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A phase detection method for visualizing single- and bilayer graphene on

a SiC surface
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A phase detection method for visualizing single- and bilayer graphene regions on a SiC surface is proposed.
The phase detection method demonstrates a lateral resolution of 5—10nm, significantly higher than that of the
traditional Kelvin probe microscopy method. The single-pass phase detection method significantly accelerates
image acquisition and reduces the risk of probe tip degradation.
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Two-dimensional materials, such as graphene, transi-
tion metal dichalcogenides, hexagonal boron nitride, etc.,
have recently attracted considerable research attention.
Graphene, which is one of the most promising materials
of this class, holds a special place among them [1]. The
capacity to synthesize graphene on large-sized substrates is
crucial for production of graphene-based device structures.
The most common method is high-temperature annealing of
SiC crystals, which results in the formation of both single-
layer (1L) and bilayer (2L) graphene regions on the Si
face [2]. An important applied problem is the optimization
of growth parameters (temperature and annealing duration)
with the aim of minimizing the amount of bilayer graphene
on the surface. Kelvin probe microscopy (KPM) is
traditionally used to visualize the distribution of single-
layer and bilayer graphene regions, since their corresponding
surface potential values differ by 130 mV [3]. However, this
method has a significant drawback: the lateral resolution is
insufficient [3], which is attributable to the long-range nature
of the electrostatic interaction. This may lead to inaccurate
measurement of the number of bilayer graphene regions on
the surface. In addition, the two-pass scanning mode makes
measurements fairly slow, reducing the efficiency of KPM.
In the present study, we propose an alternative approach
(phase measurement in the tapping mode) that visualizes
monolayer and bilayer graphene regions as well, but does
so faster and with a higher lateral resolution. It is also
demonstrated that the phase detection method differs from
KPM in being less sensitive to the type of probes used.

Silicon carbide (polytypes 4H-SiC and 6H-SiC) samples
annealed at characteristic temperatures of 1800°C [2] were
examined. With such annealing, approximately 30 % of the
Si face is covered with 2L-graphene, and the remaining
part of the surface is covered with 1L-graphene. Regions
with 1L- and 2L-graphene were chosen on these samples
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and scanned simultaneously using the KPM method and
the phase detection method (PDM) in the tapping mode.
The obtained images were analyzed to determine the lateral
resolution of KPM and PDM.

KPM (Fig. 1,a) is a traditional method for measuring
surface potential ¢(x, y) [4]. The phase detection method
(Fig. 1, b), which is implemented in the tapping mode, relies
on detection of the phase shift of oscillations of a probe
induced by its interaction with the surface. In this mode, the
probe undergoes periodic oscillations, touching the sample
at the lowest point. At the moment of contact, the probe is
affected by short-range forces, which include repulsive and
adhesion ones and may induce a phase shift in probe oscilla-
tions. This change x(x, y) is recorded in the device memory.

Measurements were performed with an NTegra-Aura
(NT-MDT, Russia) scanning probe microscope (SPM).
HA_FM probes (TipsNano, Russia) and similar
HA_FM/W2C probes with a conductive W,C coating
(TipsNano, Russia) [S5] were wused in the study.
Measurements were carried out in the two-pass mode: the
topography and PDM phase were recorded in the first pass,
and the potential was measured by KPM in the second
pass. The approximate probe—surface distance in the
second pass was 30—40 nm.

Figure 2 shows SPM images of single-layer and bilayer
graphene regions on the SiC surface obtained by KPM (a)
and the phase detection method (b). Comparing them, one
sees that the KPM method blurs the boundaries of 2L-
graphene, while phase detection allows one to visualize the
regions clearly.

The blurring of boundaries in KPM is attributable to
the fact that oscillations of a probe in the process of
scanning are affected not only by the potential of the local
region located directly below it, but also by the potential
of adjacent regions. The instrument function of KPM
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Figure 1. Diagram of the experiment. ¢ — Potential measurement by KPM; b — phase measurement (PDM).
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Figure 2. SPM images of graphene on a SiC substrate obtained using KPM (a) and the phase detection method (b). A HA_FM probe

was used for measurements.

depends on the probe type and the probe—surface distance.
According to literature data, its lateral resolution varies
widely (from several tens to hundreds of nanometers) [6,7].
In theory, the finest lateral resolution is achieved at mini-
mum probe—surface distances [8]. However, the effective
resolution in actual experiments rarely exceeds 50—100 nm
(especially when probes with a conductive coating required
to detect the KPM signal are used), which is consistent
with our experimental data presented in Figs. 2 and 3.
Note that two-pass operation at short distances is extremely
risky, since the probe may penetrate the surface during
the second pass due to imperfect operation of the two-pass
mode. In addition, probes with a conductive coating need
to be used in KPM to enhance the recorded signal. This
coating increases the probe tip radius by 20—30 nm and has
a negative effect on lateral resolution.

