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Abstract: The electrical properties of polycrystalline graphene grown by chemical vapor deposition
(CVD) are determined by grain-related parameters—average grain size, single-crystalline grain
sheet resistance, and grain boundary (GB) resistivity. Thus, the evaluation of the grain parameters
is essential for device applications of CVD graphene. However, extracting these parameters still
remains challenging because of the difficulty in observing graphene GBs and decoupling the grain
sheet resistance and GB resistivity. In this study, we propose an electrical characterization method
that can extract the average grain size, grain sheet resistance, and GB resistivity simultaneously
based on the dependence of the material’s electrical property, sheet resistance, on the device di-
mension. By statistical analysis on the distribution of GB density depending on channel dimen-
sions, we developed an analytical resistance model that can explain the relationship between the
electrical properties of polycrystalline graphene and its grain parameters. The proposed analytical
resistance model and its applicability for parameter extraction were verified by characterizing
transmission-line model patterns fabricated on CVD-grown monolayer graphene. The result
showed that the average grain size, grain sheet resistance, and GB resistivity of CVD graphene can
be extracted simultaneously with high accuracy.

Keywords: CVD graphene; polycrystalline; grain size; single-crystalline grain; grain boundary
(GB); GB distribution; sheet resistance; transmission-line model measurement

1. Introduction

Chemical vapor deposition (CVD) is the most effective method for uniformly
growing monolayer graphene on a wafer scale in a reproducible way [1]. However, CVD
graphene is intrinsically grown as a polycrystalline structure composed of multiple sin-
gle-crystalline grains connected by disordered grain boundaries (GBs) [2-6]. Scattering at
the GB (i.e., structural line defect) affects carrier transport, as does scattering within a
single-crystalline grain; thus, both the GB and grain act as major resistive sources in
polycrystalline graphene [4-6]. Because the electrical properties of graphene are deter-
mined by the competition between these two resistive sources—i.e., relatively
high-resistive GB and low-resistive grain, the average grain size has a significant impact
on the electrical properties [7-10]. Therefore, unlike single-crystalline graphene, whose
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electrical performance can be explained only by the sheet resistance of the layer, the
performance of CVD graphene should be explained by a combination of various
grain-related parameters such as the average grain size, single-crystalline grains sheet
resistance, and GB resistivity. For this reason, rigorous evaluation of these grain param-
eters is crucial for the design and fabrication of CVD-graphene devices.

Accordingly, various techniques for characterizing grain parameters have been ac-
tively studied over the last decade. In the case of grain size, it can be evaluated through
structural characterization and identification of GBs using spectroscopic or microscopic
measurements. For instance, spatial mapping of the Raman peak intensities for graphene
(D peak at ~1,350 cm™, G peak at ~1,580 cm™, and 2D peak at ~2,690 cm™) enables the
location and shape of GBs and grains to be identified [11]. This is an effective method for
evaluating the size of individual grains, but estimating the average grain size of CVD
graphene across the entire grown region is difficult because of the limited inspection area
and extremely slow mapping speed. Instead, of mapping the Raman peaks, the GBs with
an angstrom-scale width can be imaged directly by performing an ultraviolet (UV)/ozone
treatment after growing graphene on a Cu substrate. The UV/ozone treatment selectively
oxidizes Cu beneath the GBs through strong chemical reactions with O and OH radicals,
allowing the GBs to be visualized and examined under an optical microscope (OM) or
scanning electron microscope (SEM) [12,13]. Although this process provides a convenient
way to observe multiple grains and evaluate their sizes, for global estimation of the av-
erage grain size, a time-consuming manual process that evaluates the sizes of individual
grains from a large amount of microscopy images covering a wide area of CVD-grown
graphene should be accompanied [14].

For the electrical properties of GBs and single-crystalline grains, four-terminal
measurement-based evaluation techniques have been widely used. To extract the re-
sistances of a GB and grain separately using these techniques, the location of the GB
should first be identified with non-destructive transmission electron microscopy (TEM)
[6]. An electron-beam lithography system is then used to fabricate a Hall-bar pattern
across two grains joined by the GB. The sheet resistance of the single-crystalline grain
and the resistivity of the GB can be extracted by performing a series of four-terminal
measurements with this pattern [6]. This technique is significantly useful for under-
standing the electrical properties of individual grains and GBs; however, high-level
technical skills are required to accurately estimate the location of the GB and fabricate the
Hall-bar pattern aligned well with the GB location [4]. Furthermore, because of the lim-
ited TEM resolution capable of identifying the GBs, it is difficult to extend this technique
to a global evaluation method that can extract the average grain sheet resistance and GB
resistivity from multiple single-crystalline grains and GBs. As an alternative approach, an
electrical characterization technique based on ohmic scaling law was developed for the
global evaluation of these two electrical parameters [4]. In this technique, the average
grain sheet resistance and GB resistivity can be extracted on a large scale by measuring
the channel sheet resistance of each CVD-graphene sample as a function of the average
grain size and then fitting to the ohmic scaling law (i.e., a simple 1D series-resistance
model) [4,5]. However, to apply this technique effectively, it is necessarily required to
investigate the exact average grain size of each graphene sample, and further, prepare
multiple CVD graphene samples with different average grain sizes but identical average
grain sheet resistance and GB resistivity. These requirements may limit the practical ap-
plication and accurate extraction of the average grain sheet resistance and GB resistivity.

