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The transport properties of quasi-free-standing (QFS) bilayer graphene on SiC depend on a range
of scattering mechanisms. Most of them are isotropic in nature. However, the SiC substrate
morphology marked by a distinctive pattern of the terraces gives rise to an anisotropy in
graphene’s sheet resistance, which may be considered an additional scattering mechanism. At a
technological level, the growth-preceding in situ etching of the SiC surface promotes step bunching
which results in macro steps ~10nm in height. In this report, we study the qualitative and quantita-
tive effects of SiC steps edges on the resistance of epitaxial graphene grown by chemical vapor
deposition. We experimentally determine the value of step edge resistivity in hydrogen-intercalated
QFS-bilayer graphene to be ~190 Qum for step height hg = 10 nm and provide proof that it cannot
originate from mechanical deformation of graphene but is likely to arise from lowered carrier con-
centration in the step area. Our results are confronted with the previously reported values of the
step edge resistivity in monolayer graphene over SiC atomic steps. In our analysis, we focus on
large-scale, statistical properties to foster the scalable technology of industrial graphene for elec-
tronics and sensor applications. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896581]

I. INTRODUCTION

Owing to its outstanding carrier mobility, graphene has
been expected to realize high-speed electronics,'> however
the room-temperature carrier mobility of 140000cm?/Vs
was only reported for its exfoliated form on BN,? in excess
of 15000 cm?/Vs on SiO,,*° and 25000 cm?/Vs for its sus-
pended form’ (200 000 cm?/Vs at low temperature®®). When
graphene is grown on SiC substrate, its carrier transport is
significantly affected by a range of scattering mechanisms,
predominantly, long-range Coulomb scattering on charged
impurities trapped in the graphene-substrate interface.'®°
Others include short-range disorder related to intrinsic

lattice  imperfections, point defects and disloca-

tions,'0-11:2022:24227.3134 «ehjpnles” in  graphene’s atomic
6.7.35-38 . 3941

structure, and acoustic phonons. It has been cal-

culated that in case of monolayer graphene, the room tem-
perature intrinsic mobility of charge carriers is phonon-
limited to ~10° cm?/Vs (Refs. 39—41) and the most plausible
sources of scattering are charged impurities. The mean free
path for short-range scatterers Ig is proportional to 1/4/n,
where n is the charge carrier density. For Coulomb scatterers
due to the screening effect, Ig~ \/n, therefore, short-range
scattering must be included into formalism only for very low
ionized impurity density or at high carrier densities. A sim-
ple analytic equation was derived to relate the charged-
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impurity-limited mobility, g X n;,,=75 x 10y g! 1418
where n,,,, is the effective impurity concentration and it is
suggested that reducing the typical 7;,,, in present day sam-
ples, ni,,,,,)~101171012cm*2, by two orders of magnitude
should increase the mobility to ~10° cm?/Vs, giving way to
the short-range scattering model. In bilayer graphene, the
screening effect is quantitatively much stronger than in
monolayer graphene. The resultant is the scattering mecha-
nism of the over-screened Coulomb impurities which is
equally important as the short-range disorder.”**

In the most promising technology for wafer-scale pro-
duction of graphene devices,>*? i.e., sublimation*>™* and
Chemical Vapor Deposition (CVD) growth on SiC,*® surface
substrate morphology also acts effectively as a scattering
mechanisms. The role of SiC morphology on transport prop-
erties of graphene grown by silicon sublimation was dis-
cussed by several groups.47_49 It has been reported that SiC
step edge density,”” step height,’' and step bunching’*>?
give rise to graphene’s resistance. The step edge resistivity
in monolayer graphene was evaluated by scanning potenti-
ometry in a scanning tunneling microscope”' and later asso-
ciated with the abrupt variation in potential and doping due
to detachment of graphene from the substrate as it passes
over a step.”* Both experiments were related to SiC atomic
steps and proved step edge resistivity pg,,~15Qum and
Pstep =25 Qum for step height A  equal to 1.0nm and 1.5 nm,
respectively. Consequently, the surplus resistance introduced
by step edges was explained through carrier depletion rather
than an additional scattering mechanism. In Ref. 55, it is

© 2014 AIP Publishing LLC
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suggested that the conduction anisotropy is a reflection of
both geometric anisotropy and the extent of residual silicon
atoms aggregated at the step edges, where they enhance car-
rier scattering.

