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ARTICLE INFO ABSTRACT

Keywords: Kelvin Probe Force Microscopy is a method to assess the contact potential difference between a sample and
Graphene the probe tip. It remains a relative tool unless a reference standard with a known work function is applied,
Epitaxy typically bulk gold or cleaved highly oriented pyrolytic graphite. In this report, we suggest a verifiable, two-
(S:'\éD dimensional standard in the form of a photolithographically patterned, wire-bonded structure manufactured
1

in the technology of transfer-free p-type hydrogen-intercalated quasi-free-standing epitaxial Chemical Vapor
Deposition graphene on semi-insulating high-purity nominally on-axis 4H-SiC(0001). The particular structure
has its hole density pg = 1.61 x 10'® cm~2 measured through a classical Hall effect, its number of the graphene
layers N = 1.74 extracted from the distribution of the ellipsometric angle ¥, measured at the angle of incidence
AOI = 50° and the wavelength 4 = 490 nm, and its work function ¢;; = 4.79 eV postulated by a Density
Functional Theory model for the specific pg and N. Following the algorithm, the contact potential difference
between the structure and a silicon tip, verified at AV;;_g; = 0.64 V, ought to be associated with ¢ = 4.79

Kelvin probe
Surface potential
Work function
Reference standard

eV and applied as a precise reference value to calculate the work function of an arbitrary material.

1. Introduction

The Kelvin Probe Force Microscopy (KPFM), or surface potential
microscopy, is a powerful tool to assess the contact potential differ-
ence (4V,,_g;) between two materials characterized by different work
functions, typically the material under study (¢,,) and the silicon tip of
a lever probe (¢g;). It is a relative method unless a reference material
is available with a known work function (¢ ), calibrated with other
than the KPFM method, e.g., ultraviolet photoelectron spectroscopy [1]
or angle-resolved photoelectron spectroscopy [2]. Then, the contact
potential difference between the reference material and the tip, or
AVy¢grp_si> can be calculated into the work function of the material
under study, or ¢,, = ¢rer + e(V,_si — Vrer_si)» Where e is the unit
charge.

Several bulk materials serve the purpose of reference standards,
including gold and highly oriented pyrolytic graphite (HOPG) [3-5].
Gold is in value as a referential material due to its high chemical
inertness; however, the contamination resulting from storage condi-
tions and the sample cleaning methods impacts its work function (¢,,).
Its values can range from 4.4 eV to 5.4 eV [6-8], and even with
precautions in storing conditions, the ¢,, would yield a 4.75 eV to
5.25 eV dispersion [9]. Also, the structure of gold (amorphous vs.
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polycrystalline with randomly oriented crystallites) influences the ¢,
with reported values Au(111): 5.3 eV, Au(311): 5.16 eV, Au(110): 5.12
eV, and Au(210): 4.96 eV [10].

HOPG, due to its atomic flatness, lack of surface reconstruction, and
the absence of dangling bonds, is considered more stable than gold
and, therefore, preferable as the reference standard [11,12]. However,
HOPG also proved to be sensitive to ambient conditions [12], with its
¢ popg ranging from 4.48 eV to 5.0 eV [13-16]. Yet, unlike gold, HOPG
can be repeatedly refreshed through direct exfoliation (cleaving) of the
topmost carbon layers.

In this work, we verify a two-dimensional carbon material as a ref-
erence standard for the KPFM method, possibly a complement to bulk
gold and cleaved HOPG. The material is transfer-free p-type hydrogen-
intercalated quasi-free-standing (QFS) epitaxial Chemical Vapor Depo-
sition (CVD) graphene on semi-insulating high-purity nominally on-axis
4H-SiC(0001).

This form of carbon material offers a range of properties that enable
one to assign it a precise, theory-based work function. These include
the two-dimensional character, atomic-flat surface within the (0001)
terraces [17,18], elemental purity, lack of substitutional dopants or
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post-transfer organic residue [19], and uniformity of charge carrier
type and sheet density determined by the substrate-related vector of
spontaneous polarization [20,21].

Critically, though, and contrary to gold and HOPG, the structural
and transport properties of QFS-graphene/4H-SiC(0001) are directly
and frequently measurable through spectroscopic ellipsometry [22] and
the classical Hall effect [17,18]. Also, a lithographically patterned,
wire-bonded QFS-graphene/4H-SiC(0001) structure enables efficient
connection to the apparatus signal ground and, thus, charge sinking.