In this paper, we propose for the first time an electrical characterization method for
extracting the average grain size, grain sheet resistance, and GB resistivity of monolayer
CVD graphene simultaneously. For this purpose, we investigate the probability distri-
bution of the number of GBs depending on the graphene-channel dimension, from which
we develop an analytical resistance model that can explain the relationship between the
electrical properties of polycrystalline graphene and its grain parameters. With this re-
sistance model, we show that the three-grain parameters can be extracted simultaneously
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with an accuracy greater than 99% from the dependence of the material’s electrical 99

property (i.e., sheet resistance) on the channel dimension. To validate the developed re- 100
sistance model and its applicability for parameter extraction, we fabricate a transmis- 101
sion-line model (TLM) pattern on monolayer CVD graphene and characterize the channel 102
sheet resistance (Rsh) as a function of channel length (Lch). We show that the average grain 103
size, grain sheet resistance, and GB resistivity of CVD graphene can be extracted simul- 104
taneously from the analytical resistance model that is fitted to the measured Rs—Len 105
curve. The three extracted values are then compared with those obtained using conven- 106

tional methods and those reported in the literature. 107
2. Materials and Methods 108
2.1. Graphene growth and transfer 109

Monolayer graphene was grown on a 25-pum-thick Cu foil (99.8% purity, Alfa-Aesar 110
Inc.) by a thermal CVD system (TCVD 100, Scientec Inc.). To synthesize the polycrystal- 111
line graphene layer with uniform-size grains, electropolishing of the Cu surface was first 112
performed in an 85% phosphoric acid bath using a constant voltage of 1.2 V for 20 min 113
[15]. The polished Cu foil was then loaded into the CVD chamber and annealed at 1050°C 114
for 1 h with a flow of Ar (570 sccm) and Hz (100 sccm) for surface treatment. Following 115
the annealing step, monolayer graphene was grown at 1050°C for 1 h under a chamber 116
pressure of 2 Torr with a flow of Ar (570 sccm), Hz (100 sccm), and CHs (2 sccm). The 117
CVD chamber was then cooled to room temperature in an Ar environment before the 118
as-grown graphene sample was finally removed from the chamber. The average grain 119
size of CVD graphene grown on the Cu foil was approximately 5.88 um, as evaluated by 120
SEM images taken after the UV/ozone treatment. 121

For device fabrication, CVD-grown monolayer graphene was transferred onto 122
thermally oxidized Si substrates (90-nm-thick SiOz2) by the optimized poly(methyl meth- 123
acrylate) (PMMA)-mediated transfer method [16]. First, a PMMA solution (495 A4, Mi- 124
croChem Inc.) was spin-coated onto the top side of the graphene-grown Cu foil at 1000 125
rpm for 60 s, followed by drying at room temperature for 24 h. The graphene grown on 126
the back side of Cu was etched using O: plasma ashing (RF power = 30 W, working 127
pressure = 30 mTorr) for 3 min. The Cu foil was then etched using diluted ammonium 128
persulfate solution (0.02 M, Sigma Aldrich Inc.) at room temperature for 24 h, after which 129
the remaining PMMA/graphene stack was rinsed repeatedly with deionized water. The 130
rinsed PMMA/graphene stack was finally transferred onto the oxidized Si substrate and 131
the transferred sample was baked at 160°C in a vacuum for 30 min to remove residual 132
water and improve the adhesion between the graphene layer and the substrate. To 133
minimize the PMMA residue and wrinkles, the PMMA layer was removed using acetic = 134
acid at room temperature for 3 h, followed by annealing at 300°C for 3 h under an ultra- 135
high vacuum (~10- Torr) [16]. 136

2.2. Device fabrication 137

To extract the grain-related parameters of CVD graphene, TLM patterns composed 138
of back-gated field-effect transistors (FETs) with varying channel lengths (2-100 um) 139
were fabricated on CVD graphene transferred onto 90-nm-thick oxidized Si substrates. 140
First, channel regions of the FETs were patterned by i-line mask-aligner lithography 141
(MA6/BA6, Karl Suss Inc.) with a positive-tone photoresist (AZ GXR-601, AZ Electronic 142
Materials Inc.), and graphene channels were defined using Oz plasma etching (30 W, 30 143
mTorr) for 2 min. Following the channel definition, the second photolithography process 144
was performed using an image reversal photoresist (AZ 5214-E, AZ Electronic Materials 145
Inc.) for source/drain electrode patterning. Then, a 20-nm-thick Pd and 50-nm-thick Au 146
were sequentially deposited by an electron-beam evaporation system (SRN-200, Sorona 147
Inc.) for contact formation, after which the residual photoresist layer and the metal de- 148
posited on top of the photoresist were removed by the lift-off process in a warm acetone 149
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bath. CVD-graphene FETs with relatively short-channel lengths (0.18-0.75 pum) were 150
fabricated using electron-beam lithography (Raith 150-TWO, Raith Inc.) and a posi- 151
tive-tone electron-beam resist (AR-P 672.045, Allresist Inc.). For patterning the graphene 152
channels and source/drain electrodes, electron-beam conditions of an area dose of 200 153
puC/cm?, a step size of 5 nm, and an acceleration voltage of 30 kV were used. 154

