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A B S T R A C T   

We investigate the reproducibility of repeated intercalation of hydrogen in graphene/Ge (110) and the formation of H2 nanobubbles after thermal treatments. By 
exploiting high-resolution electron energy loss, we obtain direct spectroscopic fingerprints of H2 trapped gas in the samples when nanobubbles are present and we are 
able to track the effectiveness of H intercalation via the Ge–H vibrational mode. We correlate the effectiveness of interface re-hydrogenation to the presence of 
structural defects in graphene as highlighted by Raman spectroscopy. The π-plasmon mode of graphene on Ge (110) is investigated as a function of the hydrogen 
presence at the interface, revealing that, independent of the hydrogen intercalation status, graphene is weakly interacting on Ge (110).   

1. Introduction 

The synergistic coupling of graphene (G) with a CMOS compatible 
substrate could potentially represent a fascinating playground for the 
development of future electronics [1–4]. Exploiting new graphene-based 
electronics devices entails the availability of high-quality graphene 
deposited on large area semiconducting substrates using a mass pro
duction compatible technique. In this context, Ge has emerged as a 
promising candidate for the deposition of graphene by chemical vapor 
deposition (CVD), due to its catalytic activity on carbon gas precursors 
and low carbon solubility [5–8]. The most promising results have been 
obtained on Ge (110) which, contrary to the Ge (100) orientation, re
mains atomically flat during the growth and promotes epitaxial crys
tallographic order in graphene [6,9–13]. Extensive studies have been 
performed also on the interface properties between graphene and Ge 
(110), with a focus on understanding the complex interplay between Ge 
surface termination, hydrogen intercalation and electronic and struc
tural properties in graphene, all these factors significantly impacting 
graphene potential applications in electronic devices [8,14,15]. For 
example, it has been shown that the thermally induced desorption of 
hydrogen, which was bonded to Ge surface atoms during the CVD 
growth, can trigger a transition in Ge surface reconstruction and a 
modification of the graphene doping [16–21]. This offers opportunities 

for tailoring the electronic characteristics of graphene for specific device 
applications. Moreover, the de-intercalation of hydrogen in the gra
phene/Ge system has been associated with the formation of hydrogen 
nanobubbles at the interface [22,23]. These nanobubbles, comprised of 
trapped hydrogen gas, can have a profound impact on the mechanical 
and electronic properties of graphene, due to a local modification of 
strain status. For instance, the strain engineering strategy via the for
mation of nanobubbles has been proposed for generating 
pseudo-magnetic fields in graphene [24,25]. 

Up to now, hydrogen nanobubble formation and, more in general, 
the intercalation/de-intercalation of hydrogen in G/Ge (110) have been 
studied morphologically and spectroscopically by looking at the changes 
in the Ge surface reconstruction as well as in the core level line shapes by 
using X-ray photoelectron spectroscopy (XPS) [22,23]. In this work, we 
investigate the interface properties of graphene on Ge (110), with a 
specific focus on the reproducibility of repeated intercalation of 
hydrogen and the formation of hydrogen nanobubbles. By using 
high-resolution electron energy loss spectroscopy (HR-EELS) we directly 
probe the presence of the Ge–H bond in the H-intercalated G/Ge (110) 
samples as well as the presence of H2 gas trapped underneath graphene, 
after thermal treatments leading to the formation of nanobubbles. By 
combining spectroscopy and microscopy techniques, we elucidate the 
intriguing interplay among Ge surface reconstruction, easiness of 
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hydrogen intercalation and structural quality of graphene. 
Our findings hold promise for advancing the fundamental under

standing of graphene-substrate interactions and for guiding the design of 
novel graphene-based devices with tailored electronic properties and 
enhanced functionality. 

2. Materials and methods 

Single layer graphene was deposited on Ge (110) substrates (pur
chased by g-materials, Germany) by chemical vapor deposition in a tube 
furnace using methane, hydrogen and argon as carrier gas. Deposition 
temperature was T = 930 ◦C. Following the growth step, methane was 
removed from the deposition chamber and samples were cooled in 
H2–Ar atmosphere. Further details about the deposition are provided in 
Ref. [23]. These growth conditions produce single layer graphene with 
H atoms intercalated at the G/Ge interface [9,23]. 

Samples were characterized by using Raman spectroscopy, XPS, HR- 
EELS, scanning angle low-energy electron diffraction (SA-LEED) and 
scanning tunneling microscopy (STM). 

