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Detailed characterizations of Li intercalation

Fig. S1 shows a series of STM images demonstrating the evolution of the epitaxial graphene
on SiC(0001) for increasing Li coverage and the post-deposition annealing at room temper-
ature in ultra-high vacuum. Type 0 clusters are easily found within the MLG immediately
after the Li deposition in Fig. S1(a). The phase transition from Type 0/MLG to Type 1 is
captured at one specific MLG/BLG interface as shown in Fig. S1(b). At the same time, fewer
Type 0/MLG clusters are observed within the MLG region. This tendency is more clear with
the large-scale scans in Fig. S1(c) where a smooth Type 1 boundary line separates the regions
of MLLG and BLG. The preferences for the MLG intercalation are interpreted considering
the Li diffusion barrier and the adsorption energy. The similar spacing of buffer layer under

MLG and buried MLG under BLG! facilitates free diffusion of Li atoms with a small diffu-



Figure S1: (Color online) (a,b) 100x100 nm STM images of Li-intercalated graphene at
the same MLG/BLG interface (a) 2 min and (b) 65 hours after Li deposition. The sample
is continuously scanned between two images. Type 0 clusters disappear over time, instead,
Type 1 appears as a sharp line at the interface. (c) 300x300 nm large-scale STM images
of Li-intercalated graphene with slightly higher coverage. Type 1 lines are now filling the
MLG/BLG interfaces and grow inwards in the MLG regions whereas the BLG regions are free
of any intercalation. (d,e) 300x300 nm STM images of Li-intercalated graphene after largely
increased Li coverage and a subsequent gentle annealing (5 min at around 120 °C). (d) Type
0/BLG clusters appear together with almost filled MLG regions by Type 1 (e). After heating,
clean terraces on SiC are observed everywhere implying the complete removal of Type 0
clusters from both MLG and BLG regions. A large domain of Type 1 is identified in (e)
from the irregular boundaries inside MLG. (f) 200x200 nm STM images of the Li-intercalated
surface after 5 min annealing at around 300 °C. Image conditions: (a,b,e,f) Vi;as=500 mV,
(€) Viias=250 mV, (d) Viias=100 mV, ;=500 pA for all scans. STM performed at room
temperature.



sion barrier on graphene (< 300 meV).?? In fact, the ultrafast Li diffusion between graphene
layers has been highlighted by experimental research.*® Simulations predict the dependence
of the Li diffusion barrier on the Li concentration = (Li,Cg),? this indicates a different diffu-
sion scenario for the sandwiched Li above buffer layer and buried MLG due to the different
chemical and structural nature of buffer layer and MLG.%" Additionally, the adsorption en-
ergy of Li on the buffer layer is around 0.9 €V, higher than on graphene (roughly 0.86 ¢V).”
Possibly, the local structural defects in the buffer layer are concentrated at interfaces, from
where the Li penetration process, as well as the phase transition to Type 1, begins. The
width of Type 1 appears to be irregular in the MLG regions. Besides, there is no clear Type
1 accumulation at the SiC steps as well as in the BLG regions. The bright spots in BLG
arise from pre-existing imperfections in the pristine graphene growth. The intercalation in
the BLG appears after further increasing the Li coverage in Fig. S1(d). The middle regions
on the upper terrace represent the BLG regions surrounded by Type 1 stripes at MLG/BLG
interfaces, where few clusters are identified as Type 0/BLG. There are some Type 0/MLG
clusters visible at the lower terrace as well. Type 0 clusters within the BLG area are only
observed after the complete occupation of Type 1 at MLG/BLG interfaces, which block the
diffusion entrances towards the MLG region. Li remains between two graphene layers and
takes longer to penetrate the graphene beneath due to a higher penetration barrier than the
buffer layer. A slight heating results in Li depletion of Type 0/BLG from experimental ob-
servations. Eventually, no Type 1 features on the BLG region are detected. Interestingly, all
Type 0 clusters disappear after gentle annealing at around 120 °C in Fig. S1(e) while Type
1 regions remain continuous and flat. The situation is disturbed by even higher annealing at
around 300 °C as shown in Fig. S1(f), leaving a porous Type 1 region. Clearly, the Li atoms
are depleted from the SiC substrate due to the high-temperature heating.