Graphene grown on Si face of SiC rests on a buffer layer
which is the first layer of carbon atoms covalently bound to
the substrate.’*® It can be decoupled to form a quasi-free-
standing bilayer graphene (QFS-bilayer) through hydrogen
atoms intercalation.’” The intercalating atoms diffuse under-
neath the buffer layer and bound themselves to the topmost
Si atoms of the SiC substrate converting the buffer layer to a
mostly sp2-hybridized monolayer graphene. The resultant
QFS-bilayer graphene is partly screened from the substrate
and exhibits on average three times higher carrier mobility
than the un-intercalated one. Importantly, its transport prop-
erties are not degraded up to 700 °C. Therefore, it is mostly
suited for high-speed applications. Unfortunately, the
growth-preceding in situ etching of the SiC surface promotes
step bunching which results in macro steps ~10nm in
height, as opposed to much lower atomic steps investigated
in Refs. 51 and 54. The step bunching is expected to consid-
erably increase the step edge resistivity. In this report, we
examine the qualitative and quantitative effects of SiC steps
on graphene’s resistance and experimentally determine the
value of py,,, in hydrogen-intercalated bilayer graphene.

Il. EXPERIMENTAL DETAILS

In this paper, we studied the effect of the step-edge-
induced resistance anisotropy in hydrogen intercalated, QFS-
bilayer graphene on the Si face of 4H-SiC(0001) and 6H-
SiC(0001) (10 mm x 10 mm). The investigated samples were
grown using the CVD method on semi-insulating on-axis
substrates in a standard hot-wall CVD Aixtron VP508 reac-
tor. Prior to the growth, in situ etching of the SiC surface
was carried out in hydrogen atmosphere. The epitaxial CVD
growth of graphene was realized under dynamic flow condi-
tions that simultaneously inhibit Si sublimation and promote
the mass transport of propane molecules to SiC substrate.*
The growth process was followed by in situ hydrogen inter-
calation at 1000°C in 900 mbar Ar atmosphere. The as
grown samples were characterized by Hall effect measure-
ments in van der Pauw geometry with the four golden probes
placed in the corners of the 10mm x 10mm substrates.
Altogether 140 4H-SiC and 60 6H-SiC samples were fabri-
cated and investigated to assure a statistical perspective.
Typical values of hole concentration obtained at room tem-
perature were of the order of 1.3 x 10"*cm ™ and their mo-
bility proved on average 2500 cm?/Vs (up to 5300 cm?/Vs).

The qualitative influence of SiC step edges resulting
from step bunching on the average resistance of QFS-bilayer
graphene was in the first place derived from standard Hall
effect characterization in van der Pauw geometry with the
use of an 0.55T Ecopia HMS-3000 setup. Prior to the mea-
surement, each graphene sample was inspected under an op-
tical microscope and assigned a specific angle of the SiC
terraces configuration. The terraces appear to follow a uni-
form direction over the entire area of a substrate. Fig. 1(a)
illustrates the adopted convention for the angle assignment.
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FIG. 1. (a) Schematic view of a SiC substrate (I0mm x 10mm) and the
adopted convention for the angle o assignment of the terraces orientation
with respect to the SiC substrate edges. Letters A-D indicate four corners of
the substrate, where the four golden pins were placed during the standard
Hall effect characterization in van der Pauw geometry. This approach was
adopted to qualitatively observe the step-edge-induced resistance anisotropy
in graphene. (b) Optical image of a photolithographically patterned equal-
arm graphene Hall cross designed for the quantitative analysis of the step
edge resistivity.

The resultant is o ranging from 0° to 90° with the terraces
running horizontally (o= 0°), vertically (o« =90°), or at any
other angle calculated from the level.