We introduce a practical algorithm in the course of which a QFS-
graphene/4H-SiC(0001) structure has its statistical distribution of the
number of the QFS graphene layers N[19,23] (typically a fractional
number between 1.0 and 2.0) extracted from an ellipsometric analy-
sis [22], its hole density pg outright measured in a Hall effect setup, and
its work function ¢ numerically calculated via a Density Functional
Theory (DFT) model for the previously determined pg and N. With
this knowledge, the apex of the measured contact potential difference
distribution between the QFS graphene and the silicon tip, or AV;x_g;,
can be used as a precise reference standard to calculate the work
function of any other material under study, or ¢,, = ¢gr + e(V,,_si —
Vr-si)-

Following our experience with the amorphous-
Al,05/QFS-graphene/4H-SiC(0001) Hall effect sensor [24], the re-
producibility of the QFS-graphene/4H-SiC(0001) structure transport
properties within a single processing cycle is estimated at ~10%,
measured as a percentile ratio of standard deviation over mean value
(6/mean x 100%). This variation is considered low for graphene tech-
nology and possible only because direct epitaxial growth is superior
to a polymer-assisted transfer [19]. The vestigial dispersion is a rem-
nant of the fingerprint-like topography of epitaxial graphene, marked
with a combination of micrometer-scale terraces and nanometer-high
steps [17,18,25]. These, in turn, originate from the fact that although
nominally on-axis, the as-purchased SiC wafer is never ideally oriented
along the [0001] vector.

Nevertheless, the SiC wafer miscut, the CVD growth reproducibility,
or the processing reproducibility are not critical as the protocol assumes
each QFS-graphene/4H-SiC(0001) structure has its unique pg and N
individually verified and projected onto the DFT-calculated ¢y chart,
before serving as the KPFM reference standard. Also, the element is fre-
quently regenerable through thermally-assisted desorption in vacuum
conditions (up to 500 °C [24]) and may have its electrical properties
updated. For these reasons, we dedicate our algorithm to research
and development centers and semiconductor manufacturers operating
under demanding time frames and pressure for optimization.

2. Experimental details
2.1. Graphene CVD epitaxy and the mesa structure technology

The transfer-free p-type hydrogen-intercalated quasi-free-standing
graphene [22] was grown epitaxially on a semi-insulating (SI) high-
purity (HP) nominally on-axis 500-pm-thick 20-mm x 20-mm 4H-
SiC(0001) sample cut from a 4-in wafer purchased at Wolfspeed, Inc.
The growth was conducted in an Aixtron VP508 reactor at 1600 °C,
using Chemical Vapor Deposition (CVD) in argon flow [26] and ther-
mally decomposed propane as the carbon-sourcing gas. The growth
was preceded by in-situ etching of the SiC(0001) surface in a pure
hydrogen atmosphere at 1600 °C and chamber pressure of 100 mbar,
and followed by in-situ hydrogen intercalation [27] at 1000 °C under
900-mbar argon atmosphere.

Then, through a series of optical lithography-based steps involv-
ing metal deposition and oxygen plasma etching, the surface of the
sample was processed into 96 1.4-mm X 1.4-mm four-terminal van der
Pauw elements [23], each featuring an oxygen-plasma-etched, cross-
shaped [28] 100-umx300—pm (50 000 pm?) QFS graphene mesa against
plasma-exposed 4H-SiC(0001) and electron-beam-deposited Ti/Au (10
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6.6 mm

Fig. 1. (a) Nomarski interference contrast optical image of the four-terminal element
featuring a cross-shaped 100-pm x 300 — pm hydrogen-intercalated QFS epitaxial CVD
graphene mesa against semi-insulating high-purity on-axis 4H-SiC(0001). For clarity, a
black dashed line highlights the graphene mesa. Marked in blue is the 90-pmx 90 —pm
region intended for the extraction of the ellipsometric ¥ angle distribution within the
QFS graphene mesa. Red is the 110-umx20—pm region for the extraction of ¥ within the
exposed 4H-SiC(0001), and yellow is the 10-pmx 10— pum region for the KPFM analysis.
The wiring schematically illustrates the direct current feed and the voltage readout
during the Hall effect measurement in a perpendicular magnetic field. (b) Photograph
of the mounted and wire-bonded QFS-graphene/4H-SiC(0001) structure.

nm/110 nm) current feed and voltage readout contacts. In this ex-
periment, one of the van der Pauw elements was mounted onto and
gold-wire-bonded to a custom-made 6.6-mm X 6.6-mm 364-um-thick
sapphire holder equipped with four Ti/Au (10 nm/190 nm) corner
contacts enabling electrical characterization. Fig. 1 depicts the optical
image. Markings enrich the image to trace the location of the subse-
quent ellipsometric (blue and red) and Kelvin Probe Force Microscopy
(yellow) analyses.