Raman measurements were performed in air by using a Renishaw 
Raman InVia Reflex μ–spectrometer equipped with a diode laser at 532 
nm, operating at a nominal output power of 100 mW, and with a Leica 
DM2700 M confocal microscope. The spectra were recorded by using the 
100 × objective, with a nominal spectral resolution of about 1 cm− 1. The 
intensity ratios of the Raman bands were calculated using the integrated 
area of the peaks. 

SA-LEED measurements were carried out using a monochromatic 
electron gun and a hemispherical electron analyzer. The primary energy 
Ep is equal to 72 eV. Reciprocal space is spanned by changing the mo
mentum transfer q of the diffraction experiment. In the specular (elastic) 
conditions, the component of q parallel to the surface (q//) vanishes, 
defining the zero-th order diffraction peak. By scanning the polar angle θ 
(while keeping fixed the incidence and collection angles), q// is changed 
and a surface diffraction peak is observed for q// matching a surface 
reciprocal lattice vector G. SA-LEED pattern explores a singular recip
rocal space direction, and the other directions can be examined by 
rotating the sample azimuthally (φ angle). More details on the experi
mental setup and geometry can be found in Ref. [26]. SA-LEED mea
surements were paralleled by conventional back-display LEED (c-LEED). 

XPS measurements were carried out by using a monochromatized Al 
Kα1 source and a hemispherical analyzer equipped with a multichannel 
detector. The total resolution of the apparatus is 0.45 eV. The energy 
calibration was established by comparing the measured binding energy 
of the graphite C 1s peak with the literature value (equal to 284.5 eV 
[27]). All XPS spectra were deconvoluted with Voigt profiles but the sp2 

component in C 1s spectra reproduced with a Doniach-Sunjic lineshape. 
EELS experiments were performed using the same electron gun used 

for SA-LEED, operating at Ep = 91 eV and the same hemispherical 
analyzer employed for the XPS measurements. The angle between the 
source and analyzer is 120◦ and the measurements were acquired in 
specular reflection geometry. The peaks are deconvoluted using Voigt 
profiles. The energy resolution of about 60 meV of this technique allows 
to investigate vibrational modes of the sample [28]. 

A pulse-tube-cooler based low-temperature (T < 10 K) STM (Infinity 
system, Scienta Omicron GmbH, Germany) operating in UHV and 
working in constant current mode with W tips was employed for the 
investigation of the sample morphology. STM images were analyzed 
using the Gwyddion software. 

In Table 1, we summarize the samples described in the Results sec
tion and their main features. 

Table 1 
Summary of the samples described in the results section and their main features.  

Sample Description Status of the G/Ge (110) interface Post-growth treatments 

SH As-grown pristine sample. Intercalated by H passivating the 
Ge surface. 

Transferred in air after growth and outgassed in UHV to 100 ◦C 
before STM measurements. 

SDH Sample obtained by UHV annealing to 650 ◦C of SH. Hydrogen de-intercalated. After deintercalation exposed to air for Raman measurements and 
STM. Outgassed for 10 min to 420 ◦C in UHV prior to XPS 
measurements. 

SRH Sample obtained by exposing SDH to H2 (p = 6 × 10− 8 mbar) 
for 40 min at 650 ◦C. 

Hydrogen re-intercalated. All the characterization were performed in UHV. 

S(DH)x2 Sample obtained by annealing SRH to 370 ◦C in UHV. H2 nanobubbles. All the characterization were performed in UHV. 
SLEED Sample obtained by prolonged exposure of S(DH)x2 to low 

energy electrons of c-LEED measurements. 
Hydrogen de-intercalated without 
nanobubbles. 

All the characterization were performed in UHV. 

Sanneal Sample obtained by annealing SLEED in UHV (up to 450 ◦C) 
and then exposing to H2 at 670 ◦C (procedure repeated 3 
times). 

Hydrogen de-intercalated. Exposed to air for Raman measurement.  

