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Abstract

Correlative microscopy methods have become significant due to the possibility of examining several material
properties during one measurement. Atomic Force Microscopy in Scanning Electron Microscopy (AFM-in-
SEM) is a correlative method that allows the simultaneous detection and acquisition of signals from both
methods. Heterostructures of Graphene and hexagonal Boron Nitride (G/hBN) are studied with view to many
electronic applications due to the possibility of tuning their electronic properties. In this work, we study
electronic properties at the edges of single layer G on hBN flakes of various thicknesses prepared on Si and
SiO2 substrates. Electronic properties are studied by AFM-in-SEM correlative microscopy that provides
simultaneous acquisition of signals from both methods. Images of G/hBN heterostructure flakes obtained in
the secondary electron detector show an enhanced signal along the edges that is attributed to localized
electrons. We discuss how it corroborates a model that enhanced Raman signal of 2D and Si peaks on the
G/hBN edges is electronic (plasmonic) rather than an optical or structural effect.
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1. INTRODUCTION

Graphene/hBN heterostructures are studied in electronic applications due to tuning electronic possibilities,
such as self-powered photodetectors and sensing and biosensing applications [1-3]. G/hBN heterostructures
on Si substrates have been used in self-powered photodetectors, where a thin hBN film was the carrier
transport material, which averted interlayer coupling at the interface [1]. The study of graphene plasmons has
been in focus for many years, and the plasmonic effect has also been studied on G/hBN heterostructures [4—
6]. Plasmonic effects were primarily observed under infrared (IR) illumination [7,8]. Vincent et al. [8] studied
bubbles in closely spaced networks in G/hBN heterostructures and showed an enhancement of IR absorption.
This observation was attributed to surface plasmon polaritons. Recently, a work was published where
graphene plasmons were observed in visible light on heavily nano-corrugated layers of mechanically exfoliated
graphene flakes on SiO2/Si substrates [9]. Interestingly, research on G/hBN electrical properties including
graphene plasmons has mainly focused on the flake surface whereas research on electrical properties on
G/hBN edges is negligible although they may in principle impact various electronic properties. We have
reported effect of visible Raman enhancement at the edge [10], however, the suggested plasmonic model
needs further exploration.

Recently, correlative microscopy, combining two or more independent microscopy techniques, has taken an
important place in material research due to the possibility of studying several properties simultaneously in the
same location, parameters and environment. Atomic force microscopy in scanning electron microscopy (AFM-
in-SEM) enables measurement of materials in vacuum and the same place, providing information about the
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studied materials structural and electrical properties. Thus, the morphology and structure of the SEM overlap
to form a Correlation Probe Electron Probe (CPEM) image. Dinarelli et al. [11] used the AFM-in-SEM method
to study workflows on calcite moonmilk, a calcium carbonate extracted from ancient tombs. In another work,
Rutherford et al. [12] studied AFM-in-SEM bacteria-metal nanocomposite and, due to CPEM images, could
recognize the position of silver and diamond nanoparticles on/under bacteria.

In this work, we employ the CPEM method to study G/hBN heterostructure edges on Si substrate.
Heterostructures were prepared using high-pressure high-temperature (HPHT) hexagonal boron nitride flakes
on SiO2 or Si substrates overlaid with chemical vapor deposition (CVD) single-layer graphene. Structural and
electronic properties were analyzed by AFM-in-SEM and correlated also with Raman micro-spectroscopy and
Kelvin probe force microscopy (KPFM). We observe an enhancement of the SEM signal on the G/hBN edges
and high steps related with enhanced Raman signal in visible light range.

2. MATERIAL AND METHODS

High-pressure high-temperature hexagonal boron nitride was prepared by the standard method described in.
Flakes were transferred on SiO2/p-Si substrates or p-Si substrates by mechanical exfoliation. Single layered
graphene was prepared by chemical vapor deposition (CVD) on copper foil. Subsequently, graphene was
transferred and laid over the substrate with hBN flakes. The PMMA transfer method was used for the deposition
of graphene on the substrate [13].

Graphene/hBN flakes were analyzed by Raman spectral mapping. The WITec alpha 300 RAS system was
used to record Raman spectral maps in reflection mode using an integrated spectrometer (grating G2 with 600
grooves/mm, CCD detector) and a 532 nm fiber-coupled laser for excitation. Raman spectral maps were
recorded for a 25 x 25 ym? area, scan speed 7.612 s/line, 150x150 pixels per image.

Contact potential difference (CPD) measurement in Kelvin probe force microscopy (KPFM) mode was also
performed at the WITec system. The samples were grounded with a spring contact from the top on graphene.
The CPD maps of G/hBN heterostructures were obtained in the dark. Two-pass amplitude-modulated mode
(AM) KPFM regime with the Multi75E cantilevers was used for optimal measurements. The scan parameters
were: area 50 x 50 ym?, set point 0.6 V, scan speed 2.56 s/line, 256 x 256 pixels per image. The a.c. driving
voltage amplitude 3.0 V (6.0 Vpp peak-to-peak) and the height offset 30 nm were used in the 2" pass.

Atomic Force Microscopy (AFM) measurements were performed using the LiteScope 2.0 system using
Akiyama cantilevers with a 5 N/m nominal stiffness. The scanning area was 70 x 70 ym?, 512 x 512 pixels,
images were collected with a scanning speed of 10 um/s, Cl = 0.065, CP = 0.2 and setpoint 13 Hz.

The morphology of G/hBN flakes was obtained by a Zeiss EVO 10 Scanning Electron Microscope (SEM). The
SEM images of G/hBN flakes were acquired at acceleration voltage (EHT) 1-5 kV and a magnification of 2.5
kX in the SE regime using an off-beam detector and BSE detector. WD was 11.86 mm and | Probe 5 pA.