2.3. Characterizations 155

The electrical characteristics of the fabricated graphene FETs were measured usinga 156
semiconductor parameter analyzer (4156C, Agilent Inc.) in a probe station under a high 157
vacuum (~107 Torr). Before the measurements, the graphene surface was annealed at 120 158
°C for 3 h in the vacuum probe station to remove any moisture, oxygen, and photoresist 159
residue, which act as p-type dopants [16-18]. A Raman spectroscope (inVia reflex, Ren- 160
ishaw Inc.) with 532-nm excitation was used to evaluate the material quality of mono- 161
layer CVD graphene. The top-view images of the CVD-graphene surface and fabricated 162
graphene FETs were obtained using a field-emission SEM (SU8220, Hitachi Inc.) and OM 163
(BX51, Olympus Inc.) system. The GB visualization for estimating the average grain size 164
was performed in a UV/ozone chamber (PSD-Pro, Novascan Technologies Inc.) by irra- 165
diating a 254-nm UV light with an output power of 20 mW/cm? under ambient condi- 166
tions. The grain sizes of CVD graphene observed in the top-view SEM images after the 167
UV-ozone treatment were measured using the Image] software provided by the National 168
Institutes of Health, USA. 169

3. Results and Discussion 170

To develop a characterization method for extracting the average grain size, grain 171
sheet resistance, and GB resistivity, it is necessary to investigate the effects of these pa- 172
rameters on the electrical characteristics of graphene FETs. Thus, we first calculated the 173
channel sheet resistance of polycrystalline graphene as a function of channel length using 174
a parallel-resistance model which is based on the modified ohmic scaling law [14], and 175
investigated its dependence on the channel length. For the calculation, the Voronoi tes- 176
sellation (VT) method was used to generate 2D polycrystalline structures with an average 177
grain size of 5 um (Figure 1a), which can depict a real polycrystalline morphology with 178
non-uniform sizes and shapes of grains [14,19-22]. Because the sizes and shapes of poly- 179
crystalline graphene are not uniform, the number of GBs impeding carrier transport 180
between two electrodes varies with the location in the polycrystalline-graphene channel. 181
This indicates that the sheet resistance of the graphene channel can vary locally—i.c., the 182
sheet resistance would not be uniform within the polycrystalline channel. Thus, for rig- 183
orous resistance calculation considering the local non-uniformity of the GB number, the 184
channel width was divided into extremely narrow elements, and the number of GBs 185
within each width element was counted separately. The resistance of each width element, 186
which is the sum of the resistances of numerous grains and GBs connected in series 187

(Figure 1a), was then calculated from the 1D ohmic scaling law [4]: 188
L n;
AR, = RG b —t
i sh AW, + pes AW, @

where AR is the resistance of each width element, R« is the average sheet resistance of 189
single-crystalline grains, pcs is the average resistivity of GBs, La is the channel length, Wen 190
is the channel width, and ni is the number of GBs within each width element. Subse- 191
quently, the total channel resistance of poly-graphene was calculated from the sum of the 192
resistances of every width element connected in parallel (Figure 1a). The equation for 193

calculating the channel resistance as a function of the channel length is as follows: 194
m m
1 _ Z 1 Z 1
Ren(Len) 4&2BR; Lipc Len n (2)

sh AW, + PeB AW,



Nanomaterials 2021, 11, x FOR PEER REVIEW

5 of 12

where Ra is the channel resistance and m is the number of divided width elements (=
Wen/AWan). In this study, the channel width was divided into 10° elements for the paral-
lel-resistance modeling. Furthermore, we repeated this calculation process with 1,000
polycrystalline structures (average grain size of 5 um), generated randomly using the VT
method to estimate the average channel resistance as a function of the channel length.
The channel width used in the calculation was 20 pm, and the RS and pcs values were
300 Q/sq and 10.6 kQ-um, respectively. The calculated average channel resistance as a
function of the channel length is shown in Figure 1b. The channel resistance is directly
proportional to the channel length in the long-channel region (i.e., constant dRe/dLe),
whereas the slope (dRa/dLew) varies with the channel length in the relatively
short-channel region (particularly, L« around the average grain size). This indicates that
the sheet resistance of the polycrystalline channel depends upon the channel dimension,
unlike single-crystalline graphene or other single-crystalline semiconductors. The aver-
age channel sheet resistance (Rsh) as a function of channel length is shown in Figure 1c.
The sheet resistance was calculated using Reh x Wen/Len. The channel sheet resistance is
constant for long channels (Figure 1b); however, it decreases sharply as the channel
length is reduced below approximately 25 um. Note that the decrease in channel sheet
resistance is most prominent at channel lengths around the average grain size, which is
due to the significantly lowered probability of the existence of GBs at those channel
lengths [14]. This implies that the GB density and distribution within the channel region
play a critical role in determining the dependence of the channel sheet resistance on the
channel length.

