7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Observation of different Li intercalation states and
local doping in epitaxial mono- and bilayer
graphene on SiC(0001)+
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Li intercalation is commonly used to enhance the carrier density in epitaxial graphene and mitigate coup-
ling to the substrate. So far, the understanding of the intercalation process, particularly how Li penetrates
different layers above the substrate, and its impact on electron transport remains incomplete. Here, we
report different phases of Li intercalation and their kinetic processes in epitaxial mono- and bilayer gra-
phene grown on SiC. The distinct doping effects of each intercalation phase are characterized using scan-
ning tunneling spectroscopy. Furthermore, changes in the local conduction regimes are directly mapped
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by scanning tunneling potentiometry and attributed to different charge transfer states of the intercalated
Li. The stable intercalation marked by the formation of Li—Si bonds leads to a significant 56% reduction in
sheet resistance of the resulting quasi-free bilayer graphene, as compared to the pristine monolayer
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1. Introduction

Epitaxial graphene prepared on Si-terminated SiC surfaces
offers large-scale production and integration in devices, such
as graphene field-effect transistors." During the growth
process of graphene by thermal decomposition of SiC, a
carbon buffer layer forms first, and Si dangling bonds are left
in the SiC substrate. Monolayer (MLG) or bilayer graphene
(BLG) grows further on the buffer layer depending on the
temperature or pressure.>> However, the SiC substrate induces
an intrinsic electron doping, which strongly pins the gra-
phene’s Fermi level to 0.4 eV above the Dirac point.*”
Following the idea of chemical doping for semiconductors, the
intercalation of atomic species beneath graphene provides a
viable route to separate the buffer layer from the substrate and
shift the doping level from p-type to n-type or near charge neu-
trality. By utilizing specific intercalants, graphene can gain
unique features, including increased spin-orbit coupling,
superconductivity, and spin polarization.®® Li intercalation is
of great interest since it can largely increase the carrier density
and generate clean quasi-free graphene with its out-of-plane
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orbitals undisturbed.’ Furthermore, more carriers in graphene
lead to stronger electron-phonon coupling causing
superconductivity'®'" or the Kekulé order through enhanced
many-body interactions."

Previous X-ray photoelectron spectroscopy (XPS) and low-
energy electron diffraction (LEED) measurements have shown
that Li atoms can penetrate through graphene layers directly
and detach the buffer layer via bonding to Si at room temp-
erature.”® A new superstructure pattern (v/3 x v/3)R30° has
been observed after the deposition, which is similar to the
bulk C¢LiCg structure and disappears after heating at around
325 °C. Scanning tunneling microscopy (STM) imaging of the
Li intercalated MLG shows that Li nucleation starts at the SiC
steps and then grows inwards.'® Further scanning tunneling
spectroscopy (STS) measurements reveal n-doping corres-
ponding to a 0.8 eV shift of the charge neutrality point,
which agrees with observations from angle-resolved photo-
emission spectroscopy.®'®> An even higher doping level (1.4
eV) is reported by increasing the Li coverage with the emer-
gence of flat bands.'> However, several questions remain
open. How does Li penetrate the top graphene layer, the
buffer layer and finally reach the SiC substrate? Is this a
sequential process with different intercalation steps? How do
the charge states and the Coulomb interactions of Li ions
influence the intercalation mechanism, or vice versa? More
importantly, what are the transport properties of the result-
ing quasi-free graphene? Here, we address some of these
questions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic of the scanning tunneling potentiometry setup. An
external current source applies a current density j = 4 A m~* through
two Au contacts deposited on epitaxial graphene. An STM tip is brought
a few Angstroms away from the surface and measures the tunneling
current Ii. An extra voltage Vecp is applied to the graphene simul-
taneously and considered as the local ECP if Vgcp can zero the tunneling
current. (b) 150 x 150 nm STM image of graphene/SiC with a mixture of
monolayer and bilayer graphene. The separation between BLG and MLG
is visible (image conditions: Vpias = 50 mV, I, = 500 pA). (c) Sketch of the
structural transition of a typical MLG/BLG interface, where the yellow
dashed lines refer to the buffer layer and the green solid lines represent
graphene layers. The small apparent height difference between MLG
and BLG originates from a step in the SiC substrate beneath BLG.