2.2. Hall effect characterization of the QFS graphene

The room-temperature electrical characterization of the four-
terminal element was conducted under / = 1-mA direct current bias
in an 0.556-T Ecopia AHT55T5 automated Hall effect measurement
system operating van der Pauw formulae and a single-carrier transport
model. The measurement revealed the graphene-related hole density
Ps [cm™2], hole mobility Hy [cm?2/Vs], and sheet resistance R s [£2/5q],
all averaged over the 50 000-um? area of the cross-shaped QFS mesa.

2.3. Ellipsometric model and analysis of the number of the QFS graphene
layers

To determine the statistical number of the QFS graphene layers
N, we employed an ellipsometric protocol, initially introduced in
Ref. [22] for hydrogen-intercalated QFS epitaxial CVD graphene on
semi-insulating vanadium-compensated nominally
6H-SiC(0001).

The Accurion EP4SE spectral imaging ellipsometer equipped with a
Nanochromat NC2 UV-VIS-NIR microscope objective and operating in
the nulling regime was used to collect the ellipsometric angles, ¥ and
A, defined through the ratio p of the Fresnel reflection coefficients:

p= :—” = tan¥ el

where r, is the complex reflection coefficient for the electric field
vector polarized parallel to the plane of incidence and r; is the complex
reflection coefficient for the electric field vector polarized perpendic-
ular. The protocol assumed optimum measurement conditions at the
angle of incidence AOI = 50° and the wavelength 4 = 490 nm for both
ellipsometric angles.

Two areas were chosen for the extraction of the ¥ and 4 distribu-
tions, one of them entirely within the QFS graphene mesa (90-pm x
90 — pum blue square in Fig. 1) and one referential within exposed
4H-SiC(0001) (110-pm X 20 — pm red rectangle in Fig. 1).

on-axis
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To extract the number of the QFS graphene layers N, we applied the
protocol from Ref. [22], postulating the following form of the Fresnel
reflection coefficients r, and r,:

nycosf; — nycosf, — 2N wacosb;cosb,

r,= )
nycosf; + nycosf; + 2N wacosb;cosb,

nycos0; — nycos6, + 2N ra

@

" nycosb; + nycosh, + 2N za

where n, and n, represent refractive indices at the phase boundary, and
0; and 6, = arcsin(%"&), are the angles of incidence and transmission,
respectively. In our ezxperiment, the n; describes the air; therefore, set
at n; = 1. The n, describes the 4H-SiC(0001) substrate and is a real
number.

2.4. Density functional theory model and calculation of the QFS graphene
work function

Material modeling of monolayer, bilayer, and trilayer QFS graphene
was conducted using a two-dimensional periodic slab in a 3 x 3
supercell, with approximately 25 A inter-slab vacuum along [001] in
each case to avoid periodic image problems and to produce regions
with well-defined vacuum potential. Bi- and trilayers employed AB
and ABA stacking, respectively. All computations for this study utilized
density functional theory with plane waves, pseudopotentials, and
the projector-augmented wave (PAW) method, as implemented in the
Quantum ESPRESSO suite [29-31].

The pseudopotentials included scalar-relativistic and nonlinear core
corrections. The plane-wave cutoff energies for the wave function and
electron density were set at 60 and 600 Ry, respectively. Brillouin
zone integration of the supercell used an 8 x 8 x 1 Monkhorst-Pack
grid [32]. Tests were conducted to assess optimal cutoff energies, and k-
point grids with higher values showed minimal impact on the modeled
properties. During structure optimization, all the atom positions were
adjusted until the force reached a convergence criterion of less than
10~4 Ry/au and the total energy reached a convergence criterion of
less than 10~° Ry. For approximating the electron exchange—correlation
energy, the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional was em-
ployed [33], as it has been shown in previous studies to enable accurate
modeling of the work function in graphene [34]. Hole density in
the model systems was controlled by modulating their total charge.
Consequently, all computations were performed with unrestricted spin,
as some model cases had an odd number of electrons.