(@) source Channel length (Lc;,) Drain il R, v
= ch
= v 1
g
F =
§
L ; v i\ ARy
= £ ¢/ T V
o =R AWen PO
5 It = :—’\/\/\/ﬁ
8 LT . AR;
I T .
1 WA= W
AW, ARy, = W,
R{® R§®  REE RE® 3 ;Lo n
AN AN AN AN AN AN A 4+ AN~ A AR; = ZR.G +RE =RG, - —"+ pop—r—
RS RS RS RS RS_, RS =] & =5l AW, AW,
(b) (c)

Channel resistance, Rch (k)

w
o
L

2.5

2.0

L., = average grain size

/

_____

o Calculation result © Calculation result

Channel sheet resistance, R (k/sq)

) 50 100
Channel length, L (um)

T
100

50 150
Channel length, L (um)

150

Figure 1. Parallel-resistance model for the calculation of the graphene sheet resistance depending on the channel dimen-
sion. (a) A schematic of the electrical device with a polycrystalline-graphene channel, where the polycrystalline structure
is generated using the VT method. For poly-graphene resistance modeling, the channel width is divided into extremely
narrow elements (AW = Wen/10°). The channel resistance of the graphene device is calculated from the parallel connec-
tion of the divided elements. (b) The calculated channel resistance as a function of channel length for polycrystalline
graphene with an average grain size of 5 um. Inset: the calculated channel resistances in relatively short channels (de-
noted by the black dashed box), which shows that the slope (dRe/dLcn) varies with the channel length. (c) The calculated
channel sheet resistance as a function of the channel length, which shows that the sheet resistance decreases significantly
as the channel length approaches the average grain size.
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As shown in Figure 1, it is critical to estimate the GB density and distribution within 227
the graphene channel to understand the dependence of the channel sheet resistance on 228
the channel length. Thus, we investigated the proportion distribution of the number of 229
GBs depending on the channel length by counting the GB number within narrow width =~ 230
elements divided into 105. For statistical evaluation, we repeated the process with 1,000 231
polycrystalline-graphene structures generated randomly using the VT method, as in the 232
channel resistance calculation. The average histogram distributions of the proportion of 233
the GB number within the channel region at three different channel lengths are shown in 234
Figure 2a—c (the results at various channel lengths are shown in Figure S1). The number 235
of GBs within the channel region is limited to 0-3 at channel lengths less than or equal to 236
the average grain size (i.e., Lco <5 um), whereas it is evenly distributed at the channel 237
length greater than the average grain size. This explains why there is a significant de- 238
crease in sheet resistance at channel lengths near the average grain size (Figure 1c). We 239
investigated several distribution functions to find a way for estimating such a proportion 240
distribution without counting the number of GBs and found that the envelope of the 241
proportional distribution of the GB number follows the continuous probability density 242
function of the gamma distribution (i.e., gamma PDF) [23]: 243

1

X
a-1,"8
5a foou“‘le‘udux e Fforx,a,>0 €)
0

GamPDF (x) =
where a-f is the mean and a-$? is the variance. When a = 3.85 x Lav/Ic and = 0.33 (where 244
lc is the average grain size), it was empirically confirmed that the gamma PDF agrees 245
well with the envelope of the proportional distribution of the GB number for all channel 246
lengths (Figure 2 and Figure S1). Following that, to obtain the discrete distribution of the 247
GB number from the continuous gamma PDF, we used the cumulative distribution 248
function of the gamma distribution (i.e., gamma CDF), which is an integral form of the 249
gamma PDF as follows: 250

n

GamCDF(n) = f GamPDF (x)dx
0

n 1 3.85L¢p x
O (4)
= x le e 033dx
3.85L 3.85L

fo oo (1)

033" & [“u & e tdu

where # is the number of GBs. The proportion distribution of the GB number can be es- 251
timated from GamCDF(n+0.5)-GamCDF(n—0.5) with an accuracy greater than 98% for all 252
channel lengths, as shown in the red symbols of Figure 2 and Figure S1. 253

Because the proportion distribution of the GB number within the channel region can 254
now be accurately estimated without counting the number of GBs, we can develop an 255
analytical resistance model that is more generalized for explaining the dependence be- 256
tween the sheet resistance and channel length. For this purpose, the divided narrow 257
width elements (AWw) were grouped and rearranged by the number of GBs considering 258
its proportion within the channel region estimated from the gamma CDF (Figure 3a). The 259
rearranged width element by the number of GBs (Wehn) can be expressed as follows: 260

K
Wenn = Wep, X {GamCDF (n + 0.5) — GamCDF (n — 0.5)}, Wep = Z Wenn  (5)
n=0

where k is the maximum number of GBs existing within the divided width elements. 261
Based on the rearranged width elements, Equation (2) can then be generalized as: 262

k
1 — Z Wch,n
Ren(Len) &4 RgyLen + pgpn

(6)

263
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(a) L, < average grain size (b) L, = average grain size (C) L., > average grain size
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Figure 2. Histogram distributions of the proportion of the GB number within the channel region when the channel length
is (a) less than the average grain size, (b) equal to the average grain size, and (c) greater than the average grain size. Each
distribution was evaluated by counting the GB number within narrow width elements divided into 10°. The black dashed
lines in (a)—(c) indicate the locations where the number of GBs changes. For all channel lengths, the envelope of the pro-
portional distribution of the number of GBs follows the continuous probability density function of the gamma distribu-
tion (gamma PDF), and the discrete proportion distribution of the GB number can be estimated from the cumulative

distribution function of the gamma distribution (gamma CDF) with an accuracy greater than 98%.
Following that, the analytical model for the channel sheet resistance, composed of the
three-grain parameters (Ic, R, and pas), can be finally induced as a function of the
channel length:
Wen
Rop(Len) = Ren(Len) X L—C
ch
-1
n+0.5 1 E85Leh 1y __x_
( . fn_0,5 385lch , 385Len ) x e 033dx |Lcy
{ 033 & [Tu e *du } @)
~ RéyLen + pgpn i

