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We report a study of structural properties of graphene grown on germanium (001) when subjected to hydrogen
intercalation during cooling, using chemical vapor deposition method. The systematic statistical analysis of the
Raman spectra indicated that hydrogen increased the number of structural defects in graphene and caused the
increase of the compressive strain. Interestingly, it was also found that hydrogen impacted on charge doping.

These findings offer a new insight into the nature of graphene-germanium interaction and constitutes an im-
portant step towards graphene integration into modern electronics.

1. Introduction

Nowadays, the most popular graphene production method is the
chemical vapor deposition (CVD) on copper foils [1]. Whereas the CVD
is a feasible, relatively cheap, and large-scale production process, the
copper substrate used for this process significantly hinders graphene
integration into modern, mostly silicon, electronics [2]. Compatibility
with the CMOS technology is one of the most important arguments in a
discussion on graphene opto-electronic applications because processes
that could not be integrated with modern silicon technological lines will
significantly increase the production costs or even render graphene
implementation unprofitable. Due to the fact that direct growth of
graphene on silicon is impossible as it forms carbides, germanium as a
substrate, which is already compatible with silicon based technologies,
is an interesting alternative. To date, despite many efforts [3-8], the
CVD growth of graphene on germanium remains still to be fully un-
derstood and Raman spectroscopy is one of the most powerful techni-
ques that can further aid this purpose.

Generally, in the context of graphene-germanium synthesis basic
Raman studies were applied to confirm the correctness of the growth
procedures, i.e. to verify the presence of the graphene layer on ger-
manium substrates [3,4,7]. Additionally, more advanced Raman in-
spections were used to demonstrate and explain the difference between
the epitaxial growth of graphene on two crystallographic orientations of
the substrate, namely Ge(111) and Ge(110) [6]. This article claims that
the thermal postprocessing of GR/Ge(111) and GR/Ge(110) systems
under UHV leads to the emergence of new reconstructions of the Ge
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(111) and Ge(110) surfaces, thus leading to the strain modification of
the overlying graphene lattice [9]. Following the work of Kiraly et al., a
few other papers, by plotting the distribution of the 2D mode position
vs the measured distribution of the G mode position, have shown the
estimation of the doping or strain levels in graphene grown on ger-
manium substrates [10-12]. In all of these papers, researchers revealed
the presence of a compressive biaxial strain, comparable to the value
(e = —0.3%) present in graphene grown on Ge(100) substrate by the
CVD method. Furthermore, this finding is highly valuable as it suggests
that CVD growth process of graphene on Ge(100) could be uninfluenced
by the growth system. The literature overview also indicates that there
is a scarcity of an in-depth study employing Raman spectroscopy
characterization, especially in the statistical approach. Interestingly,
although researchers conducted their investigations on the post-
processed graphene/germanium samples, there are no reports of the
advanced correlation of Raman characteristics of hydrogen-intercalated
graphene grown on germanium, particularly in the function of the
measurement temperature [6,13]. Also, even in the case of widely
studied graphene/SiC hydrogen intercalated systems, the studies em-
bracing statistical Raman analysis of temperature dependence hydrogen
intercalations are rather rare [14].

Therefore, here we, investigate how the postprocessing, namely
hydrogen intercalation in different temperatures during cooling after
CVD growth, influences properties of CVD grown graphene on germa-
nium (001) substrate. We use Raman spectroscopy and vector decom-
position method [9] to obtain strain ¢ and doping n values that char-
acterize intercalated in different temperatures graphene monolayers.
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We demonstrate that hydrogen intercalation leads to an increase in
compressive strain ¢, which is an unexpected effect, and slightly dete-
riorates structural quality of graphene. In addition, we found slight
lower variation of the doping level for all intercalated samples, as
compared to pristine one. Our findings and conclusions offer new in-
sight into graphene-germanium interactions in the presence of hy-
drogen and could be especially useful for further optimization of gra-
phene on germanium technology. We also note that the post-growth
hydrogen treatment could be used for strain control, which might be
attractive considering that imperfect (defected, strain-disturbed) gra-
phene has been reported to possess some unique functionality [15,16],
despite a decrease in the carrier mobility p value [17].