The theoretical work function is calculated by taking the difference
of vacuum energy (E,,. = eVy,.) relative to Fermi energy (Eg) [34]

dGr = eVyac — Ep- 3

Fermi energy is obtained directly from the self-consistent-field cal-
culations. The vacuum potential is obtained by calculating the planar
average of the electrostatic potential across the supercell and taking its
value sufficiently far from the surface along the [001] direction.

2.5. Kelvin probe force microscopy analysis of the QFS graphene contact
potential difference

The contact potential difference (CPD) was collected with the
Bruker Dimension Icon equipment. The measurements were performed
at ambient conditions (exposure to air, room temperature) using
PFQNE-AL probes (silicon tip on a silicon nitride cantilever) provided
by Bruker (resonant frequency = 300 kHz, k = 0.8 Nm™1). The CPD
images and corresponding data histograms were collected using the
amplitude modulation mode. The scan area was 10 pm X 10 pm within
the center of the QFS graphene mesa (yellow region in Fig. 1) and
512 x 512 points with a 0.326-Hz scan rate. During the temporal
stability tests, the scan area was reduced to 5 pm x5 pm and 256 x 256
points with a 0.498-Hz scan rate to possibly equalize the temporal
conditions.
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Fig. 2. (a) Distribution of the ellipsometric angle ¥ within the QFS graphene mesa
(blue) and the exposed 4H-SiC(0001) substrate (red), measured at AOI = 50° and 4 =
490 nm, within the subareas marked in Fig. 1. The vertical solid lines indicate ¥ angle
expected for a single, two, and three QFS graphene layers based on our model.

3. Results and discussion
3.1. Hall-effect-derived hole density in the QFS graphene

The four-terminal element was biased with I = 1-mA direct current
and tested at room temperature in an 0.556-T Ecopia AHT55T5 auto-
mated Hall effect measurement system. The measurement confirmed
p-type doping induced by the substrate-related [20] positive polar-
ization quantified by vector P = -2.0 x 107 C/m?[21] through
P = P /e = 1.2 x 10'3 cm™2, where e is the unit charge. The
hole den31ty was estimated at pg at 1 61 x 1013 cm~2, along with hole
mobility u, = 1681 cm?/Vs and sheet resistance Ry = 230 £2/sq.

The pg has a statistical meaning as it is average over the 50000-
um? area of the cross-shaped mesa. Also, it is outside the conventional
commercial range of 1.2-1.3 x 1013 ecm~2 (GET®[35]) but in agreement
with the historical scientific spread beyond the theoretical value of
pi,H = 1.2 x 1013 em~2[17,18]. It will be illustrated in the subsequent
DFT section that the variations of hole density above the theoretical
Pl = 1.2 x 1013 em™2 (1.2 - 2.0 x 10'% em~2) have only a marginal
effect on the QFS graphene work function.

3.2. Ellipsometry-derived statistical number of the QFS graphene layers

In the domain of ¥, the data associated with the QFS graphene mesa
are located between ¥ = 25.5° and ¥ = 27.5°. The distribution peak
(apex of a Gaussian fit) is at ¥ = 26.33° with a standard deviation
o = 0.21°. Data related to the plasma-etched, exposed 4H-SiC(0001)
span the range between ¥ = 24.0° and ¥ = 27.5°, with the peak
at ¥ = 25.76°. Therefore, the presence of QFS graphene appears
to have up-shifted ¥ by 0.57° (Fig. 2). The up-shift is higher than
previously reported for close-to-perfect-monolayer QFS graphene, 0.33°
in Ref. [22], already suggesting more than a single QFS layer.

According to our model, ¥ = 25.76° measured at AOI = 50° and
4 =490 nm outside of the graphene mesa suggests that the real-number
refractive index of the 4H-SiC(0001) substrate is n, = 2.72. Based on
this, ¥ = 25.76° within the QFS graphene translates into statistically
N = 1.74 layers. The N = 1.74 lies within the historically witnessed
range for QFS graphene on SiC(0001), which spans the values from N ~
1.0 and N ~ 2.0 and is close to the expected statistical value for this
technology of N ~ 1.5.