I
I
\
Using the developed analytical resistance model as a fitting function, we estimated the
dependence of the channel sheet resistance on the channel length observed in the calcu-
lation result, Figure 1c, by adjusting the three fit parameters (i.e., grain parameters—Ic,
RaG, and pcs). As a result, the analytical model was fitted with the calculation result well,
with a fitting accuracy greater than 99.98% (Figure 3b). The important aspect of this re-
sult is that the three-grain parameters can be extracted from the analytical resistance
model that is best fitted to the Rsn—Leh curve. The three-parameter values provided for the
sheet-resistance calculation and those extracted from the fitted analytical model are
summarized in Table 1. The results show that the average grain size, the sheet resistance
of single-crystalline grains, and the resistivity of GBs can be extracted simultaneously
with high accuracy (> 99%).

Table 1. Comparison of three-grain parameters given for the calculation with those extracted by

the developed analytical resistance model.
Ic (um) RaS (Q/sq) pas (kQ-pm)
Given parameter 5.0 300 10.6
Extracted parameter 5.02 299.7 10.59
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<

ased analytical resistance model for the simultaneous extraction of the grain parameters (the

average grain size, grain sheet resistance, GB resistivity) of polycrystalline graphene. (a) Considering the proportion dis-
tribution of the GB number estimated from the gamma CDF, the divided width elements (AW) can be grouped and re-
arranged by the number of GBs. Based on the rearranged width elements (Wen), a sheet-resistance model composed of

the three-grain parameters
model was used to fit the ¢

can be induced as a function of the channel length. (b) The developed analytical resistance
alculated channel sheet resistance as a function of the channel length for polycrystalline gra-

phene with an average grain size of 5 um. The sheet-resistance dependence on the channel length can be estimated with a
high fitting accuracy greater than 99.98% by adjusting three fit (i.e., grain) parameters, from which the three-grain pa-
rameters can be extracted from the analytical resistance model fitted to Rsn—Len curve.

To verify whether the proposed parameter extraction method is practical, we fabri-
cated TLM patterns on CVD graphene and extracted three-grain parameters by charac-
terizing the dependence of the channel sheet resistance on the channel length using the
analytical resistance model. For this purpose, we synthesized monolayer graphene
through CVD and transferred it onto thermally oxidized Si substrates (90-nm-thick SiO2)
for the device fabrication. The material and layer quality of as-transferred CVD graphene
was then evaluated using Raman spectroscopy measurement, confirming defect-free
monolayer graphene with an intensity ratio of 2D to G peaks of ~2.8 (see Figure S2). The
back-gated graphene FETs with channel lengths of 2-100 um and a channel width of 20
um were fabricated on transferred CVD graphene (Figure 4a), and the channel resistance
was measured as a function of the channel length to characterize the dependence be-
tween the channel sheet resistance and the channel length. The channel sheet resistance
was then calculated using the channel dimension and channel resistance measured at the
charge neutrality point (Rsh = Reh x Wen/Len). The dots in Figure 4b show the measured
channel sheet resistance as a function of the channel length. Note that the dependence
between Rsh—Lch is similar to that shown in the calculation result (Figure 1c). From such
the dependence, the three-grain parameters were extracted simultaneously by the ana-
lytical resistance model fitted to the Rsv—Leh curve as shown by the red line in Figure 4b.
The extracted average grain size, the sheet resistance of single-crystalline grains, and the
resistivity of GBs were determined to be ~5.95 pum, ~321 Q)/sq, and ~18.16 kQ-pm, re-
spectively. To confirm whether the extracted three-parameter values are rational, we
compared the extracted values with those evaluated using conventional methods and
those reported in the literature. First, the GB visualization technique based on UV/ozone
treatment was used to estimate the average grain size of CVD graphene. Figure 4c shows
a representative SEM image of CVD graphene grown on a Cu foil after the UV/ozone
treatment. Note that the UV/ozone-treated GBs were highlighted in yellow to make them
more visible (see Figure S3 for the original image). We evaluated the sizes of 376 grains
observed in multiple SEM images (see Figure S3), from which the average grain size was
estimated to be 5.88 + 1.5 um. This value agrees well with the extracted average grain size
from the fitted analytical resistance model (~5.95 pm). The sheet resistance of sin-
gle-crystalline grains was estimated by characterizing TLM patterns composed of
short-channel graphene FETs with Le of 0.18-0.75 um (Figure 4d). Because the probabil-
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ity of the GBs existing in these channel lengths is significantly low, the channel resistance
increased in direct proportion to the channel length, just like in a single-crystalline mate-
rial. Thus, the sheet resistance of single-crystalline grains could be estimated using the
conventional TLM method [24]—i.e., from the slope of the measured width-normalized
channel resistance as a function of the channel length (Figure 4e). The estimated grain
sheet resistance from this approach was determined as 362 2/sq, which is comparable to
the average RshC extracted from the fitted analytical model (~321 €)/sq). The slight dif-
ference between the two values may be due to the influence of one GB that remains
within the channel region even as the channel length decreases, as shown in the inset of
Figure 4e. Accordingly, the grain sheet resistance evaluated using the conventional TLM
method can be slightly overestimated because of the carrier scattering at the GB. The ex-
tracted GB resistivity from the fitted analytical resistance model (~18.16 kQ-um) was
verified by comparing the value with those reported in the literature [4-6,25-28]. A
summary of experimental results for the GB resistivity of CVD graphene that has been
reported in the literature is shown in Figure 4f. Note that all resistivity values shown in
the summary plot were extracted at the charge neutrality point. The average GB resistiv-
ity value in this study is in the range of those reported in the literature to date and is
similar to their average value. Consequently, these validation results support that the
extracted three-grain parameters are within the rational range. Therefore, we can con-
clude that the proposed electrical characterization method can extract the average grain
size, single-crystalline grain sheet resistance, and GB resistivity simultaneously using the
GB distribution-based analytical resistance model. This method of simultaneous extrac-
tion of the grain-related parameters from the dependence between Rsi—Lch obtained from
simple TLM measurements will provide a convenient way for the electrical characteriza-