Recently, the development of scanning tunneling potentio-
metry (STP) enabled local electron transport imaging around
nanoscopic objects of interest,'®>? correlating the local
electrochemical potential (ECP) with the morphological fea-
tures as sketched Fig. 1(a). Here, we perform STM and STP to
study the Li intercalation processes and their electron trans-
port properties for epitaxial graphene on a SiC(0001) substrate.
Two distinct phases of Li intercalated graphene are found and
denoted as Type 0 and Type 1. The experiments yield insight
into the kinetic processes during the intercalation. The elec-
tronic properties of these phases are analyzed using STS.
Further, STP measurements at 91 K precisely determine their
local electron transport properties. Based on the ECP data, we
show that the Type 1 phase reduces the sheet resistance of
pristine MLG by 56% and is also more conductive compared to
pristine BLG, whereas Type 0 induces only a local potential
dip. By discussing the differences in ECP profiles between the
two phases, we point out the importance of Li charge transfer
for graphene functionalization.

2. Experimental methods

Epitaxial graphene is grown on a SiC-6H(0001) semi-insulating
substrate (thickness 330 um, resistivity >1 x 10° Q cm) by
direct current heating in ultra-high vacuum. The sample
quality was checked using Raman spectroscopy.?® Then, 50 nm
thick Au contacts are ex situ deposited onto the SiC wafer with
a Kapton mask protecting the graphene surface. After being
reinserted into the UHV chamber, the sample is degassed at
around 200 °C for one hour to remove any adsorbates. This
results in a clean graphene surface as shown in Fig. 1(b). Li is
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evaporated in situ from a commercial Li dispenser (SAES
Getters) on the Au-contacted sample held at 300 K. The
sample is then transferred in vacuum to the STM chamber and
scanned with an electrochemically etched W tip in the con-
stant current mode. The topographic inspections of the Li-
intercalated graphene are performed at 300 K using a four-
contact STM from RHK Technology at a base pressure of 1 x
107" mbar. The sample investigated in this work consists of a
mixture of MLG and BLG, exhibiting MLG/BLG interfaces as
shown in Fig. 1(b), together with the common SiC triple steps
in epitaxial graphene. Fig. 1(c) shows a cross-section sketch
across an on-terrace MLG/BLG interface. The dashed yellow
line and the green lines represent the buffer layer and the gra-
phene layers, respectively. One missing SiC layer (250 pm)
beneath the BLG region accounts for a lower step height (80
pm) compared to the graphene layer thickness (330 pm).

3. Results and discussion

After deposition, Li clusters appear in the MLG regions as
shown in Fig. 2(a). The topographic height of the cluster is
roughly 150 pm as indicated by the line profile in Fig. 2(d).
The periodic superstructure in these regions is due to the
modulation of the 64/3 x 64/3 reconstruction of the buffer
layer. The graphene lattice in correspondence to the clusters is
strongly distorted relative to pristine MLG (inset), with an
apparent local strain reading up to 18% as deduced from the
STM images. Raman measurements, however, do not provide
evidence for such a strained state of this phase. Raman spec-
troscopy is performed ex situ on micron-wide sample areas,
which makes it difficult to confirm the presence of transient
local strain.?® The intercalated Li atoms in this phase are
mobile as evidenced by the changing shape and fuzzy edges of
the patches at 300 K, which sparsely occupy only the MLG
regions. The Li clusters here are irregular shapes with linear
dimensions of 20-40 nm. Further experiments and discussions
(see below) suggest that the Li atoms are trapped between
MLG and buffer layer and remain unbounded (Fig. 2(g)). This
phase, which we refer to as Type 0, has not been reported
before and allows it to be a precursor to a more stable phase.
Over a timescale of two days, we observe a transition to a
new phase, denoted as Type 1 in Fig. 2(b), which has sharper
interfaces and a different height (~250 pm) as indicated by
Fig. 2(e). The transition from Type 0 to Type 1 occurs gradually
over time, as shown by a continuous series of STM images.”®
Type 1 first saturates the MLG/BLG interface completely and
then grows inwards beneath the MLG while the BLG region
remains unchanged. The atomically-resolved STM image of
Type 1 shows a flat topography from the inset in Fig. 2(b) and
is similar to the previously reported phase of Li intercalated
MLG."*"® The dips in the topography are assigned to missing
Li atoms beneath the buffer layer. Previous STM, XPS, and
LEED measurements indicate that Li atoms directly bond with
Si atoms in Type 1 resulting in the complete detachment of
the buffer layer.'*'* Therefore, Type 1 corresponds to the
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Fig. 2 (a—c) 100 x 100 nm STM images of Li-intercalated graphene around MLG/BLG interfaces at 300 K as a function of Li coverage. (a) Scattered
clusters show up immediately after Li deposition as indicated by dashed white circles. The height profile across these clusters is shown in (d) by a
white dashed line. These clusters are mobile beneath MLG and eventually nucleate at the MLG/BLG interface in (b) usually within 2 days in UHV. The
topographic height changes to 250 pm as shown in the line profile (e). It is considered that Li now bonds with Si atoms and ionizes as sketched in
(h). By further increasing the Li coverage, the MLG region is first completely occupied while the mobile clusters show up now in the BLG region in (c)
as marked by a dashed circle. The topographic profile across the interface shows a lower height in (f). Li immediately penetrates the top MLG as
shown by the regular graphene lattice observed in the insets of the three intercalated phases with a scale bar of 2 nm. The assumed positions of the
Li atoms are shown in (g—i). The Li atoms bound to the SiC are shown in dark red to highlight the different bonding with respect to Li bound
between the graphene layers which are shown in light red (image conditions: Vyas = 50 mV for three insets and (b), Viias = 500 mV for (a and ¢), I, =