Fig. 1. Raman spectra of the G/Ge (110) samples showing the graphene 2D 
(around 2720 cm− 1), G (around 1590 cm− 1), D’ (around 1634 cm− 1) and D 
(around 1360 cm− 1) bands. Lowest magenta curve: as grown hydrogen inter
calated sample (SH); middle red curve: sample after the first post-growth de- 
hydrogenation of the G/Ge (110) interface (SDH); top blue curve: sample after 
multiple cycles of exposure to H2 and UHV annealing (Sanneal). The data points 
are extracted from Raman spatial maps. Spectra are normalized to the N2 peak 
observed around 2326 cm− 1. 
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3. Results 

We investigate post-growth de-intercalation and the subsequent re- 
intercalation of hydrogen in G/Ge (110) samples. First, we charac
terize the pristine sample SH with H atoms intercalated at the G/Ge 
interface (See Table 1) using the growth conditions outlined in the 
previous section. Its Raman spectrum, shown in Fig. 1 (lowest curve), is 
characterized by a sharp 2D band well fitted by a single Lorentzian peak 
with a full-width-at-half-maximum Γ2D of 35 cm− 1, a 2D/G peak ratio of 
about 3, as expected for monolayer graphene on germanium [14,15,29], 
and a negligible D peak due to defects. 

A STM image of the pristine hydrogen-intercalated sample SH is re
ported in Fig. 2(a). The graphene lattice is clearly visible, while the Ge 
surface atom arrangement is hindered by the decoupling hydrogen layer 
[19,21]. 

By performing a UHV annealing to 650 ◦C of sample SH, we obtain 
the hydrogen de-intercalated sample SDH, whose Raman spectrum is 
reported in Fig. 1 (middle curve). The dehydrogenation of the interface 
results in the halving of the 2D/G peak ratio and in the increase of the 
Γ2D of about 47 %. Besides, we observe a drastic increase in the D peak 
amplitude and the rise of the D’ peak. All these features indicate a 
worsening of the crystalline quality of graphene with the introduction of 
a large amount of defects following the breaking of the Ge–H bonds and 
the escaping of hydrogen from the interface promoted by thermal 
annealing. As shown in Fig. 2 (b), the STM image of the sample SDH with 
de-hydrogenated interface reveals the coexistence of regions with a (6 ×
2) reconstruction and regions where atomic rows typical of the (1 × 1)- 
reconstruction are observed. As known in literature, the presence of 
these two reconstructions is peculiar to the Ge (110) surface underneath 
the graphene layer when the intercalated hydrogen is thermally 
removed from the interface, the relative amount of the two phases 
depending on the temperature of the thermal process employed [16–19, 
21,23]. 

After the ex-situ Raman and STM characterizations, the SDH sample 
has been re-introduced in UHV for the re-hydrogenation of the interface. 
In Fig. 3(a) and (b), we report the C 1s and Ge 2p3/2 core level XPS 
spectra acquired before (SDH) and after (SRH) the hydrogen re- 
intercalation performed using H2 (see Table 1 for details). In the SDH 
sample, two components at higher binding energy with respect to the 
main Ge 2p3/2 peak are visible, corresponding to GeO (blue curve) and 
GeO2 (green curve) oxides [30]. The presence of residual oxides com
ponents can be explained by the fact that the sample has been exposed to 
air during ex-situ characterizations before the XPS. Since the atomic 
structure of the Ge surface is clearly visible in the STM images of sample 
SDH after air exposure [Fig. 1(b)], we attribute the presence of the small 
Ge oxides components in the XPS spectrum to local oxidation at the 
defect sites of the graphene layer and regions of the substrate not 
covered by graphene (estimated to be <5 % from XPS) [31]. This is in 
agreement with the well know property of graphene monolayer to pre
serve the Ge surface from oxidation [32–35]. As for the C 1s spectrum of 

SDH, we find a main asymmetric peak centered around 284.4 eV due to 
graphene, well fitted by a Doniach-Sunjic lineshape with a minor 
component at higher binding energy attributed to C–OH bond due to 
adventitious contamination [36]. 

Significant changes occur in the XPS spectra after annealing in H2 
atmosphere (sample SRH), as shown by the top spectra in Fig. 3(a) and 
(b). Only a negligible GeO component is detected in the Ge 2p3/2 spec
trum, showing the effectiveness of the adopted procedure to remove the 
residual oxide from the Ge surface. Also, in the C 1s spectrum, the 
contribution from contaminants is now negligible and a narrower gra
phene sp2 peak is found. 

In order to prove the H presence at the interface and the effectiveness 
of the re-intercalation procedure, we performed HR-EELS spectroscopy 
of the samples. Data relative to energy loss up to 1.8 eV, where the peaks 
due to Ge–H and H–H vibration modes should appear, are shown in 
Fig. 4. 