tion of CVD graphene and its efficient device applications. Furthermore, it is expected
that the proposed method can be extended to various 2D materials with polycrystalline
structures.
(b)
4+
Source (Pd/Au) ~ 3}
o
W kg
Graphene 2,1
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3
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Figure 4. Experimental verification of the GB distribution-based analytical resistance model and parameter extraction
technique. (a) OM images of fabricated TLM patterns comprising the CVD-graphene FETs with varying channel lengths
(Len of 2-100 pm). (b) Measured channel sheet resistance as a function of channel length and fitting result using the ana-
lytical resistance model. The three-grain parameters extracted from the fitted model are ~5.95 um (for the average grain
size), ~321 Q/sq (for the average grain sheet resistance), and ~18.16 kQ-um (for the average GB resistivity). (c) The repre-
sentative SEM image of CVD graphene grown on a Cu foil, with UV/ozone-treated GBs highlighted in yellow. The av-
erage grain size estimated from 376 grains is 5.88 + 1.5 pm. (d) OM and SEM image of a fabricated TLM pattern com-
prising the graphene FETs with relatively short-channel lengths (L& of 0.18-0.75 pm). (e) The measured
width-normalized channel resistance as a function of the channel length, in which the linear slope indicates the sheet re-
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sistance of single-crystalline grains due to the extremely low probability of the presence of GBs within the short-channel
regions. Inset: the histogram distribution of the number of GBs when the channel length is significantly smaller than the
average grain size (Len=0.18 um and Ic = 5 um). (f) Summary of experimental results for the GB resistivity reported in the
literature [4-6,25-28], where all represented resistivity values were extracted at the charge neutrality point. This sum-
mary plot shows that the GB resistivity extracted in this study falls within the range of the reported resistivity values.

References

4. Conclusions

In summary, we demonstrated an electrical characterization method for extracting
the average grain size, grain sheet resistance, and GB resistivity of monolayer CVD gra-
phene simultaneously. We developed an analytical resistance model to explain the rela-
tionship between the electrical properties of polycrystalline graphene and the channel
dimension by precisely estimating the proportion distribution of the number of GBs
within graphene channels. With the developed analytical resistance model, we showed
that the three-grain parameters can be extracted simultaneously from the dependence of
the graphene sheet resistance on the channel dimension with an accuracy greater than
99%. The proposed parameter extraction method using the GB distribution-based ana-
lytical resistance model was experimentally verified by characterizing TLM patterns
fabricated on monolayer CVD graphene. The result showed that the average grain size,
grain sheet resistance, and GB resistivity of CVD graphene can be extracted simultane-
ously with high accuracy from the analytical resistance model fitted to the measured Rsn—
Lo curve. We believe this method will be a useful tool for the electrical characterization of
CVD graphene, and other polycrystalline 2D materials.
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Average histogram distribution of the proportion of the number of GBs within the channel region
at various channel lengths, Figure 52: Raman spectrum of the graphene layer grown by CVD, Fig-
ure S3: Top-view SEM images of UV/ozone-treated CVD graphene, used for estimation of the av-
erage grain size.

Author Contributions: Conceptualization, H.P. (Hongsik Park); methodology, H.P. (Hongsik
Park), H.P. (Honghwi Park), ].L. (Junyeong Lee) and C.-J.L.; software, J.L. (Junyeong Lee) and M.P;
validation, J.P., M.C., and S.L.; formal analysis, H.P. (Honghwi Park), J.L. (Junyeong Lee), C.-].L.
and ].K,; investigation, J.Y., H.N,, ].L. (Jonghyung Lee) and Y.P.; resources, H.P. (Hongsik Park)
and M.C,; data curation, H.P. (Honghwi Park), J.L. (Junyeong Lee), C.-J.L., ] K. and J.Y.; writ-
ing—original draft preparation, H.P. (Hongsik Park), H.P. (Honghwi Park) and C.-J.L.; writ-
ing—review and editing, H.P. (Hongsik Park) and H.P. (Honghwi Park); visualization, H.P.
(Honghwi Park) and J.L. (Junyeong Lee); supervision, H.P. (Hongsik Park), J.P., M.C. and S.L.;
project administration, H.P. (Hongsik Park), J.P., M.C. and S.L.; funding acquisition, H.P. (Hongsik
Park) and M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (2019R1A2C1088324), the NRF grant funded by the
Korea government (MSIT) (2020R1A4A1019518), and the Bio & Medical Technology Development
Program of the NRF funded by the Ministry of Science & ICT (2017M3A9G8083382).