Using STM scans, we monitor spontaneous changes resulting from Li intercalation at the
same position on the epitaxial graphene as shown in Fig. S2. Initially, Type 0 clusters mainly

occupy MLG regions as seen in Fig. S2(a), but after 16 hours, a clear phase transition from



Figure S2: 300x300 nm sequence of STM images of epitaxial graphene after a high dosage
of Li deposition. (a) Two MLG patches, where Type 0 clusters almost fully occupy both
areas, are encircled with dashed white lines. Some neighboring BLG areas can be found on
the same terrace. (b) After 16 hours of scans, the same area shows clear formations of Type
1 stripes near the MLG-BLG interfaces inside the MLG patches. The coexistence of Type 0
and Type 1 within the MLG regions is also observed. (c) The size of Type 0 clusters within
MLG regions continues to shrink, while wider Type 1 strips form, as seen in the images taken
8 hours after (b). (d) After 40 hours from the initial Li deposition, the transition from Type
0 to Type 1 is almost complete inside the MLG regions. Image conditions: Vp;,s=500 mV,
1;=500 pA for all scans. STM performed at room temperature.



Type 0 to Type 1 is observed at the MLG-BLG interfaces in Fig. S2(b). The growth of Type
1 stripes and the depletion of Type 0 clusters within the MLG regions continues after another
8 hours in Fig. S2(c). Eventually, after 40 hours, the transition is close to completion and
the large areas of ML.G are surrounded by Type 1 stripes as shown in Fig. S2(d). The area of
the Li intercalation decreased by approximately 26% while comparing the same upper MLG
region in Fig. S2(a) and Fig. S2(d), indicating that the Li concentration in Type 0 is around

1.35 times lower than in Type 1.

Suppressing bulk conduction in Au-contacted epitaxial graphene

on SiC
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Figure S3:  (Color online) (a) Two-point resistance across the Au-contacted epitaxial
graphene on SiC versus the sample temperature. The STP measurements are performed
at 91 K, with a 4 A/m current density applied through the Au contacts. 5-lines averaged
profiles of the electrochemical potential (ECP=eVgcp) and the corresponding topography
is extracted from (b) monolayer and (c) bilayer graphene regions. The averaging time to
measure the local potential is set to 40 ms per point for one current direction. The slope
difference in the Vgcp measured in the two different regions imply different local sheet re-
sistance.

After depositing 50 nm thick Au contacts on the epitaxial graphene, the injected current
through the contacts can also pass through the SiC bulk, not only through the graphene on
top. This strongly reduces the measured potential drop AV gcp/Az. To resolve this issue,
the sample is cooled down to liquid nitrogen temperature to increase the SiC bulk resistance

substantially. At the same time, it is known that the resistance of graphene decreases only



little compared to RT. This ensures that the sample conductivity is primarily due to the
graphene sheet, as shown in Fig. S3(a). To obtain accurate local sheet resistance values,
we conduct large-scale ECP maps and then extract local profiles to fit the potential slope
AVgcp/Azx. The sheet resistance is calculated as AVgep/(jAz), where 7 = 4 A/m is the
injected current density in graphene. Fig. S3(b)(c) shows 5-lines averaged profiles of MLG
and BLG topography as well as the corresponding ECP data. Clearly, MLG has a higher
sheet resistance compared to BLG with the calculated respective resistances being 820+3.5 2

and 580 =+ 3.5 (2, respectively.

Analysis of doping and strain in Li-intercalated graphene
using Raman spectroscopy

To analyze the quality of the graphene films and the modifications of the strain and doping
due to Li intercalation we performed Raman spectroscopy. All Raman spectra were measured
with a commercial Horiba Raman (LabRAM HR Evolution UV-VIS-NIR) microscope with
a x100 objective, and a Nd:Yag laser with a wavelength of 532 nm. The laser was focused
to a spot size of approximately 2 pm diameter with a power of 9.6 mW. To check for local
homogeneity and for data averaging we acquired 2D maps in a 120 x 30 pm rectangle with
points spaced by 15 pm in both the x and y direction leading to a total of 27 spatial points
per map.