2. Material and methods

We used commercially available silicon (001) wafer with a 3 um-
thick germanium film deposited on it as a substrate for CVD growth of
graphene monolayer and its further hydrogen intercalation. The ger-
manium film was deposited using CVD method and is oriented along
(001) crystallographic axis. The substrate surface pretreatment and
subsequent graphene growth process were described in Ref. [7]. After
the growth, some of the samples were cooled down in pure argon at-
mosphere (p = 800mbar) and the others in pure hydrogen
(p = 800 mbar, also). We note that the samples cooled down in argon
are fabricated using the same procedure as described in Ref [7] are here
denoted as “pristine”. Schematic of the cooling procedure for pristine
samples is shown in Fig. 1a. Samples that were exposed to hydrogen
during cooling are further denoted as “hydrogenated”. Schematic of the
cooling procedure for one of the hydrogenated samples is shown in
Fig. 1c. The cooling took place in argon between the temperatures of
the graphene growth and the hydrogen exposure starting temperature.
Next, depending on the process used, starting from T = 600 °C, 800 °C,
or 900 °C the samples were cooled down in hydrogen. At the tem-
perature below 500 °C hydrogen was switched again to argon and the
cooling was continued until the sample reached room temperature.
Immediately after the growth, samples were inspected using scanning
electron microscopy and examined using Raman spectroscopy. We ob-
served a progressive degradation of our samples, and therefore, the
measurements were performed just after the growth.

Fig. 1b shows scanning electron microscopy (SEM) image of a
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pristine graphene monolayer on germanium (001) surface, and Fig. 1d
shows a SEM image of graphene after hydrogen treatment. A char-
acteristic highly faceted structure [18-20] related to the germanium
surface reconstruction is clearly seen for pristine graphene but it is not
present on hydrogenated samples. Because the structure of facets were
reported to be dependent on the cooling rate [18], we checked if dif-
ferent cooling times of pristine samples affect facet structure, particu-
larly, if it is possible to obtain flat and uniform surface like in the case of
hydrogenated samples. Our experiments showed that despite different
cooling schemes in pure argon atmosphere, facet structure remained
the same. Thus, lack of facet structure in hydrogenated samples is not
an effect of different cooling rates/times it is entirely the effect of ex-
posure to hydrogen. This conclusion is in agreement with our pre-
viously reported work by Grzonka et al. [21].

In order to support the main analysis of this work the graphene
properties were verified by means of low-energy electron diffraction
(LEED) and Atomic Force Microscopy (AFM). The LEED measurements
were conducted at room temperature under the base pressure of
2 x 107 '° mbar employing a Multiprobe P system made by Omicron
GmbH (currently known as Scienta-Omicron). The AFM Measurements
were performed in ambient conditions with the Ntegra Aura (NT-MDT).

As presented in Fig. 2a pristine sample without hydrogen inter-
calation have complex LEED pattern. We are dealing with two different
planar graphene domains orientations (denoted by blue and red hexa-
gons) and with different domain alignments relative to the surface
which are visible as pairs of blue and red hexagons due to presence of
nanofacets structure [11]. After hydrogen intercalation surface can be
flattened which results in the presence of only two main planar domain
orientation (see Fig. 2b). However, it should be noted that in both cases
the orientations of domains are not perfectly defined, as visible spots
were significantly blurred and show a tendency to form a ring. In
conclusion, the parallel domains orientation does not change after in-
tercalation process and main changes were related to the change in the
substrate roughness.