Data Availability Statement: In this section, please provide details regarding where data sup-
porting reported results can be found, including links to publicly archived datasets analyzed or
generated during the study. Please refer to suggested Data Availability Statements in section
“MDPI Research Data Policies” at https://www.mdpi.com/ethics. You might choose to exclude this
statement if the study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.

1. Li, X,; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung, I.; Tutuc, E.; Banerjee, S.K.; Colombo, L.; Ru-
off, R.S. Large-area synthesis of high-quality and uniform graphene films on copper foils. Science 2009, 324, 1312-1314.
[https://doi.org/10.1126/science.1171245]

2. Yazyev, O.V,; Chen, Y.P. Polycrystalline graphene and other two-dimensional materials. Nat. Nanotechnol. 2014, 9, 755-767.
[https://doi.org/10.1038/nnano.2014.166]

366
367
368
369
370

371

372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

387
388
389
390
391

392
393
394
395
396
397
398
399
400
401

402
403
404
405

406
407
408
409
410

411

412

413
414
415
416
417



Nanomaterials 2021, 11, x FOR PEER REVIEW 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Yao, W.,; Wu, B, Liu, Y. Growth and grain boundaries in 2D materials. ACS Nano 2020, 14, 9320-9346.
[https://doi.org/10.1021/acsnano.0c03558]

Cummings, A.W.; Duong, D.L.; Nguyen, V.L.; Tuan, D.V.; Kotakoski, J.; Vargas, ].E.B.; Lee, Y.H.; Roche, S. Charge transport in
polycrystalline graphene: challenges and opportunities. Adv. Mater. 2014, 26, 5079-5094.
[https://doi.org/10.1002/adma.201401389]

Isacsson, A.; Cummings, A.W.; Colombo, L.; Colombo, L.; Kinaret, ]. M.; Roche, S. Scaling properties of polycrystalline gra-
phene: a review. 2D Mater. 2017, 4, 012002. [https://doi.org/10.1088/2053-1583/aa5147]

Tsen, AW.; Brown, L.; Levendorf, M.P.; Ghahari, F.; Huang, P.Y.; Havener, RW.; Ruiz-Vargas, C.S.; Muller, D.A.; Kim, P.;
Park, J. Tailoring electrical transport across grain boundaries in polycrystalline graphene. Science 2012, 336, 1143-1146.
[https://doi.org/10.1126/science.1218948]

Barrios-Vargas, J.E.; Mortazavi, B.; Cummings, A.W.; Martinez-Gordillo, R.; Pruneda, M.; Colombo, L.; Rabczuk, T.; Roche, S.
Electrical and thermal transport in coplanar polycrystalline graphene-hBN heterostructures. Nano Lett. 2017, 17, 1660-1664.
[https://doi.org/10.1021/acs.nanolett.6b04936]

Ma, T, Liu, Z.; Wen, J.; Gao, Y.; Ren, X.; Chen, H,; Jin, C.; Ma, X.-L.; Xu, N.; Cheng, H.-M.; Ren, W. Tailoring the thermal and
electrical transport properties of graphene films by grain size engineering. Nat. Commun. 2017, 8, 14486.
[https://doi.org/10.1038/ncomms14486]

Balasubramanian, K.; Biswas, T.; Ghosh, P.; Suran, S.; Mishra, A.; Mishra, R.; Sachan, R.; Jain, M.; Varma, M.; Pratap, R.;
Raghavan, S. Reversible defect engineering in graphene grain boundaries. Nat. Commun. 2019, 10, 1090.
[https://doi.org/10.1038/s41467-019-09000-8]

Zhao, T.; Xu, C;; Ma, W.; Liu, Z,; Zhou, T.; Liu, Z; Feng, S.; Zhu, M.; Kang, N.; Sun, D.-M.; Cheng, H.-M.; Ren, W. Ultrafast
growth of nanocrystalline graphene films by quenching and grain-size-dependent strength and bandgap opening. Nat. Com-
mun. 2019, 10, 4854. [https://doi.org/10.1038/s41467-019-12662-z]

Yu, Q.; Jauregui, L.A.; Wu, W.; Colby, R.; Tian, J.; Su, Z.; Cao, H,; Liu, Z.; Pandey, D.; Wei, D.; Chung, T.F.; Peng, P.; Guisinger,
N.P.; Stach, E.A.; Bao, J.; Pei, S.-S.; Chen, Y.P. Control and characterization of individual grains and grain boundaries in gra-
phene grown by chemical vapour deposition. Nat. Mater. 2011, 10, 443-449. [https://doi.org/10.1038/nmat3010]

Duong, D.L.; Han, G.H,; Lee, S.M.; Gunes, F.; Kim, E.S;; Kim, 5.T.; Kim, H.; Ta, Q.H.; So, K.P.; Yoon, S.J.; Chae, S.J.; Jo, YW.;
Park, M.H.; Chae, S.H.; Lim, S.C; Choi, J.Y.; Lee, Y.H. Probing graphene grain boundaries with optical microscopy. Nature
2012, 490, 235-239. [https://doi.org/10.1038/nature11562]

Cheng, Y.; Song, Y.; Zhao, D.; Zhang, X.; Yin, S.; Wang, P.; Wang, M.; Xia, Y.; Maruyama, S.; Zhao, P.; Wang, H. Direct identi-
fication of multilayer graphene stacks on copper by optical microscopy. Chem. Mater. 2016, 28, 2165-2171.
[https://doi.org/10.1021/acs.chemmater.6b00053]