500 pA for all scans).

quasi-free BLG as sketched in Fig. 2(h), where the Li atoms
bind with the SiC substrate and are ionized. The Type 1 phase
is stable up to a temperature of 300 °C.>?

By increasing further the Li coverage, we observe the coexis-
tences of Type 0 and Type 1 phases. As shown in Fig. 2(c) and
a line profile in Fig. 2(f), Type 0-like clusters also populate the
BLG area. The presence of the 64/3 x 61/3 reconstruction
(inset) suggests that these clusters are intercalated beneath the
top graphene layer, similar to the Type 0 clusters observed
beneath MLG (Type 0/MLG), as sketched in Fig. 2(i). These
clusters are stable over one week, even though their shapes
keep changing. However, the Type 0 phase is thermally
unstable and removed completely from both MLG and BLG
regions by moderate heating up to 120 °C, as shown in
Fig. S1(e).1>*

Based on the STM observations of the Type 0 and Type 1
phase, the phase transition is attributed to a change of Li posi-
tion beneath MLG as indicated by Fig. 2(g) and (h). Li first
penetrates the top graphene layer right after landing on the
surface, as proven by STM imaging of the Type 0 phase follow-
ing Li deposition. Li cannot readily penetrate through a
perfect honeycomb lattice but the energy barrier is much
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reduced when the lattice is stretched or has topological defects
like heptagons or octagons.>* Therefore, the structural defects
in the graphene likely promotes intercalation.
Moreover, theoretical work shows that Li atoms are more
stable between graphene layers rather than on the top gra-
phene layer.>® Calculations also reveal that Li atoms prefer to
bind to the buffer layer/SiC interface rather than intercalating
between carbon layers.”® The Li penetration barrier through
the buffer layer is much lower than the one for perfect mono-
layer graphene,> which facilitates intercalation. Despite the
homogeneous Li deposition on the surface, Type 0 clusters are
initially only found in MLG regions with BLG areas
unchanged. The avoidance of BLG intercalation, which has
728 and Mn*° intercalation, possibly
25,30,30 and

sheets

also been observed in Na
originates from variances in Li diffusion barrier
adsorption energy** on the buffer layer beneath MLG and the
buried MLG under BLG, owing to their distinct chemical and
structural characteristics.>*>" While Type 0 clusters diffuse
only within MLG regions, reflections at the MLG/BLG inter-
faces lead to increased proximity to these steps, which initiates
Li penetration and phase transition within MLG regions.
Type 0 clusters in the BLG area appear after the complete occu-
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pation of Type 1 at the MLG/BLG interfaces, hindering
diffusion into the MLG region. This signifies that Li prefers to
penetrate and diffuse within MLG areas than to intercalate
directly below the buffer layer of the BLG region.