Unlike KPM, the phase detection method has a narrower
instrument function (Fig. 3) that does not depend on the
probe type and the distance to the surface. Its lateral
resolution is determined by the size of the contact area in
the tapping mode and is 3—5nm [9].

The measured potential and phase profiles are a convo-
lution of measured object A(x), which is a sharp step, and
instrument function A(x):

himeas (x) = h(x) x A(x), (1)

where the asterisk denotes convolution. It is possible to
extract data on the instrument function by differentiating
the measured step (KPM or PDM) [10]. Accurate deter-
mination of the instrument function and lateral resolution
requires fine-step measurements and numerical differenti-
ation of noisy profiles. The signal—noise ratio normally
deteriorates after differentiation, necessitating smoothing or
Gaussian approximation. In the present study, we used
a simpler method for determining the lateral resolution:
measurement of the width of a step at 25 and 75% of
its full height (see marks on the profiles in Figs. 3, ¢ and d).
This interval corresponds approximately to the width at half
maximum of the instrument function, which allows one to
estimate the lateral resolution.

It should also be noted that the lateral resolution in KPM
depends to a significant extent on the type of probe and its
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Figure 3. « — KPM image of the graphene surface; » — PDM image of the graphene surface; ¢ — graphene surface profiles (marked
with dashed lines in panels a and b) obtained by a probe with an HA_FM/W2C coating; d — graphene surface profiles obtained by a
probe without an HA_FM coating. Step widths corresponding to the lateral resolutions of KPM and PDM are indicated in the profiles

shown in panels ¢ and d).

coating. Probes with conductive coatings (Pt, Au, Ptlr, W,C,
etc.), which allow for amplification of the recorded signal,
are often used for KPM measurements. The use of probes
with a conductive W,C coating (HA_FM/W2C probes)
increases the tip curvature radius from 10nm (for probes
without an HA_FM coating) to 35nm, reducing the lateral
resolution significantly (down to 50—100 nm). In contrast to
KPM, the sensitivity and resolution of the phase detection
method are virtually independent of the type of probe
and its coating. In support of this thesis, we performed
comparative measurements of 1L- and 2L-graphene regions
by KPM and PDM using HA_.FM and HA_FM/W2C
probes with the same geometric parameters, the difference
being that the latter probe has a W,C conductive coating.
Figures 3,a and b present the images obtained by the
coated probe. As in Fig. 2, one sees clearly that the

Technical Physics Letters, 2026, Vol. 52, No. 3

boundaries of bilayer graphene are blurred in the KPM
measurement, while PDM ensures their clear identification.
Moreover, the phase detection method demonstrates equally
high clarity of boundaries in measurements with uncoated
(Fig. 2,b) and coated (Fig. 3,b) probes, confirming that
the PDM resolution does not depend on the probe type.
Figures 3,c and d present cross sections of the surface
potential and phase profiles obtained using coated and
uncoated probes, respectively. All images obtained by
the phase detection method have sharp boundaries, while
profiles measured by KPM are characterized by a significant
broadening of features and loss of detail. ~When an
uncoated (HA_FM) probe was used in phase detection
measurements, the step width was ~ 10nm; in KPM
measurements, this value increased to 50nm. The KPM
resolution deteriorated further following the transition to a
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probe with a conductive coating (HA_FM/W2C): the step
width increased to ~ 100nm. Thus, coupled with various
types of probes, PDM provides several times higher lateral
resolution than KPM.

The obtained results demonstrates that the phase detec-
tion method has significant advantages over Kelvin probe
microscopy in characterization of graphene layers on SiC.
Being a single-pass technique, PDM provides higher lateral
resolution that is independent of the probe type, allowing
for rapid and clear visualization of the boundaries between
monolayer and bilayer graphene. Precise determination
of the shape and size of monolayer and bilayer graphene
regions on SiC substrates makes PDM the method of
choice for such measurements. It should be noted that
the proposed technique is most efficient in the analysis of
objects with known morphology, such as the specially pre-
pared samples with 1L- and 2L-graphene regions considered
above. If the morphology of examined objects is not known,
it becomes significantly harder to interpret the obtained data;
however, morphology may serve as a key criterion for their
identification: crystalline inclusions normally feature pro-
nounced faceting, while impurity regions are characterized
by rounded and blurred boundaries.
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