trans-
ferred multilayer graphene is shown to have a slower etch
rate than amorphous carbon, which is attributed to the low
chemical reactivity of sp2 bonded graphene38,39 compared to

TABLE I. Atomic concentrations derived from spectra from Fig. 6 (graphene
on Ru-Y) before and after exposure to atomic hydrogen for 1450 min. The
contribution from possible oxidized C species overlaps with the tail due to
the asymmetry of the C1s peak of sp2 carbon and thus presents an
overestimate of possible oxidized C species. After exposure, the signal of
remaining carbon is dominated by Ru; therefore, no fit of different C
species can be reliably obtained.

Name Unexposed atomic % Exposed atomic %

C1s O/sp2 tail 12.2 15.3 (total C1s peak)
C1s sp2 75.2
C1s sp3 9.9
O1s 2.1 25.0
Ru3d5/2 elemental 0.4 42.5
Ru3d5/2 RuOx 0.2 8.2 FIG. 7. Intensity of diffraction peaks for YH3 (002) and YH2 (111) for both a

hydrogenated Ru-Y sample (left Y-axis) and a graphene covered prehydrogen-
ated Ru-Y sample (right Y-axis) during in situ heating (Ref. 24).
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amorphous carbon, which has a mixture of sp2 and sp3
bonds.40 The presence of small holes in the graphene was
not found to lead to direct hydrogenation of the underlying
film, which is attributed to redeposition of carbon from vola-
tile hydrocarbon species created during graphene etching.

Dehydrogenation of yttrium hydride was also investi-
gated, where it was observed that the graphene layer does
not lead to an increase in the dissociation temperature com-
pared to a bare Ru capped Y sensor. This indicates that gra-
phene does not delay initial YH3 dissociation but instead
delays the release of hydrogen from the surface, as evidenced
by the slower formation of YH2. This may be attributed to
trapping of hydrogen in the voids between the Ru cap and the
rough graphene layer, followed by slower escape of hydrogen
through holes in the graphene.

This work shows that graphene and carbon can in principle
be used as a barrier against diffusion of atomic hydrogen, pro-
vided that the outermost surface is protected against direct expo-
sure to atomic hydrogen. Several metal or metal oxide layers
may be suitable for that purpose, although it will be a challenge
to grow a closed layer on top of carbon and graphene, because
of intermixing and intercalation effects, respectively.41,42
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