Figure S4 shows the Raman data obtained for the pristine mixed MLG-BLG sample
together with the data acquired for the same sample with Li intercalation. The sample with
Li intercalation was first measured 24 hours after the Li deposition and should contain a
mixture of Type 0 and Type 1 phase. It cannot be stated with certainty that Type 0 phase
was present during the Raman measurements since in the STM images after the Raman
measurements the Type 0 phase was no longer observed. The sample was measured again

after 4 days and some slight annealing which should lead to Type 1 phase only. Fig. S4(a)



shows the full range of Raman frequencies for the different samples including a SiC substrate
for comparison and background subtraction that was annealed below the graphitization
temperature. In the spectral range shown in Fig. S4(a) graphene exhibits three distinct
Raman bands; the D (~ 1350 em™!), G (~ 1600 cm™'), and 2D (~ 2750 cm™') which
originate from defect-induced, I'-point, and double-resonant Raman scattering processes,
respectively. The G and 2D peaks have pronounced intensities whereas the D band shows
no significant contribution with respect to the background. This indicates a good quality of
the epitaxial graphene.

In Fig. S4(b) we plot the correlated peak positions of the G and 2D peak as obtained
from background subtracted Raman spectra shown in Fig. S4(c) and (d), respectively. The
positions of the G and 2D peaks as well as the full width half maximum (FWHM) of the 2D
peak are summarized in table 1. We further analyzed the 2D peak width to obtain the layer

number N by using the formula®

45 cm ™!

~ 88cm ! — FWHM(2D) (1)

The thus obtained number of graphene layers are also reported in table 1. For the pristine
graphene we find N = 1.440.3, i.e., we have mostly (60%) MLG with some patches (40%) of
BLG. The observed positions for the Raman G and 2D bands match previous observations.%?
The Raman shifts corresponds to strained graphene with a compressive strain of about -0.4%
and an electron doping level of 1-10'® cm™2. The small deviations of our data from the ones
reported in Refs.®? are ascribed to a layer number of N > 1 in our work.

Upon Li intercalation, we observe a clear redshift of the G and 2D Raman bands with-
out the formation split peaks in the Raman spectrum, which indicates a homogeneous Li
intercalation scenario. We observe only small differences in the two Li intercalation sam-

ples where the G band shifts to about 1592 cm™! by -9 cm™! and the 2D peak by about

-34 cm~! to 2716 cm ™! for the data acquired 24 hours after Li intercalation. The apparent



layer number has increased to 1.55 £ 0.1 but the increased width of the 2D peak could be
also due to inhomogeneities in the sample. The peak positions are very similar for the data
measured 4 days after Li intercalation but show a further increase in the layer number to
N = 1.840.1 which is in line with the conversion of MLG to a quasi free BLG (Type 1) upon
Li intercalation. Apart from the peak shifts also the intensities and intensity ratios between
the G and 2D peak are modified. While the ratio 1(2D)/I(G) is 1.6 for the pristine and 24h
Li sample it increased to about 2.2 for the 4d Li sample. We do not have an explanation
for this behavior since an increased intensity ratio is associated with a reduced layer number
whereas we expect a conversion form the MLG to a quasi free BLG upon the formation of
Type 1 phase.