In the SDH spectrum, no peaks are observable, confirming the absence 
of hydrogen at the G/Ge (110) interface and thus its de-hydrogenation. 
Conversely, the spectrum of the SRH sample features a peak at 0.21 eV, 
associated with vibrational stretching modes involving hydrogen and 
germanium (Ge–H) [37]. This finding indicates that hydrogen has been 
effectively re-intercalated below graphene, thus directly proving the 
effectiveness of the re-intercalation procedure. 

The EELS of this SRH sample in a wider energy range, including the 
graphene π-plasmon mode, is displayed in Fig. 5. Two peaks are clearly 
visible, well reproduced by a fit with two Gaussian components located 
at 5.7 eV and 8.5 eV. The higher energy peak is due to surface-related 
transitions of Ge [38,39]. Conversely, the peak at 5.7 eV is due to the 
graphene π-plasmon [40–43]. In our experimental conditions, this peak 
is clearly visible, and its energy position therefore easily determined. 
The obtained value is very close to that obtained in the same setup and 
conditions for free-standing graphene on a grid, i.e. 5.9 eV [43] and, 
therefore, indicates a weakly interacting graphene [44–46] with the Ge 
(110) substrate. Notice that we do not observe a significant energy shift 
of the π-plasmon between hydrogen intercalated and de-intercalated 
samples (See supplementary information), suggesting that the pres
ence of hydrogen at the interface plays a minor role in determining the 
interaction with the Ge substrate. This result is in agreement with 
Ref. [47], where a weakly-interacting graphene was reported for a G/Ge 
(110) sample deposited without hydrogen. 

We also investigated the crystalline quality of the SRH sample by 
using SA-LEED. We explored two azimuthal orientations, corresponding 
to the Γ-M (φ = 0◦) and the Γ-K (φ = 30◦) directions, as shown in Fig. 6. 
In each spectrum, both the Γ-M and Γ-K peaks are present. This evi
dences the presence of two graphene crystalline domains rotated by 30◦, 
as typically observed for G/Ge (110) [10,47]. We can estimate the 
relative coverage of these two domains by the intensity of the four 
diffraction peaks measured in the two azimuthal directions. This 
calculation reveals that the fraction coverage of the larger domain is 
about 85 % [48]. 

Fig. 2. Low-temperature (T = 9 K) STM images of (a) the as-grown hydrogen-intercalated SH sample and (b) the SDH sample with de-hydrogenated interface. In the 
latter the (1 × 1) and (6 × 2) reconstructions of the Ge (110) surface underneath graphene are visible. 
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Then, we investigated by HR-EELS the effect of further annealing on 
the H intercalated sample SRH. We first annealed the SRH sample to 
370 ◦C in UHV to desorb H [49]. As indicated in Table 1, we refer to this 
sample as S(DH)x2. The corresponding HR-EELS spectrum is shown in 
Fig. 4 (third curve from the bottom). In this spectrum, the GeH 
component at 0.21 eV is no more present and we observe the rise of a 
new peak at 0.55 eV. The latter is attributed to a vibrational mode of the 
H2 molecule [50]. The presence of this peak is compatible with the 
formation of H2 nanobubbles between the graphene layer and the 
germanium surface, resulting from the breaking of the bond between 
germanium and hydrogen during the annealing at 370 ◦C. An example of 
a nanobubble detected by STM on the sample surface is shown as an 
inset in Fig. 4. These bubbles that trapped H2 molecules before the 
complete removal of hydrogen from the interface have been observed by 
STM in the same system [22] and experimental conditions [23]. The fact 
that after the H desorption from the Ge surface the H2 gas remains 
trapped in the bubbles between the Ge surface and graphene suggests 
that graphene defects able to provide the escape route for the gas have 
been at least partially healed in the thermal processes performed on the 
sample (H2 exposure at 670 ◦C and annealing to 370 ◦C). We noticed that 
these H2 nanobubbles are very sensitive to the exposure to electrons of 
low energy, their EELS signature disappearing after the c-LEED mea
surements performed using high electron current, of the order of μA 
(topmost curve in Fig. 4, SLEED), or thermal treatment above 600 ◦C [23]. 