In the standard van der Pauw method for the sheet re-
sistance determination, it is required to measure the Rg,cp,
Rcpoass Rap.scs Rpe.ap, auxiliary resistances in the first
place. These values are defined as (Vp, — V)/lag, Vg —Va)/
Ipc, Ve—Vp)lsp, and (Vp —Vy)/Ipc, respectively. Based
on this, the Rygrricar and Ryorizontar are calculated as
arithmetic means of (Rag.,cp, Rcp.ag) and  (Rap.scs
Rpc.ap).respectively. It can be shown that the following rela-
tion holds (van der Pauw60):

exp (—mRyErTICAL/RS) + €xp (=R pyorizontAL/Rs) = 1,

where Ry is the material’s sheet resistance. In this report, the
Ryerticar and Rporizontar Values are considered to be
influenced by the terraces orientation and are confirmed to
follow a precise function of the angle «. Both resistances are
related to a hypothetical R, yrrage that corresponds to Rg
through 2exp( — nRsveraGe/Rs) = 1, where Rg is determined
by Ryerricar and Rpyorizontar- Each of the 200 verified
samples was subject to two subsequent measurements
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(I=1mA) with the second preceded by sample rotation by
90°, thus rearranging the corners from ABCD to DABC.
With this approach, our statistical perspective was doubled.
The anisotropy in transport properties is manifested in nor-
malized values of Rygrricar/Raverace and Ryorizontar!
RsveraGE 1n the function of o.

The qualitative observation of step-edge-induced resist-
ance anisotropy provides a justification for further quantita-
tive analysis. Two hydrogen intercalated QFS-bilayer 4H-
SiC samples were photolithographically patterned to form
nine graphene Hall bars on each. Initial van der Pauw char-
acterization proved that both graphene samples displayed
similar parameters: hole concentration n~ 1.8 x 10cm 2,
carrier mobility u~2300cm?/Vs, and sheet resistance
Rg~ 150 Q/sq. The nine Hall bars took the form of symmet-
rical, equal-arm crosses rotated at a gradually increasing
angle (0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°) with respect
to the substrate’s edges and hence to SiC terraces. Each of
the two bars forming the graphene cross had 200 um in width
and 600 um in length. 20 nm_Ti/80 nm_Au ohmic contacts
(200 pum x 200 um) were e-beam deposited. Fig. 1(b) illus-
trates one of the nine crosses.

In order to deepen our understanding of the origin of the
step edge resistivity, an additional sample with a transferred
graphene was produced. Graphene grown on 12 um thick 3N
JTCHTE GOULD Electronics copper foil in Aixtron VP508
reactor was transferred onto a 4H-SiC substrate through the
PMMA-mediated electrochemical delamination method.®'
Prior to transfer, the substrate underwent a process of hydro-
gen etching in 1600 °C to promote step bunching on its sur-
face. An identical pattern of nine rotated Hall bars was
fabricated accordingly to the above presented details.

In each of the nine Hall crosses, the specific o; and o,
angles were determined. o corresponds to step edge orienta-
tion in the graphene channel between contacts “1” and “3,”
o, between “2” and “4.” The configuration of a Hall cross
provides two mutually perpendicular graphene resistors R3
and R,4. It can be judged from the photograph that the total
resistance between two opposite contact pads is described by
the following formulas:

Rz =R + Rchannellfﬁ({xl) + RC37
Ryy =R + R(rhann6124(°‘2) + Rea,

where R ... Rey are the contact resistances and R .j,qme013(%1)
and R jaumena(02) denote the resistance of 200 um x 600 um
graphene channels. It was assessed with additional TLM
(Transfer Length Method) structures featuring
200 um x 200 um pads located next to the equal-arm crosses
that the unit length contact resistance varied between
600Qum and 1100Qum, indicating that a single
200 um x 200 um contact pad introduces between 3Q and
5.5 Q. In order to verify possible angle dependence of the con-
tact resistance, the TLM structures were fabricated at a range
of angles with respect to SiC terraces and multiplied for each
orientation, so that the results had a statistical perspective. In
the analyzed sample, these angles lied in the range between
40° and 90°. The experimental values proved no angle de-
pendence (Fig. 2). The authors believe that in any given cross
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Rcy and Re3, as well as Rq, and R4 are mutually approxi-
mately equal and their difference is negligible with respect to
the expected value of R ;unner13(041) = Renannerna(%2).