Alignment of simultaneously obtained AFM and SEM images and CPEM correlation analysis was performed
using softwares NenoView and Gwyddion version 2.63 [14].

3. RESULTS AND DISCCUSION

The optical image, contact potential map, Raman map in Si peak and 2D peak of G/hBN are shown in Figure 1.
In the optical image, the flake is well visible with pronounced dark edges (Figure 1a). In the CPD map
(Figure 1b) the potential is generally uniform, some variations (visibility enhanced by adjusting the color z-
scale to 25 mV) are most likely caused by wrinkles and bubbles that arose during the deposition of graphene
on the substrate. There is also a distinct feature on the flake though: the dark boundaries within the G/hBN
flake and along some part of its edge. As the graphene is laid all over the structure, the dark contrast
corresponds to negative charge (electrons) localized at these features. Figure 1c shows the Raman map of
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Si peak intensity on the G/hBN flake. The Raman map is well correlated with the optical image, various
domains are visible. In addition, at certain places and edges, the signal intensity is significant, corresponding
to a bright yellow color. The signal enhancement is also visible at the edges of the G/hBN flake in the Raman
map of 2D graphene peak (Figure 1d). The enhancement at the edge could be caused by the localization of
electrons, i.e. by localized plasmonic vibrations under visible light illumination, as we suggested in our prior
work [10]. Note that we did not observe a similar effect on G/hBN heterostructures on the SiOz substrate, thus
it cannot not be merely
structural effect or optical
effect. The question arose
whether the same effect
would be observed in SEM,
where interaction  with
electrons in the sample is
detected.

Figure 1 Images of G/hBN
flake on Si substrate a)
optical, b) contact potential
difference map, (color scale
25 mV), Raman map of ¢)
Si peak and d) 2D peak
intensity.

Figure 2 shows G/hBN flake SEM images in SE mode under different acceleration voltages 1 kV - 5 kV to
probe electronic effects in the G/hBN structure by using electrons of different energy, i.e. with different depth
and material penetration. Generally, we can recognize some bright edges and boundaries within the flake in
all the SEM images, although with different intensity and clarity. At acceleration voltage 5 kV, also some gray
domains are visible, which are similar also on surrounding substrate. As the bare silicon substrate is featureless
in SEM, they must thus
correspond to domains in
graphene that is laid all
over the substrate and the
flake. They become visible
by shining through the
graphene with high energy
primary electrons and
secondary electrons, as
indicated in prior work
[15]. These features
diminish with decreasing
acceleration voltage. At
the low acceleration
voltage 1 kV the image is
overall uniformly grey with
features resembling the

KPFM potential map in
Figure 2 SEM images of G/hBN flake on Si substrate at different Figure 1b. This indicates

accelerating voltage a) 5 kV, b) 3 kV, ¢) 1.5 kV and d) 1 kV. that we see mostly
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electronic properties of graphene on top of the hBN and Si substrate. Yet the brighter edges and boundaries
remain recognizable. Thus they are most likely related with the localized electrons. The enhancement of the
SEM signal at the edges of the G/hBN flake supports our previous results about the electrical effect at the flake
edges observed in the Raman maps.

In order to directly correlate the topographical structure with electronic contrast we performed the CPEM
analysis by correlative AFM-in-SEM measurements. We employed acceleration voltage 3 kV as it showed the
best contrast between the substrate, the flake and the signal enhancement at the edges. The results are shown
in Figure 3: a) AFM surface height morphology, b) SEM image of secondary electrons, c) SEM image of
backscattered electron detector, and d) combined three-dimensional CPEM image. G/hBN morphology shows
regions of various height on the flake, some smooth and some more structurally pronounced edges such as
in the middle of flake (height 400 nm). AFM morphology is well correlated with Raman and SEM images. The
edge in the middle of flake is visible in both SE and BSE detector SEM images. In addition, the SEM images
show an enhanced signal at the edge between the substrate and the flake (blue circle in Figures 3 b and 3c).
An enhanced signal at the edge between the substrate and the flake is seen for both SE and BSE detectors.

Figure 3 G/hBN flake on Si substrate a) AFM surface height morphology, b) image of secondary electrons
(acceleration voltage 3 kV), c) image of backscattered electrons (acceleration voltage 3 kV), and
d) combined 3D CPEM image.

Furthermore, the overlay of AFM and SEM SE mode images was done to verify whether the enhancement of
the SEM signal on the G/hBN edge is due to a structural or electronic effect. Figure 3d shows a CPEM image
in 3D where white represents the enhancement of signal. One particular area at the G/hBN edge is marked by
a blue circle. The flake edge is white there while the morphology is flat. The enhancement of the SEM signal
is visible in the CPEM image also at other parts of the flake edge as well as at some height boundaries within
the flake. This all confirms that the enhancement of signal is the electronic effect.

4, CONCLUSION

In conclusion, the electron accumulation at the G/hBN heterostructures edge was studied by correlative
microscopy using AFM-in-SEM with Raman and KPFM. Raman maps indicated the effect via an enhanced
signal on the G/hBN flake surface and partially on the edges between Si substrate and flake in Si and 2D
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peaks. The most enhanced regions were also indicated by negative potential features in the KPFM image.
SEM images showed corresponding enhancement of the secondary as well as back scattered electron signal.
The combined CPEM image confirmed the electronic effect, i.e. visible frequency plasmons, behind the Raman
enhancement. The edge of G/hBN heterostructure has thus potential in sensing applications.
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