Atomic force microscopy measurements performed on sample
without hydrogen revealed that the graphene/Ge(001) was completely
covered with nanofacets (Fig. 2c). In the case of sample after hydrogen
intercalation we see that the surface is much flatter and nanofacets
were almost removed (Fig. 2d) which is consistent with our SEM and
LEED measurements.
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Fig. 1. Scheme of cooling after CVD growth of (a) pristine and (c) hydrogen treated graphene monolayer on germanium (100) substrate. (b) SEM image illustrating
graphene before hydrogenation, graphene reflects germanium surface reconstruction, and (d) SEM image illustrating graphene surface after hydrogen treatment.
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Fig. 2. (a) LEED measurements recorded at 70 eV for graphene/Ge(001) pristine sample, (b) LEED recorded from sample after hydrogen intercalation (c) AFM images
of pristine graphene/Ge(001) sample (d) AFM results for graphene/Ge(001) system after hydrogen intercalation.
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Fig. 3. (a) typical Raman spectra of graphene monolayer on germanium (100) before and after hydrogenation at T = 600 °C, 800 °C, and 900 °C. (b) Correlation
analysis of Raman 2D mode position versus D mode position. (c) Correlation analysis of Raman D mode position versus G mode position. (d) Correlation analysis of
the ratio of the 2D mode intensity to G mode intensity I,p/I; versus ratio of the D mode intensity versus G mode intensity Ip/Ig.
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The main investigation technique which was used in our experi-
ments is Raman spectroscopy. Raman spectra were collected using
Renishaw inVia spectrometer with 532 nm laser source, x50 microscope
objective (~2 pm laser spot) and using low power (< 0.3 mW) circular
light polarization on the sample. Typical Raman spectra acquired from
pristine and intercalated graphene samples at T = 600 °C, 800 °C, or
900 °C are shown in Fig. 3a. All four spectra include three peaks related
to graphene monolayer and are denoted as D mode, G mode, and 2D
mode. Three spectra from hydrogenated samples additionally include
one peak related to germanium-hydrogen bond, which is denoted as Ge-
H (and it is not seen in pristine sample spectrum). The G mode is lo-
cated approximately at ~1600cm ™' and is a signature of sp® carbon
vibrations. The D mode is located approximately at ~1350 cm ™! and is
related to the existence of structural defects [22]. The higher ratio of
the D mode intensity to the G mode intensity I/Ig, the larger amount of
sp defects in sp? lattice. The 2D mode is an overtone of the D mode
[23-25] but in contrast it is observed even for defect-free samples due
to different physical mechanism underlying. It can be observed in
graphite, carbon nanotubes and graphene, in case of which, the higher
ratio of its intensity to the intensity of the G mode I,p/I; the higher the
structural quality. Because Raman spectra for all samples change within
each sample, we acquired not only single Raman spectra but a set of
Raman spectra acquired from a square grid of points called Raman
maps (~120 spectra in the map), which were subjected to further
statistical analysis. Such approach yields results that reflect in-
homogeneity of the examined samples and allows for analysis of cor-
relation between different Raman parameters.

Analysis of graphene properties from sets of Raman spectra was
performed in a scheme proposed by Lee [9] and is illustrated in Fig. 4a
and b. The method of vector decomposition adopted here bases on the
fact that changes in Raman peak positions (phonon energies) due to
applied stress and doping are different for G and 2D mode. For example
Shin [26] reported that changes in the G and 2D mode resulting from
compressive biaxial strain give: Ahwg/Ae = —62cm ™ '/% and Ahw,p/
Ae = —138cm ™ 1/%, thus Ahwop/Ahwg = 2.23. On the other hand,
Froehlicher [27] showed that changes in hole doping give Ahwop/
Ahwg = 0.55. Because Ahwop/Ahwg is different for changes in ¢ and ny,
therefore, it is possible to unambiguously transform (hwg, hwop) into (e,
nh).

3. Results and discussion

Prior to a discussion on the influence of the temperature of the
hydrogen intercalation on the changes in strain and doping, it is valu-
able to analyze Raman spectra to get information on introduced
structural defects. For this purpose, we analyze D, G, and 2D peak
positions, ratio of the intensity of the 2D mode to the intensity of the G
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mode - I,p/Ig, and the ratio of the intensity of the D mode to the in-
tensity of the G mode — Ip/Ig, which are all depicted in Fig. 3b, c and d.
Fig. 3b illustrates distribution of the 2D mode peak positions in respect
to the D mode peak positions. The most spread out data are acquired
from pristine graphene, which we attribute simply to the lowest in-
tensity of the D mode, which implies higher experimental noise in the
peak position. The D and 2D peak positions acquired from hydrogen
treated samples are strongly correlated and lie close to the line with
slope that equals 2.0. The particular slope value comes from the fact,
that 2D mode is an overtone of D mode [23-25]. After analyzing this
picture it can be concluded that strain and doping affect D mode in a
similar manner to 2D mode. However, for good quality samples, it is
more convenient to analyze 2D mode than D mode due to higher in-
tensity. Fig. 3c illustrates distribution of the D mode peak position in
respect to the G mode peak position. Fig. 3d illustrates I,p/Ig ratio
versus Ip/Ig ratio. We note that the I,/I ratio is related to the amount
of defects in graphene monolayer, whereas the I,p/Ig ratio reflects the
graphene quality. As can be seen, hydrogen intercalation increases the
Ip/Ig ratio from 0.58 = 0.31 to 1.29 *= 0.34, 1.57 * 0.35, and
1.70 = 0.32, for T = 600 °C, 800 °C, and 900 °C, respectively. This
means that exposition to the hydrogen during cooling increases the
amount of sp® bonds in respect to the sp? bonds. The analysis of the I,p/
I ratio shows its slight decrease from 6.1 += 1.0 to 5.6 *+ 1.3 and
5.6 = 1.4, for T = 600 °C, 800 °C, respectively, and a large drop in its
value to 3.0 + 0.6 for the highest temperature of 900 °C.