Based on the measured values of R3 and R»4, one can
calculate the following relation:

AR(Aa) = |R13 — Ra4|, where Ao = |oy — o]
AR(Aox) reflects the differential resistance between two per-
pendicular graphene channels as a function of the differential
angle Aa. For oy =00, =45° and Ao=0, which holds for
identical terrace orientation in both channels, AR(Ax) is
expected to account for zero. When Ax=90°, AR(Ax)
reaches its maximum value and equals the excess resistance
introduced by a finite number of SiC step edges that are
200 um wide and cover the entire graphene channel. The
authors chose to locally define a AR(Ax) relation for each of
the equal-arm crosses to minimize possible influence of gra-
phene’s quality inhomogeneity that if occurred throughout
the sample would interfere with the influence of SiC step
edges. The nine Hall crosses provide nine data points for a
linear fit that reproduces the AR(Ax) relation. We later use
this fitted relation in the form of y =ax+ b to calculate the
exact value of

AR(Ao =90°) = a x 90° = Nedges X Pyrep/200 pm, (1)

where 1,4, is the number of SiC step edges. The intercept b
is intentionally neglected as it is attributed other than terrace
origin, however the authors cannot provide a meaningful ex-
planation for its origin. The accurate number of SiC step
edges Neqqes over the distance of 600 um is specific for each
sample and was determined with the use of an atomic force
microscope. Based on a X 90° =n,gges X Psrep/200 pm, the
average resistivity py,, [Qum] of a single SiC step edge in
QFS-bilayer graphene was derived.

Substrate: SiC 4H
Type: CVD QFS-bilayer
1100 T T T T T T T T
| | | |
— . n
£ 1000 . i
G
8 | |
S 900 - - = .
® n
(%]
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2 500 " . L
5] u u [
n
S 700+ . " 1 |
£ i .
o n
c o
S 600 = 90 .
.“é‘
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FIG. 2. Statistical analysis of the unit length contact resistance angle de-
pendence measured in TLM structures featuring 200 um x 200 um contact
pads. The TLM structures were rotated at different angles with respect to
SiC terraces and multiplied to illustrate possible data distribution for the
same angle. The insets schematically illustrate the terrace orientation
between two adjacent TLM pads and the adopted convention for angle
assignment.
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lll. EXPERIMENTAL RESULTS

The qualitative observation of the step-edge-induced re-
sistance anisotropy in hydrogen intercalated graphene on 4H-
SiC(0001) and 6H-SiC(0001) (10 mm x 10 mm) substrates is
presented in Figs. 3(a) and 3(b), respectively. The convention
for the angle assignment of the terraces orientation with
respect to the sample edges was depicted in Fig. 1(a). The
Ryerricat/Raverace and Ryorizontar/Raverace data points,
where RVERTICAL and RHORIZONTAL are the auxiliary van der
Pauw resistances and Rayzrace 1S @ hypothetical quantity that
corresponds to Rg through 2exp( — nRayerace/Rs) = 1, clearly
illustrate the cumulative effect of SiC step edges on the total
resistance of QFS-bilayer graphene. The lowest normalized
resistance is observed in the direction parallel to the SiC
terraces (OCZOO for RHORIZONTAL/RAVERAGE and «=90° for
Ryerticat/Raverace)- It gradually increases as the step edges
effectively hinder the current flow. In the direction perpendic-
ular to the terraces, the normalized resistance reaches its maxi-
mum (oc =90° for RHORIZONTAL/RAVERAGE and o=0° for