To probe the electronic properties of the Li-intercalated
phases, STS measurements are performed locally at 300 K.
Even with a strong thermal broadening in the spectra, we
resolve a local minimum in the di/dV current, which indicates
the position of the Dirac point of graphene. The measure-
ments shown in Fig. 3(a) reveal n-doping levels of 0.5 eV and
0.4 eV for MLG and BLG, respectively, indicating slightly
higher doping compared to other reports of 0.42 eV (MLG) and
0.3 eV (BLG).? The complete detachment of the buffer layer in
Type 1 results in a much higher n-doping level of around 0.8
eV. This agrees with previous STM and ARPES
measurements.'>'*'> Surprisingly, the intermediate Type 0 on
both MLG and BLG shows weaker n-doping levels of 0.7 eV
and 0.5 eV, respectively, as shown in Fig. 3(b). The strong
n-doping in Type 1 is attributed to the ionic nature of Li,
which donates one electron to break the Si-C bond."**? If the
Li charge state is also the same for Type 0, the doping level of
Type 0 should be even stronger due to a reduced screening
effect from the buffer layer and closer distance to the topmost
graphene as found in a theoretical study.*® The STS results
imply that Li atoms do not bond with the buffer layer or MLG
or do not donate a full electron in the Type 0 phase. The differ-
ences in Li charge transfer, as predicted theoretically, strongly
depend on the Li positions beneath the top graphene layer.**
The majority of Li charge is transferred to the SiC substrate in
Type 1, whereas the charge transfers equally between the
buffer layer and MLG in Type 0. Local doping, therefore, varies
between the two phases. Theoretical predictions further show
that the accumulated charge in the Li-adsorbed graphene
depends on the Li concentration.>® The concentration differ-
ences between Type 0 and Type 1 can be directly observed by
monitoring transitions in closed MLG regions, as depicted in
Fig. S2.1>* The resulting analysis shows that Type 1 has a Li
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Fig. 3 (a) dI/dV spectra taken on pristine MLG, BLG, and the Type 1 Li-

intercalated phase beneath MLG. The arrows indicate the original
n-doping of MLG and BLG from the SiC substrate and stronger n-doping
induced by the Type 1 intercalation. (b) d//dV spectra of Type O Li-inter-
calated phase on MLG and BLG. The arrows indicate the position of the
Dirac point. The dI/dV measurements are performed at 300 K with a bias
modulation frequency of 4.425 kHz and an amplitude of 30 mV.
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concentration that is roughly 1.35 times higher than that of
Type 0.

The different electron doping levels of graphene are
expected to induce a change in the sheet resistance. In order
to prove this point, the local transport properties of Li-interca-
lated graphene are investigated using STP at 91 K to inhibit
SiC bulk conduction. The device geometry is drawn in
Fig. 1(a). A current density of 4 A m™" is injected into the gra-
phene surface and induces a spatially-dependent electrostatic
potential. Using STP, the ECP profiles are measured simul-
taneously with the surface topography, such that local scatter-
ing at defects and interfaces can be imaged. The local sheet re-
sistance is extracted from the ECP maps by fitting the slope
parallel to the current direction. Before examining the interca-
lation of Li, the sheet resistance of pristine MLG and BLG is
evaluated. This is done by scanning clean MLG and BLG
regions and mapping the ECP over 20 sites on the epitaxial
graphene surface. The averaged sheet resistance for MLG and
BLG are 677 + 122 Q and 545 + 75 Q, respectively. These values
agree roughly with previous STP measurements on epitaxial
graphene.'””® The relatively large spread results from the
inhomogeneity of the SiC substrate or the local cleanness of
the MLG and BLG, which cannot be perfectly controlled
during growth.