The reason that the layer composition is a fractional value is the
developed surface of the substrate. Although nominally on-axis, the as-
purchased SiC(0001) wafer is never ideally oriented along the [0001]
vector. As a result, it is slightly off-axis (up to 0.2 °), and once in-situ-
etched, its surface reveals micrometer-scale (0001) terraces separated
by few-nanometer-high steps [17,18,25]. These offer uneven growth
conditions and favor additional graphene inclusions at SiC vicinal
surfaces, making each QFS-graphene-on-SiC(0001) sample topograph-
ically unrepeatable, similar to a human fingerprint. Hence, the direct
verification of N within the specific mesa structure.
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Fig. 3. Density-Functional-Theory-calculated-work function of a single, double, and
triple QFS graphene layer as a function of hole density. The light blue cloud (rightward
fading polygon) limits the expected N, pg, and @, for the QFS-graphene/4H-SiC(0001)
technology based on the own experience. The dark blue spot is the position of the QFS
graphene under study based on the Hall effect measurement and the spectroscopic
ellipsometry analysis. The inset histogram illustrates the historical distribution of
hole density above the theoretical p§¥ = 1.2 x 10'® cm™2 based on Ref. [17] and
Ref. [18]. The star-shaped points are single experimental data assessed with angle-
resolved photoelectron spectroscopy for a comparable system and reproduced from
Ref. [2].

3.3. DFT-calculated work function of the QFS graphene

According to the DFT model, the work function of QFS graphene
(®R) is monotonically increasing with hole density. Away from the
Dirac point, its values are lower in a double QFS layer than in a single
QFS layer and even lower as one adds the third QFS layer (Fig. 3). This
model considers only whole numbers of layers N. Still, we assume that
fractional N will translate into intermediary values of @ . Also, given
the tilt of the curves, a broad modification of N within the 1.0-2.0
range appears to affect @, by only 0.08 eV, which proves in favor of
the method. For the statistically 1.74-layer QFS graphene characterized
by hole density pg = 1.61 x 10'3 cm2, the @, reaches 4.79 eV (dark
blue spot in Fig. 3).

The light blue cloud in Fig. 3 illustrates the conventional range of
N and pg for the QFS-graphene/4H-SiC(0001) technology. It is drawn
based on the historically observed p4[17,18], only down-trimmed to
the theoretical p} = 1.2 x 103 ecm™2. The statistical number of the
QFS graphene layers N is unavailable for these points, yet it typically
falls within the range between N = 1.0 and N = 2.0.

Also, this technology displays pronounced hole mobility vs. hole
density inversion [17,18]. By experience, a high-mobility sample likely
has its N closer to 1.0 and its pg closer to the pi,H . Contrary to that, a
low-mobility sample has its N closer to 2.0 and its pg above the p‘;H. So
far, we have observed the lowest N = 1.05 in QFS graphene grown on
semi-insulating vanadium-compensated 6H-SiC(0001) [22], with u =
5019 c¢m?/Vs and with pg = 7.69 x 10'2 cm~2, only slightly above
P = +7.5 x 10'2 em=2[21].

Since pg close to the pi‘qH is unexpected in a double QFS layer and
vice-versa, pg away from pé” has not been associated with a single QFS
layer, the light blue cloud is arbitrarily a rightward fading polygon.
Yet, to the advantage of the idea, within the spectrum of the expected
N and pg for the QFS-graphene/4H-SiC(0001) technology (N = 1.0 to
2.0, pg = 1.2 to 2.0 x 103 cm~2), the theorized work function falls
within a relatively narrow < 0.1-eV range between @, = 4.77 eV and
Dsr=4.85¢eV.

The DFT model is additionally confronted with experimental data
for a single, double, and triple QFS graphene layer grown through sub-
limation in an argon atmosphere on conducting n-type 6H-SiC(0001)
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Fig. 4. 5-umx5—pm maps of topography ((a), (c), (e)) and contact potential difference
against the silicon tip ((b), (d), (f)) of commercial bulk Au standard, highly oriented
pyrolytic graphite (HOPG), and the QFS graphene, respectively.