a) Substrate: SiC 4H L RvERﬂcAL/RAVERAGE
Type: CVD QFS-bilayer ®  Riorzonmal/Raverace
4.0 — 1 1~ 1 - 1 11T 1T T 1
1€ | A |
3.0 7
U(DJ 254 mg e®®
< ] = ¥ [ ] .. e
% 2.0 L] =.. - ® o0 & ®
Z LT TR o~ o ‘3
o 1.5 oy me ™ S, 7
= "y upg s e %0 40
1 A ° %
RS -
m_ g®
o > 8 .". " [ ' h
05 ° o ey i
] ® e L7 l-f
0-0 T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Angle [deg]
b) Substrate: SiC 6H " Rernoa/Raverace
Type: CVD QFS-bilayer ® R orzonta/Raverace
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FIG. 3. The qualitative observation of the resistance anisotropy (Ryzrzrcar/
RAVERAGE and RHORIZONTA[/RAVERAGE> in the function of the terraces orien-
tation with respect to the sample edges in CVD QFS-bilayer graphene meas-
ured in van der Pauw geometry on the surface of 10 mm x 10 mm samples.
(a) 4H-SiC(0001) and (b) 6H-SiC(0001).
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Rverticar/Raverace)- Both datasets are mutually symmetrical
and cross exactly at the angle of 45°, which is in agreement
with the expectations. Qualitatively similar results are
obtained for 4H-SiC and 6H-SiC substrates. It happened that
within the set of 60 6H-SiC samples, a majority displayed ter-
races oriented along the substrate’s edges, hence an accumula-
tion of data points around 5° and 85°. The significantly larger
spread of resistance values at these angles as compared with
intermediate steps is explained by the fact that within a more
numerous set, one encounters a wider distribution of the total
number of terraces, which translates into the observable data
span. The statistical analysis of 200 samples proves that the
step edges constitute a non-negligible mechanism of carrier
transport impediment.

The quantitative description of the average step edge re-
sistivity pg,, is brought by the Hall crosses rotated at a vary-
ing angle with respect to SiC terraces (Fig. 1(b)). The
measured AR(Ax) relation of the two hydrogen intercalated
4H-SiC samples is depicted in Fig. 4. AR is the differential
resistance between two perpendicular graphene channels and
Ao is the differential angle between the terraces orientation
in the two channels. It is expected that when o = o, =45°
and Ao =|a; — o =0, which holds for identical terraces ori-
entation in both channels, AR should equal 0 and reach its
maximum for Aoe=90°, when in one channel, the terraces
run parallel to the direction of the current flow and perpen-
dicular in the other. It was observed that for every o;<ay,
Ri3>R»4, and R 3<R,4 for a;>u,. This is indicative of the
step-edge-induced resistance anisotropy and it is consistent
with the above reported qualitative observation that the more
terraces hamper the current flow the higher the resistance.
The collected data points were linear fitted with y=ax+b
and yield the slope a equal to 0.915 and 1.393. Contrary to
expectations for Ax =0, the intercept b= 0 (AR+# 0). We at-
tribute it other than terrace origin and intentionally neglect
in the determination of pg,,. Both samples were inspected

Substrate: SiC 4H = Sample No. 1
Type: CVD QFS-bilayer 4  Sample No. 2
160 ——T—T7 T ——T
140 4 Linear fit: No.1 u
] Intercept b: 37.19
120 Slope a: 1.393 i
100 B
& 804 A
% j
60 B
40 Linear fit: No.2 —
1 Intercept b: 18.27
20 - N Slope a: 0.915 -
0 T T T T T T T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
AAngle [deg]

FIG. 4. Differential resistance AR measured in nine pairs of mutually per-
pendicular graphene channels (200 um x 600 um) as a function of the differ-
ential angle Ao between the terraces orientation in each pair of the mutually
perpendicular channels fabricated on two QFS-bilayer 4H-SiC(0001)
samples.
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with a NanoScope Controller driven Veeco Dimension V
atomic force microscope equipped with an OTESPA cantile-
ver. A 2mm-long line scan in the direction perpendicular to
the terraces was performed in order to statistically define an
average number of SiC step edges 72,445 OVer the distance of
600 pum, which is the length of either of the graphene chan-
nels. The two samples were assigned 7,4g.s ~ 81 and ~130,
respectively. Based on Eq. (1), the resultant step edge resis-
tivity was calculated 203 Qum and 192 Qum, accordingly.