In Fig. 4(a), an isolated Type 0 cluster with a diameter of
10 nm is imaged on an otherwise clean MLG area. Upon
cooling down to 91 K, the size of the Type 0 region shrinks
compared to 300 K, which reflects the mobility of this phase
and an increased number of nucleation sites at low tempera-
ture. The ECP map for the exact same area is shown in
Fig. 4(b). To better visualize the local potential modulations,

Type O Type 1
(a) SRy 201 pm (d) [ : 461 pm
14 19
(b) 228V (e) 532 uv
1400
- -
29 25
(c) f)
150 300
120 400
= S
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Fig. 4 STP measurements of (a) an isolated Type 0/MLG cluster and (d)
a wide stripe of Type 1 phase at a MLG/BLG interface at 91 K. (b) and (e)
are the simultaneously obtained ECP maps from the exact same area in
(@) and (d), respectively. A current is injected from the right side of the
sample, resulting in an increasing ECP = eVgcp from left to right. The
green arrows indicate the position where the 5-line averaged profiles
are extracted both in topographic and ECP maps. The corresponding
profiles are plotted together in (c) for Type 0/MLG and (f) for the Type 1
strip. Image conditions: Vi,ias = 50 mV, Iy = 500 pA,j =4 A mL.
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5-lines averaged profiles are extracted from both topographic
and ECP maps at the positions marked by green arrows Fig. 4
(a and b) and plotted together in Fig. 4(c). In general, the ECP
increases in the direction antiparallel to the current, as
expected. However, in correspondence of the Li cluster, a local
dip is observed in the ECP profile. The sheet resistance in the
Type 0 phase cannot be simply extracted due to the changing
ECP slopes within the small cluster. However, the dip is con-
sistent with a localized increase of the carrier density. This is
further confirmed by STS, which shows extra n-doping of the
Type 0 phase compared to pristine MLG.**** The ECP dip is
attributed to the local electron accumulation from the charge
transfer, inducing charge screening and scattering near its
boundaries. Due to the small size of the Type 0 clusters, these
edge effects dominate and the sheet resistance cannot be
directly measured.

STP measurements on the Type 1 phase show a clear slope
change in the ECP map. Fig. 4(d) reports the topographic map
of a Type 1 stripe, where the left boundary represents the BLG/
Type 1 interface and the right curved boundary marks the Type
1/MLG interface. The corresponding ECP map is given in
Fig. 4(e) with the 5-lines averaged profiles shown in Fig. 4(f).
The ECP profile changes between Type 1 and MLG, which
corresponds to a significant difference of sheet resistance. To
further confirm the doping effect, 7 more sites, and 40 ECP
profiles are measured and analyzed. The averaged sheet resis-
tance for the Type 1 phase is 293 + 41 Q. Compared to MLG,
the Li intercalation has reduced the sheet resistance by 56%,
which is approximately half the sheet resistance of pristine
BLG. Using the Drude model and a two-dimensional electron
gas approximation, the relationship between the sheet resis-
tance p and mean free path [ for the BLG can be described as
pl=12.9 kQ/kp where kg is the Fermi wave vector of BLG. Based
on the kr value measured in ref. 4, 12 and 37 and a quadratic
energy dispersion in BLG, [ for the pristine BLG and the Type
1 is estimated to be 32 nm and 45 nm, respectively. An
increase of 13 nm is revealed due to Li intercalation, even in
the presence of increased carrier densities and charged
interfaces.

4. Conclusions

In conclusion, Li intercalation on monolayer and bilayer gra-
phene grown on SiC(0001) revealed two intercalation phases:
Type 0 (mobile) and Type 1 (stable). Type 0/MLG only occupies
the MLG regions and transforms into Type 1 at MLG/BLG
interfaces, whereas Type 0/BLG appears only after the closure
of MLG/BLG interfaces due to Type 1 growth. We observe local
graphene lattice distortions (up to 18%) on Type 0/MLG but
not on Type 1 or Type 0/BLG, which deviates from the pre-
viously observed (v/3 x v/3)R30° superstructure.'” The
different Li charge transfer mechanisms between Type 0 and
Type 1 lead to distinct doping effects. Type 1 significantly
reduces the sheet resistance of MLG by 56%, while Type 0 only
causes local electron scattering. The processes of Li intercala-
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tion in epitaxial graphene have been extensively studied
theoretically.>*"263%34335 Here we provide a detailed analysis on
how adsorption, diffusion, and intercalation affect Li charge
transfer and the local carrier density of graphene based on
STM and STP data. By correlating structural observation with
the electron transport properties directly, our findings high-
light the critical role of different intercalation processes in
modifying the graphene properties. Future work could
examine the functionalization of graphene by intercalation
with different p and n dopants. Furthermore, nanoscopic p-n
junctions could be constructed on graphene, where quantum
electrodynamics phenomena such as Klein tunneling effect
can be directly investigated.*®
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