Fig. 4a presents results of the experimental measurements of hwg
and hw'sp for all four samples in the hwop-hwg coordinate system. Be-
cause our measurements have been conducted using 532nm line of
ND:YAG laser and most of the literature results, including [26] and
[27], was reported to use 514 nm line of Ar laser, in order to be com-
patible with them and thus to be able to draw reliable conclusions, we
modified the hw,p values in Fig. 4a assuming that 2D mode in graphene
monolayer has dispersion 100 cm ™! /eVv, after [22]. Additionally, we
draw lines of constant strain in Ae = 0.05% steps and of constant hole
doping from 0 x 10'2em ™2 to 20 x 102 em ™ 2inn, = 1 x 102 ecm ™2
steps. As the origin (reference) we took data from Ref. [9].

As can be seen in Fig. 4a, energies of G and 2D phonons go up with
increasing starting temperature of hydrogenation in a way that reflects
the increase in a strain value. Exact numerical values obtained from
Raman peak analysis, i.e. median of D, G, and 2D peak positions, as well
as the corresponding values of strain and hole doping, are presented in
Table 1. Dispersion of analyzed parameters is expressed by means of
standard deviation, whereas correlation strength is expressed as the
Person correlation coefficient. As it is always valuable to analyze ac-
quired experimental data distribution directly, we transformed Raman
data from Fig. 4a into corresponding strain and hole doping values,
which are shown in Fig. 4b. Such an approach allows for qualitative
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Fig. 4. (a) Correlation analysis of Raman 2D mode position versus G mode position. A shift related to stress increase is clearly seen. (b) Experimental results

transformed into stress-doping e-n coordinate system.
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Table 1
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Parameters obtained from Raman peak analysis: median of D, G and 2D peak positions; Pearson correlation values p between D and G mode positions and between 2D
and G mode positions for each temperature of hydrogenation, as well as the derivatives of the 2D mode position with respect to G mode position and D mode position
with respect to G mode position obtained using Deming orthogonal regression; mean values of strain and hole doping calculated from Raman data using vector
decomposition method; ratio of the intensity of the 2D mode to the intensity of the G mode I, / Ig; ratio of the intensity of the D mode to the intensity of the G mode

I, / Ig; uncertainties are taken as the standard deviation of the results.

Sample hap hag haan p (hwp, hwg)  dhwp/dhwg  p (hwap, hwwg) — dhwap/dhwg € (%) np (x102em~2) In/lg Lo/l

Pristine 1349.9 15929 26948 0 - 0.18 - —-0.04 = 0.02 43 += 15 0.58 + 0.31 6.1 = 1.0
T=600°C 1358.7 1596.6 2710.1 0.66 0.85 0.79 2.0 -0.16 = 0.04 22+ 1.1 1.29 = 0.34 56 = 1.3
T=800°C 13653 16044 27254 0.65 0.92 0.76 2.3 -0.27 = 0.03 2.8 = 0.9 1.57 = 0.35 5.6 = 1.4
T =900°C 1368.4 1610.5 2731.2 0.38 0.60 0.57 2.1 —-0.29 * 0.02 57 + 1.4 1.70 = 0.32 3.0 = 0.6

assessment of the sample homogeneity, which could provide valuable
feedback to the technology. Additionally, it facilitates spotting gross
errors. We also note that Fig. 4a is somehow similar to Fig. 3c. The
(hwg, hwp) data could be used for calculations of the strain and doping,
like in the case of (hwg, hw.p); however, the original choice [9] seems
to be more convenient. We note that data shown in Figs. 3b and ¢, and
4a are all consistent, which proves that the results reported by us are
reliable.

Raman analysis shows that the pristine sample is the least strained
one (0.04% of compressive strain). Estimated doping equals approxi-
mately 4.3 X 10?2 ecm ™2 and its distribution, expressed as the standard
deviation, equals 1.5 x 10" cm ™2 Hydrogenation at T = 600 °C re-
sults in a decrease in hole doping level (from 4.3 x 102em™2 to
2.2 x 102 cm™2), a decrease in hole doping distribution (from
1.5 x 102 em ™2 to 1.1 x 10'>cm™~2) and an increase in compressive
strain (from —0.04% to —0.16%). Hydrogen treatment at T = 800 °C
results in further increase in compressive strain value (from —0.16% to
—0.27%) and in a slight increase in hole doping level (from
2.2 x 10”2 cm™2 to 2.8 x 10'2cm™?). An increase in hydrogen ex-
posure starting temperature from T = 800°C to T = 900 °C (close to
growth temperature) results in a slight increase in compressive strain
(from —0.27% to —0.29%), a large increase in hole doping level (from
2.8 X 10'% to 5.7 x 10", and a large increase in hole doping dis-
tribution (from 0.9 X 102cm ™2 to 1.5 x 10*2cm™2). We note that
large variation in doping values (1.4-1.5 x 10*2cm ™) for samples
hydrogenated at T = 600 °C and 900 °C results from existence of cor-
relation between ¢ and ny,. Both clearly indicate that there is a physical
cause that relates e and ny,. This fact, however, will be discussed further.