Given these, one can relate the calculated values of pg,,
to the observed qualitative anisotropy in graphene’s resistance
depicted in Fig. 3. For p,, =203 Qum, 1,440~ 81 over the
distance of 600 um, and sample dimensions 10 mm x 10 mm,
the total additional resistance introduced by SiC step edges in
the direction perpendicular to the current flow equals Ry,
= PstepNedges!W edges = 203 Qum-(10 mm-81/600 pm)/10 mm
=27.4Q, where N,gq.s and W, are the total number and
width of step edges, respectively. In case of the second sam-
ple, Psiep =192Qum, negees~ 130, Ry, =41.6Q. These
additional step-edge-induced resistances constitute ~18%
and ~28% of average Rg of these samples (~150 Q) meas-
ured in van der Pauw geometry. Such a contribution is less
severe than it was predicted by Fig. 3, where it is suggested
that over the area of 10mm x 10mm sample, the terraces
introduce around 100% the average Rs. The authors believe
that the overestimated anisotropy induced from van der
Pauw characterization has its origin in the specificity of this
technique itself. During the measurement, the current path
spans only a fraction of the substrate’s surface. It is narrower
than the sample’s width and its highest density is localized
near the sample’s edge between the two current contacts and
thus it experiences relatively overestimated step-edge-
induced resistance.

These derived resistivities pg,, are higher than those
discussed in Ref. 51, where for monolayer graphene, the fol-
lowing values were obtained: ~7Qum for step height
hs=0.5nm, ~15Qum for hg=1.0nm, and ~25Qum for
hg=0.5nm. Nearly identical resistivities for monolayer gra-
phene were reported in Ref. 54. However, they imply atomic
steps rather than macro steps that originate from step bunch-
ing. In this report, the calculated values of pyep, ie.,
203Qum and 192 Qum correspond to step heights of
~7.4nm and ~10.0nm. These numbers come as an average
step height measured with an atomic force microscope over
a distance of 2mm and are found to be symptomatic for the
step bunching phenomenon. Typical values of step heights
and terrace widths witnessed after the growth-preceding
in-situ hydrogen etching of SiC surface are depicted in Fig. 5.

In Ref. 54, it was found that for monolayer graphene,
the mechanical deformation of graphene sheet cannot
account for the observed step edge resistivity and it is rather
the abrupt variation in potential and doping due to the
detachment of graphene from the substrate as it passes over a
step that introduces the additional scattering mechanism. To
support this reasoning, we investigated a monolayer CVD
graphene transferred from copper onto the 4H-SiC substrate
using the PMMA-mediated technique. To assure that the
transferred graphene reproduces SiC surface morphology
and the step edge curvature, we analyzed its bending over an
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FIG. 5. (a) Typically witnessed average step heights and average terrace
widths resulting from the step bunching phenomenon during the growth-
preceding in-situ hydrogen etching of SiC surface (the reported values refer
to 12 4H and 6H on-axis SiC samples and are averaged over a distance of
2mm). (b) Exemplary step height distribution of the consecutive 100 SiC
step edges.