Finally, to confirm that the presence of defects in the graphene layer 
is necessary to re-intercalate H on the G/Ge (110) interface, we repeated 
the H2 exposure on a graphene layer without defects. Knowing that the 
defects in graphene on Ge (110) produced by the H de-intercalation can 
be healed by thermal treatments [23], we thus annealed the SLEED 
sample in UHV (up to 450 ◦C) and then we expose it to H2 at 670 ◦C, 
repeating this procedure three times (See Table 1). After each cycle, we 
performed HR-EELS and XPS measurements. We did not detect any 
significant change in the XPS and HR-EELS spectra. This indicates that 
the G/Ge (110) interface remains in the dehydrogenated status, and thus 
no further H re-intercalation can be obtained. The Raman spectrum 
acquired at the end of this treatment cycle is shown in Fig. 1 (topmost 
curve, sample Sanneal). It can be noticed that effectively the Raman 
features due to defects (D and D’ peaks) are almost absent. Also in terms 
of the 2D/G intensity ratio, the quality of graphene is significantly 
improved with respect to the SDH sample, confirming the effectiveness of 

thermal annealing in the restoring of graphene quality. 
To summarize, our data demonstrated that H2 gas can be formed and 

locally trapped in bubbles at the interface between G and Ge (110). Such 
nanobubble formation in CVD hydrogen-intercalated graphene/Ge 
(110) samples had been up to now obtained by a local electrical stimulus 
via an AFM tip [22] or thermal treatments [23]. In both the cases, the 
presence of trapped H2 gas molecules in the nanobubbles was argued 
without a direct fingerprint. Here, we showed such direct evidence by 
detecting the H–H vibrational mode in the samples with the nano
bubbles by using HR-EELS. We also found that the complete hydrogen 
removal from the interface results in a very defective graphene with 
respect to the as-grown sample, as Raman shows. It is reasonable to 
assume that the formation of these defects is produced by H2 gas 
escaping from the bubbles, since Raman worsens as the annealing 
temperature is increased up to the disappearance of the bubbles [23]. 
Starting from this defective graphene, we found that hydrogen 
re-intercalation can be easily obtained by exposing the sample to mo
lecular hydrogen at 650 ◦C. We thus believe that the defects in the 
graphene layer are the way for H2 to overcome the graphene barrier, 
reaching the Ge surface underneath. Conversely, we found that, when 
defects are healed by thermal treatments, the re-intercalation of 
hydrogen is ineffective. 

We also detected a direct fingerprint of hydrogen re-intercalation, 
which was hinted up to now by changes in the Ge surface reconstruc
tion detected by STM [17], by observing the Ge–H mode in EELS. 
Interestingly, independent of the passivation of the Ge surface by 
hydrogen, we find that graphene is free-standing on Ge (110), as shown 
by the energy of the π-plasmon mode, in agreement with the results 
reported in Ref. [47] where graphene was deposited without hydrogen. 

In conclusion, we investigated the properties of the G/Ge (110) 
interface following thermal treatments in H2 and UHV, obtaining 
hydrogen de-intercalation resulting in H2 nanobubble formation. The 
introduction of nanobubbles in graphene had been proposed as a 
possible route for strain engineering of graphene and control over its 
electronic properties [24,25]. We evidenced that the possibility to 
obtain hydrogen re-intercalation is correlated to the presence of defects 
in graphene. Our study thus provides useful information for developing 
control over the G/Ge interface and, in general, for growth recipes 
aiming at the controllable synthesis of 2D materials. 

Fig. 3. XPS spectra of the (a) C 1s and (b) Ge 2p3/2 peaks of SDH and SRH samples. Experimental datapoints are shown as dots; continuous red lines are the fits to the 
data. The main fitting components for C 1s and Ge 2p3/2 are represented by the red shaded areas. For C 1s, the blue component is due to C–OH. For Ge 2p3/2, the blue 
and green shaded areas are attributed to GeO and GeO2, respectively. 
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Fig. 4. HR-EELS spectra up to 1.8 eV losses for the different samples described 
in text. We evidenced the component due vibrational modes involving 
hydrogen and germanium Ge–H (orange curve in SRH), and the component due 
the vibrational mode of H2 molecule, H–H (green curve in SDHx2). To describe 
the tail of the elastic peak, we use a decreasing exponential plus a third-degree 
polynomial, represented as the black dashed-dotted curve. The red continuous 
line if the total fit of the experiment data. In the inset, we report an STM image 
at 9 K of a H2 nanobubble below graphene. 

Fig. 5. EELS spectra of the SRH sample in a wide energy range where the Ge 
surface-related transition (cyan component) and the π-plasmon of graphene 
(red component) are observed. The dotted-dashed black curve is the spec
trum background. 

Fig. 6. SA-LEED spectra of the SRH sample acquired along the Γ-M (green) and 
Γ-K (red) directions. The specular reflection is observed for q// = 0. Diffraction 
peaks appear when q// matches a reciprocal lattice vector of the surface, G. 
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