(bulk electron concentration n = 5 x 1017 cm~3). The data (hole density
and work function) are reproduced from Ref. [2] and were assessed
with angle-resolved photoelectron spectroscopy. Even though the two
QFS systems differ in the substrate, the experiment (star-shaped points
in Fig. 3) corresponds to the theoretical model.

3.4. KPFM-derived relative contact potential of the QFS graphene

Collected in possibly close temporal conditions, the topographical
and CPD maps of a commercial bulk gold standard, highly oriented
pyrolytic graphite, and QFS graphene reveal structural and potential
differences between the three reference materials (Fig. 4).

The contact potential difference between the QFS graphene and the
silicon tip of the silicon nitride cantilever (4V;x_g;) spans the range
between AV;p_s; = 0.56 V and AV _g; = 0.71 V, with the distribution
peak (apex of a Gaussian fit) at AVgp_g; = 0.64 V (Fig. 5(a)). Its
histogram appears slightly slenderer than a referential distribution
associated with a commercial bulk gold standard (4V,,_g;) and HOPG
(AVyopg-si)- Full Width at Half Maximum (FWHM) associated with
these distributions is 0.0170 V for the gold standard, 0.0152 for the
HOPG, and 0.0149 V for the QFS graphene. The shape of the histograms



T. Ciuk et al.

a) Estimated work function [eV]

4,45 4,50 4,55 4,60 4,65 4,70 4,75 4,80 4,85 4,90 4,95

B Highly Oriented Pyrolytic Graphite (HOPG)
Bulk gold KPFM standard
[ |

QFS graphene on ST HP 4H-8iC(0001)

Pop =479 eV
py=1.61x10" cm™
4, = 1681 cm’/ Vs

-~

FWHM: 0.0152 V

FWHM: 0.0149 V|

I alll
T T T T
0,30 0,35 0,40 0,45 0,50 0,55 0,60 0,65 0,70 075 0,80
Measured contact potential difference against Si tip [V]

b)
0.020
2« 1.
2
L 0.018 4
Z
=
o 1 L]
-g
b1 o
2 0.016 - *
2 °
B (]
i Predsataigal i s
0.014 :
100

Number of bins per volt

Fig. 5. (a) Distribution of the relative contact potential between the QFS graphene
and the silicon tip, measured within the 10-pm x 10 — pm region of Kelvin Probe Force
Microscopy analysis, marked in yellow in Fig. 1. For comparison, the figure is enriched
with data associated with highly oriented pyrolytic graphite (HOPG) (gray) and a
commercial bulk Au reference standard (golden). The blue top axis is the estimated
work function based on our algorithm. (b) Corresponding Full Width at Half Maximum
of the distributions as a function of the number of histogram bins per volt. Visible is
the saturation at 1000 bins per volt.

depends on the density of bins (number of bins per volt); therefore,
the FWHM of a Gaussian fit to the bin tops relies on the number of
displayed bins. Yet, it quickly saturates. In this work, it was assessed at
1000 bins per volt (Fig. 5(b)).

Following the algorithm laid in the Introduction section and the DFT
discussion, the apex of the QFS graphene distribution AV z_g = 0.64 V
is to be associated with a work function ¢z = 4.79 eV (N = 1.74 and
ps = 1.61 x 1013 cm™2). At this point, 4V;_g; and ¢;x can be used to
determine the work function of any other material under study through
b = bor +e(Vy—si = Vor-si)-

3.5. Stability of the QFS graphene standard over time

Since HOPG and QFS graphene proved almost identical FWHM of
their relative contact potential distributions and are closely related
carbon materials, both underwent an aging experiment to assess their
vulnerability to storage conditions and surface contamination [36].
Initially, the QFS-graphene/4H-SiC(0001) structure had hole density
ps = 1.61 x 10!3 ¢cm~2 and hole mobility u, = 1681 cm?/Vs. Then,
the element was stored in a nitrogen closet for 150 days and had the
Hall effect and the relative contact potential difference measurements
repeated.

The repeated verification shall be labeled Day 1. On Day 1, its hole
concentration proved pg = 1.80 x 10! ecm~2 and y, = 1640 cm?/Vs.
The experiment continued on Day 4 and Day 5. On Day 4: py =
1.81 x 10'® ecm™ and y, = 1627 cm?/Vs, and on Day 5: pg =
1.81 x 10'® cm™2 and p, = 1623 cm?/Vs.
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Fig. 6. Distribution of the relative contact potential between the QFS graphene and
the silicon tip after 150 days in a nitrogen closet (Day 1), and then on Day 4 and Day
5. The histograms are juxtaposed with referential HOPG (gray).