etched pit dislocation. It has been confirmed using SEM
imaging that graphene precisely imitates the substrate’s tex-
ture. The nine rotated Hall bars were characterized accord-
ingly to the procedure adopted for the two hydrogen
intercalated 4H-SiC samples. No recognizable pattern in re-
sistance anisotropy was detected (Fig. 6(c)). Unlike in CVD
QFS-bilayer graphene grown on SiC, where for o<,
Ri3>R»4, and R{3<R,4 when a;>a,, here the measured AR
took random, both positive and negative values in the range
of approximately +600 Q. Bearing in mind the measured R;;
resistance between the opposite contact pads of approxi-
mately 3.8 kQ — 8.2 kQ, we state that AR is relatively weaker
(<12% of R;) than it was witnessed for epitaxial QFS-
bilayer graphene (AR up to 38% of R;;, R;; in the range of
370 Q—710 Q). Thus, taking into account the lower values of
AR relative to R;; and their random nature, we attribute the
data scatter to inhomogeneities in local transport properties
of the transferred graphene. This observation provides fur-
ther proof that the step edge resistivity cannot originate from
graphene’s mechanical deformation. This conclusion sug-
gests that the charge carriers are not subject to scattering
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FIG. 6. (a) Scanning electron microscopy image of an etched pit dislocation
(4 pm in diameter) before and (b) after graphene transfer. Graphene’s ability
to reproduce surface morphology is proven by the smooth coverage of the
pit slopes. (c) Differential resistance AR measured in nine pairs of mutually
perpendicular graphene channels (200 um x 600 um) as a function of the dif-
ferential angle Ax between the terraces orientation in each pair of the mutu-
ally perpendicular channels in monolayer CVD copper-grown graphene
transferred onto 4H-SiC(0001) substrate.

over the substrates steps and consequently the step edge area
does not influence their mobility. Bearing in mind that the re-
sistance is a product of both carrier mobility x4 and concen-
tration n (R™" = enpi), we conclude that the derived Pstep MAY
originate from a decreased carrier population in the step
area.

The possible carrier population depletion is expected to
manifest itself in Raman spectroscopy imaging of the terrace
and step edge area.’> Micro-Raman 24 ym x 16 um maps of
a hydrogen intercalated QFS-bilayer graphene within the ter-
race and step edge area, performed in a backscattering geom-
etry using an inVia Renishaw microscope powered by a
532nm CW Nd-YAG laser, are depicted in Figs. 7 and 8.

The number of graphene layers is verified in two ways.
First, the FWHM of the 2D band within the terrace area is
~60cm ™" and it reaches ~70cm ™" on the step edges (Fig.
8(b)). It has been shown that exfoliated bilayer graphene
exhibits a 2D FWHM of ~50cm~! (Ref. 63) and other
reports yield a range of 41-60 cm ™ '.**~%® Therefore, we rea-
son that the terraces are covered with bilayer graphene and
that there is an additional graphene layer in the step edge
area. Second, bilayer graphene is expected to yield an asym-
metric 2D band that is only reproduced by a sum of four
Lorentzians, whereas the 2D band of a trilayer graphene is
symmetrical and may by approximated by a single Voigt
curve. Following the procedure adopted in Ref. 69, we ana-
lyze the overall quality of fitting the measured 2D band with
a set of four Lorentzian curves and with a single Voigt func-
tion. An exemplary Raman spectrum within the terrace and
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FIG. 7. Micro-Raman 24 ym x 16 um map of QFS-bilayer epitaxial CVD
graphene on SiC. (a) G band position and (b) G band width.

step edge area is presented in Fig. 9. The comparison of the
chi-squared value of the fitting correctness of the 2D band
with the above mentioned functions (Figs. 10(a) and10(b))
proves that the terrace area is better approximated with a
four-fold Lorentzian whereas the step edge area by a single
Voigt, which suggests that the step edges are decorated with
an additional (third) graphene layer.

In Ref. 70, it was clearly presented that under biaxial
strain conditions, when the position of the G band in bilayer
graphene is rising, the position of the 2D band is also
increased. This is in contrast to the step edges, where an
observable blue-shift of the 2D band is followed by a red-
shift of the G band (Figs. 8(a) and 7(a)). We attribute the
mechanism responsible for the blue-shift of the 2D band pre-
dominantly to strain induced by the step edges. Taking into
account the fact that a deviation from a consistent shift of the
G band and 2D band positions is mostly an evidence of car-
rier concentration changes and that in our experiment the
red-shift of the G band position (Fig. 7(a)) is followed by a
sharp increase in its width (Fig. 7(b)),”" we reason from the
Raman results that carrier concentration is lowered at the
step edges as compared with the terraces.