Park, H.; Lee, J.; Lee, C.-J.; Kim, J.; Kang, J.; Noh, H.; Lee, J.; Park, Y.; Park, J.; Choi, M.; Park, H. Evaluation of the average grain
size of polycrystalline graphene using an electrical characterization method. Solid-State Electron. 2021, 186, 108172.
[https://doi.org/10.1016/j.sse.2021.108172]//

Kang, J.; Lee, C.-J; Kim, J.; Park, H.; Lim, C.; Lee, J.; Choi, M.; Park, H. Effect of copper surface morphology on grain size uni-
formity of graphene grown by chemical vapor deposition. Curr. Appl. Phys. 2019, 19, 1414-1420.
[https://doi.org/10.1016/j.cap.2019.09.005]

Park, H,; Lim, C; Lee, C.-J.; Kang, J.; Kim, J.; Choi, M.; Park, H. Optimized poly(methyl methacrylate)-mediated gra-
phene-transfer process for fabrication of high-quality graphene layer. Nanotechnology 2018, 29, 415303.
[https://doi.org/10.1088/1361-6528/aad4d9]

Lee, C.-].; Park, H.; Kang, J.; Lee, J.; Choi, M.; Park, H. Extraction of intrinsic field-effect mobility of graphene considering ef-
fects of gate-bias-induced contact modulation. J. Appl. Phys. 2020, 127, 185105. [https://doi.org/10.1063/1.5128050]

Jung, J.; Park, H.; Won, H.; Choi, M.; Lee, C.-].; Park, H. Effect of graphene doping level near the metal contact region on elec-
trical and photoresponse characteristics of graphene photodetector. Sensors 2020, 20, 4661. [https://doi.org/10.3390/s20174661]
Darling, K.A.; Rajagopalan, M.; Komarasamy, M.; Bhatia, M.A.; Hornbuckle, B.C.; Mishra, R.S.; Solanki, K.N. Extreme creep
resistance in a microstructurally stable nanocrystalline alloy. Nature 2016, 537, 378-381. [https://doi.org/10.1038/nature19313]
Bhattacharya, D.; Razavi, S.A.; Wu, H.; Dai, B.; Wang, K.L.; Atulasimha, J. Creation and annihilation of non-volatile fixed
magnetic skyrmions using voltage control of magnetic anisotropy. Nat. Electron. 2020, 3, 539-545.
[https://doi.org/10.1038/s41928-020-0432-x]

Zhu, Y.; Ding, W.; Yu, T,; Xu, J.; Fu, Y.; Su, H. Investigation on stress distribution and wear behavior of brazed polycrystalline
cubic boron nitride superabrasive grains: Numerical simulation and experimental study. Wear 2017, 376-377, 1234-1244.
[https://doi.org/10.1016/j.wear.2016.12.048]

Jeong, C.; Nair, P.; Khan, M.; Lundstrom, M.; Alam, M.A. Prospects for nanowire-doped polycrystalline graphene films for
ultratransparent, highly conductive electrodes. Nano Lett. 2011, 11, 5020-5025. [https://doi.org/10.1021/n1203041n]

Pineda, E.; Bruna, P.; Crespo, D. Cell size distribution in random tessellations of space. Phys. Rev. E 2004, 70, 066119.
[https://doi.org/10.1103/PhysRevE.70.066119]

Berger, H.H. Models for contacts to planar devices. Solid-State  Electron. 1972, 15, 145-158.
[https://doi.org/10.1016/0038-1101(72)90048-2]

418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475



Nanomaterials 2021, 11, x FOR PEER REVIEW 12 of 12

25.

26.

27.

28.

Lee, D.; Kwon, G.D.; Kim, ].H.; Moyen, E.; Lee, Y.H.; Baik, S.; Pribat, D. Significant enhancement of the electrical transport
properties of graphene films by controlling the surface roughness of Cu foils before and during chemical vapor deposition.
Nanoscale 2014, 6, 12943-12951. [https://doi.org/10.1039/C4NR03633F]

Yagi, K.; Yamada, A.; Hayashi, K.; Harada, N.; Sato, S.; Yokoyama, N. Dependence of field-effect mobility of graphene grown
by thermal chemical vapor deposition on its grain size. Jpn. | Appl. Phys. 2013, 52, 110106.
[https://doi.org/10.7567/]JAP.52.110106]

Kochat, V.; Tiwary, C.S,; Biswas, T.; Ramalingam, G.; Hsieh, K.; Chattopadhyay, K.; Raghavan, S.; Jain, M.; Ghosh, A. Magni-
tude and origin of electrical noise at individual grain boundaries in graphene. Nano Lett. 2016, 16, 562-567.
[https://doi.org/10.1021/acs.nanolett.5b04234]

Ma, R;; Huan, Q.; Wu, L.; Yan, J.; Guo, W.; Zhang, Y.-Y.; Wang, S.; Bao, L.; Liu, Y.; Du, S.; Pantelides, S.T.; Gao, H.-J. Direct
four-probe measurement of grain-boundary resistivity and mobility in millimeter-sized graphene. Nano Lett. 2017, 17, 5291-
5296. [https://doi.org/10.1021/acs.nanolett.7b01624]

476
477
478
479
480
481
482
483
484
485
486
487