Fig. 6 illustrates the contact potential difference between the QFS
graphene and the silicon tip on Days 1-5. The histograms are juxta-
posed with referential HOPG. Since the number of the QFS graphene
layers N did not change, only pg was accounted for to read the DFT-
calculated work function. Within the accuracy of our algorithm, it
proved ¢ = 4.80 eV on all Days 1-5, only 0.01 eV more than before
the 150-day aging experiment.

Comparing Figs. 5 and 6, one can conclude that the contact potential
difference associated with HOPG is not uniform over the 150-day aging
experiment, both in the position and the distribution shape. Its apex
falls in the range between AV pg_gi = 0.42 V and AV opg_si = 0.48 V.
Accordingly, AV;g_s; shifts between 0.60 V and 0.65 V and is not a
monotonic function of the Hall-effect-derived hole density.

These suggest that the temporal stability of the silicon tip and en-
vironmental conditions may be pivotal to the KPFM analysis. Still, the
expected location of the AVy;opg_s; and AV _g; within the differential
voltage axis is limited to a relatively narrow sub-0.1-eV range for
both materials. Yet, unlike the HOPG sample, the QFS-graphene/4H-
SiC(0001) structure is directly verifiable through spectroscopic ellip-
sometry (N) and the classical Hall effect (pgy) and may have its work
function ¢, updated based on N, pg and our DFT-based algorithm.

4. Conclusions

We suggested a two-dimensional reference standard for the Kelvin
Probe Force Microscopy method. The standard is a four-terminal mesa
structure fabricated in the transfer-free p-type hydrogen-intercalated
quasi-free-standing epitaxial Chemical Vapor Deposition graphene on
semi-insulating high-purity nominally on-axis 4H-SiC(0001) technol-
ogy.

The material of choice offers an atomic-flat surface within the
(0001) terraces, elemental purity, and uniformity of charge carrier con-
centration. Once structured and wire-bonded, the QFS-graphene/4H-
SiC(0001) is directly verifiable through a Hall effect measurement and
guarantees efficient connection to the apparatus signal ground.
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The particular structure had the hole density, py = 1.61 x 1013
cm~2, determined via the classical direct current Hall effect. The sta-
tistical number of the QFS graphene layers, N = 1.74, was extracted
from the analysis of the ellipsometric angle ¥, measured at the angle
of incidence AOI = 50° and the wavelength 4 = 490 nm. A Density
Functional Theory model suggested that the work function of such QFS
graphene is ¢gr = 4.79 eV.

The contact potential difference between the QFS graphene and
the cantilever silicon tip proved to have a slender distribution around
AV r_si = 0.64 V. Its Full Width at Half Maximum was 0.0149 V, which
was slightly lower than in a commercial bulk gold reference standard
(0.0170 V) and on par with highly oriented pyrolytic graphite (0.0156
V).

We reason that AV;z_g; = 0.64 V can be associated with ¢gr =
4.79 eV and applied as a precise reference value to calculate the
work function of an arbitrary material under study. Thus, the QFS-
graphene/4H-SiC(0001) system effectively complements bulk gold or
cleaved highly oriented pyrolytic graphite as the reference standard.

Significantly, the Density Functional Theory model implies that
even in a broad spectrum of the expected N and pg for the QFS-
graphene/4H-SiC(0001) technology (N = 1.0 to 2.0, pg = 1.2 to
2.0 x 1013 cm2), the theorized work function is constrained to a
relatively narrow < 0.1-eV range between @,z = 4.77 eV and @,y =
4.85 eV, adding to the precision of the standard.

A 150-day aging experiment proved that pg rose from 1.61 x 1013
ecm~2 to pg = 1.81 x 10'® cm~2, which, according to the Density
Functional Theory model, up-shifted the work function by 0.01 V to
ber = 4.80 eV.

These changes are miniscule compared with the temporal stability
of the Kelvin Probe Force Microscopy analysis, estimated at sub-0.1 eV.
This stability affects all reference standards, yet unlike gold or highly
oriented pyrolytic graphite, the QFS-graphene/4H-SiC(0001) structure
is directly and frequently verifiable. It may have its work function
updated based on our algorithm.
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