It is assumed in Ref. 54 that along the detachment length
ly~1.2hs, where hg is the step height, graphene is fully
depleted of carriers. As a result, the step edge resistivity is
expected to scale linearly with the step height. In our



123708-7 Ciuk et al.

a) 2D band position
12

2702

[um]

2715

0
[nm]
b)

[um]
fem™]

[um]

FIG. 8. Micro-Raman 24 ym x 16 um map of QFS-bilayer epitaxial CVD
graphene on SiC. (a) 2D band position and (b) 2D band width.

experiment, the linear scaling is only supported for the
orderly oriented terraces (Fig. 11). It has been observed that
the meandering geometry promoted a ~50% higher step
edge resistivity than it was expected for given /g. On the ba-
sis of the fine agreement of our result derived for the orderly
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FIG. 9. Exemplary Raman spectrum within the terrace and step edge area.
(a) In the terrace region, the 2D band is better approximated by a sum of
four Lorentzian curves. (b) In the step edge area, the 2D band is better
approximated by a single Voigt function.
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FIG. 10. Micro-Raman 24 ym x 16 um map of QFS-bilayer epitaxial CVD
graphene on SiC. (a) Residual error of 2D band fit with a 4-fold Lorentzian.
(b) Residual error of 2D band fit with a single Voigt function.

oriented terraces with the linear approximation of the
reported data, we conclude that the adopted explanation for
Psiep Origin is reliable. Yet, the overestimated step edge
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FIG. 11. Comparison of the reported values’'>* of the step edge resistivity
related to SiC atomic steps with our results for py,,, indicative of the step
bunching occurring during the growth-preceding in-situ hydrogen etching of
the SiC surface. Inset imaging obtained with a Bruker ContourGT-I 3D opti-
cal microscope depicts surface morphology of the investigated samples
(meandering and orderly oriented terraces).
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resistance of the winding terraces may suggest that graphe-
ne’s resistance is further augmented by local morphology.
Such contribution could be a consequence of residual Si
atoms aggregated in the step edge area> or growth disorder
near the step edges leading to deterioration of graphene’s
quality and promoting short-range scattering.””

IV. CONCLUSIONS

We showed the qualitative influence of SiC step edge ori-
entation on the resistance of hydrogen intercalated QFS-bilayer
graphene grown on 4H-SiC(0001) and 6H-SiC(0001)
(10mm x 10 mm) by chemical vapor deposition. The statistical
overview of 200 samples marks a distinctive relation between
terrace orientation and the excess resistance. Similar results are
observed for 4H and 6H polytypes. A further detailed analysis
yields exact values of step edge resistivity in QFS-bilayer gra-
phene on 4H-SiC substrate pg,, =203 Qum for hg=7.4nm
and Py, =192 Qum for hg=10.0nm. In the case of orderly
oriented terraces, our result is in agreement with the previously
reported values for the step-height-scaling resistivity in mono-
layer graphene. It was observed that the meandering geometry
of the terraces promoted a ~50% higher step edge resistivity
than it was expected for given /g. No clear pattern was
observed in the resistance anisotropy of the copper-grown gra-
phene transferred onto a 4H-SiC substrate that would indicate
the deformation-induced step edge resistivity. The results sug-
gest that the adopted explanation for pg,, origin, graphene’s
depletion of carriers over the detachment length, is reliable but
this effect may be further augmented by growth disorder near
the step edges and consequent short-range scattering. The
authors believe that the typical macro step height (~10nm)
arising from the step bunching promoted by the in sifu hydro-
gen etching of the SiC substrate gives rise to a non-negligible
carrier transport impediment and should be considered in the
design of the micro-scale graphene-based devices. In our anal-
ysis, we focused on large-scale, statistical parameters that will
foster the reproducibility and standardization of the academic-
scale technology and provide basis for the scalable, industrial,
high-yield graphene production for electronics and sensor
technologies.
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