Summarizing this part, hydrogen intercalation in T = 600 °C leads
to a decrease in hole doping n;,, increase in compressive strain ¢, in-
crease in amount of defects and slight decrease in the I,p/Ig ratio. Next,
hydrogen treatment in T = 800 °C, leads to a slight increase in hole
doping ny, an increase in compressive strain ¢, an increase in the
amount of defects and slight decrease in I,p/Ig ratio. Finally, hydro-
genation in T = 900 °C leads to large increase in hole doping ny,, a slight
increase in compressive strain, slight increase in the amount of defects
and large drop in the I,p/Ig ratio.

The interpretation of observed phenomena is as follows. For the
pristine sample graphene grown on germanium surface reflects the Ge
surface reconstruction, as shown in Fig. 1b and 2c. It has two con-
sequences. The first is that graphene has larger surface area per um? on
reconstructed Ge surface than on flat surface, which will be important
further. The second is that the graphene is supposed to significantly
interact with the germanium surface [28]. We expect that the variation
in doping values and an existence of correlation between ¢ and n;, in
pristine graphene is related to the variation in the strength of the
coupling to the substrate. We anticipate that the higher coupling be-
tween graphene and germanium the higher hole doping resulting in a
charge transfer. On the other hand, lower coupling implies that gra-
phene tends to straighten, which in case of graphene excess leads to an
increase in compressive strain. We are aware that the complete ex-
planation is not so simple, at least for the fact, that if the graphene
monolayer was bound to the substrate at the growth temperature, and

the coupling between graphene and germanium surface was strong
enough, the strain originating from the thermal coefficient mismatch at
room temperature would equal approximately —1.1%, assuming that
Oge = +6 X 107%K ' and agg = —6 X 10" 9K™! [29], whereas the
experimental value equals —0.04% =+ 0.02%.

Hydrogen intercalation in T = 600 °C and 800 °C leads to crowding
of hydrogen between graphene and germanium. Because graphene
monolayer cannot be simply straightened due to its excess, therefore it
is folding and hence an increase in compressive strain value is expected.
This effect can be observed in Fig. 1d, which illustrates graphene
sample after hydrogenation. We attribute small bright features exactly
to the folded graphene. Moreover, we suppose that hydrogen inter-
calation decreases in strength of the graphene-germanium interaction,
which implies a decrease in the absolute value of the charge carrier
concentration. We also note that hydrogenation in T = 600°C and
800 °C slightly damages graphene monolayer which is related to an
increase in the Ip/Ig ratio and a slight decrease in Iop/Ig ratio. Contrary
to this, for the sample exposed to hydrogen in T = 900 °C we observe a
slight increase the Ip/I; ratio and a significant decrease in the Lyp/Ig
ratio, which we attribute with more aggressive etching of the graphene
by hydrogen. The drop in the I,p/I; value is not the only feature that
distinguishes the sample hydrogenated in T = 900 °C from samples
hydrogenated in T = 600°C and T = 800 °C. The other ones are: a
smaller increase in compressive strain value, a larger increase in hole
doping value and emergence of correlation between ¢ and ny seen in
Fig. 3b. Whereas the first dissimilarity can be explained by the sa-
turation of the hydrogen intercalation, and the second one by the in-
crease in amount of structural defects that could also act as hole do-
pants, the emergence of correlation between ¢ and n;, escapes our
understanding at the moment.

4. Conclusions

To conclude, we have demonstrated the role of hydrogen inter-
calation on graphene structural properties, namely the impact of hy-
drogen on the amount of structural defects and on an increase in value
of compressive strain acting on graphene monolayer. The latter one
results from the fact that initially graphene mimics reconstructed ger-
manium surface. Hydrogen intercalation leads to decoupling of carbon
film from germanium which in case of graphene excess leads to an
increase in compressive strain. The initial decrease in hole doping and
its significant increase for the most damaged sample is also discussed.
Aforementioned information and conclusions provide deeper insight
into graphene-germanium interaction and could be used for further
improvement of graphene on germanium growth technology.
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