The phonon frequencies in graphene can be shifted by strain and carrier concentra-
tion. 1112 The strain and doping induced shifts of the G and 2D frequencies can be quan-
tified where one assumes the two sources to be independent from each other and that their
induced shifts can be added linearly. The Raman peak shift can be expressed by the following
relationship

wi = WY + Awd + Aw? (2)

where w; is the resultant (measured) Raman frequency of the i = G or 2D band, w? is the
Raman band frequency of unstrained and undoped graphene, Aw;? is the induced shift due to
mechanical strain, and Aw? is the induced shift due to carrier doping. The unstrained and
undoped graphene Raman frequencies are shown as a green dot in Fig. S4(b) as obtained from
Refs. 1911 A dashed line shows how the Raman shifts behave under biaxial strain,!' where
positive shifts with respect to the unstrained/undoped graphene mean compressive strain.
For biaxial strain the correlated shifts are about Awsy/Awg = 2.6 + 0.2.1! Regarding the
doping, we consider here only electron doped graphene for which non-monotonic shifts of the
G and 2D bands were found.!'? With increasing electron concentration the G peak shifts up
in frequency almost linearly until the Fermi energy of 0.8 eV, however, the 2D band remains

nearly the same until a Fermi energy of 0.6 eV and then goes quickly to lower frequencies
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Figure S4: (Color online) (a) Raman data for graphene before and after Li intercalation

and at different stages after Li intercalation. For comparison the Raman data acquired for
annealed SiC (temperature below graphitization) is also shown and used for background
subtraction. (b) Correlated G and 2D peak positions for the different samples. The green
dot marks unstrained and undoped graphene as found in literature.'®!! The dashed line
marks the expected behavior for graphene under biaxial strain.!! (¢) Background subtracted
G band. (d) Background subtracted 2D band.



when increasing the Fermi energy to 0.8 eV. A correction that has to be considered is that
our data acquired at 532 nm should red shift with respect to data acquired at 514 nm in

Refs. 1112 by 7.6 cm™1.?

Table 1: Position of G and 2D peaks and FWHM of 2D peak (all in cm™') with calculated
layer numbers as obtained from a peak fit with a single Lorentzian of the background sub-
tracted data.

pristine Li (24 hours) | Li (4 days)
G position 1601.2 £ 3.1 | 1592.242.0 | 1593.2+1.4
2D position 2750.3 £5.8 | 27159+ 1.9 | 2719.3+ 3.3

Number of layers | 1.41 £+0.34 1.55 £ 0.08 1.79 £0.12
2D FWHM 54.7 £ 5.7 589+ 1.5 62.8 £ 1.8

In our data the redshift of the G peak for the Li intercalated sample goes against an
increased electron doping which would shift the G peak to higher frequencies. Hence, the
Li intercalation must lead to a much reduced compressive strain. An increase of the Fermi
energy from 0.5 eV to 0.8 eV for the Type 1 phase emerging from MLG should lead to a G
peak shift of about 10 cm~! to higher frequencies.'? At the same time the 2D peak should
shift to lower frequencies by about 30 cm~!. Thus, the Raman shifts for the Li intercalated
graphene with predominant Type 1 phase indicates that the compressive strain was reduced
roughly by a factor 2. A full quantitative analysis is hindered by the presence of mixed MLG
and BLG domains in the pristine graphene sample.

The small difference between the 24h and 4d Li data is ascribed to the presence of only
little Type 0 phase after taking the sample out of vacuum for Raman measurements. It is
also not clear if the Li intercalated graphene is stable in air despite the fact that the samples
measured in STM after the Raman measurements without any annealing did not exhibit any
direct sample modification apart from the absence of any mobile Type 0 phase. Also the
laser used for the Raman measurements could accelerate the transition from Type 0 to Type
1 phase.

We conclude that the Li intercalation yielding to the Type 1 phase results in clear shifts

of the Raman G and 2D bands that are consistent with a reduction of the compressive strain
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and an increase in electron doping but the analysis is further complicated by a possible
sample inhomogeneity due to presence of MLG and BLG patches and a change in layer
number upon Li intercalation. The apparent large strain values obtained from the STM
topographs of the Type 0 phase could not be confirmed in the Raman measurements which

is ascribed to an instability of the phase in air or during the Raman measurements.

STM topographs for STS data
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Figure S5: (Color online) (a-c) STM topographs from samples with different Li content on
which the STS data in Fig. 3 was obtained. The blue dots mark the positions where the
STS was acquired: 1 - MLG, 2 - BLG, 3 - Type 1, 4 - Type 0/MLG, 5 - Type 0/BLG.
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