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Abstract

Owing to its superlative carrier mobility and atomic thinness, graphene exhibits great promise for
interconnects in future nanoelectronic integrated circuits. Chemical vapor deposition (CVD), the
most popular method for wafer-scale growth of graphene, produces monolayers that are polycrystal-
line, where misoriented grains are separated by extended grain boundaries (GBs). Theoretical models
of GB resistivity focused on small sections of an extended GB, assuming it to be a straight line, and
predicted a strong dependence of resistivity on misorientation angle. In contrast, measurements
produced values in a much narrower range and without a pronounced angle dependence. Here we
study electron transport across rough GBs, which are composed of short straight segments connected
together into an extended GB. We found that, due to the zig-zag nature of rough GBs, there always
exist a few segments that divide the crystallographic angle between two grains symmetrically and
provide a highly conductive path for the current to flow across the GBs. The presence of highly
conductive segments produces resistivity between 10” to 10* © pum regardless of misorientation angle.
An extended GB with large roughness and small correlation length has small resistivity on the order of
10° Q jum, even for highly mismatched asymmetric GBs. The effective slope of the GB, given by the
ratio of roughness and lateral correlation length, is an effective universal quantifier for GB resistivity.
Our results demonstrate that the probability of finding conductive segments diminishes in short GBs,
which could cause a large variation in the resistivity of narrow ribbons etched from polycrystalline
graphene. We also uncover spreading resistance due to the current bending in the grains to flow
through the conductive segments of the GB and show that it scales linearly with the grain resistance.
Our results will be crucial for designing graphene-based interconnects for future integrated circuits.

1. Introduction

Opver the last 50 years, persistent scaling of transistors in integrated circuits has been accompanied by shrinking
the dimension of interconnects and vias, typically made of copper. Current state-of-the-art uses polycrystalline
copper interconnects as thin as 10 nm. However, due to the increased surface roughness and grain boundary
(GB) scattering, the resistivity of copper increases exponentially below 100 nm, which imposes a limit to further
downscaling of copper interconnects [1]. This limitation has led to extensive research in finding a suitable
alternative that can replace copper in the next-generation nanoelectronic devices and circuits. Owing to the
ultrathin nature and superior carrier mobility, monolayer graphene is envisioned as a promising candidate for
interconnects and contacts in the emerging integrated circuits [2—4]. The dimension of mechanically exfoliated
single-crystalline graphene samples are limited to few tens of microns whereas commercial integration of
graphene requires wafer-scale manufacturing. Currently, chemical vapor deposition (CVD) on metal substrates
is the most commonly used technique to grow such large-area 2D sheets [5-8]. Controlled growth and
nucleation processes using low-pressure CVD, adjusting content of oxygen on the surface of Cu substrate, and
replacing methane with ethanol as carbon source have yielded single crystals up to a centimeter [5, 9, 10] and
films up to 30 inches [11] in dimension.

©2021 The Author(s). Published by IOP Publishing Ltd
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CVD-grown graphene is inherently polycrystalline in nature. It consists of grains of various sizes and
random crystallographic orientations, where every pair of adjacent grains are separated by a GB. The difference
in crystallographic orientation between adjacent grains—referred to as misorientation angle © ,,—results in
mismatch in the crystal structure at their junction. Based on substrate imperfections and other factors governing
the growth process, GBs may contain topological defects [12—14] and have wrinkles of varying width up to 20nm
[8, 15, 16]. In general, GBs were found to limit electrical performance of graphene transistors [17]. Several
experimental studies [ 18—20] have been carried out to understand the effect of ©,; on electrical transport
properties in graphene. The resistivity of individual GB (pgp) varies over a narrow range—few hundred 2 ym
[15,21, 22] to several tens of k€2 sm [22—24] and shows no clear correlation with ©,,. Imaging GBs using optical
[25], scanning electron [26] and high resolution scanning transmission electron microscopes [27, 28] reveals
that GBs are straight lines only at the microscopic scale, up to a few nanometers. Typically, the average length of
the GB scales with grain diameter and may extend from few tens of nanometers to several microns. Over this
mesoscopic length scale, GBs are rarely straight lines; rather, they meander between two grains [27], exhibiting
nanometer-scale roughness.

In contrast to experimental findings, several theoretical studies have investigated the effect of ©,,0n
graphene pgp and predicted a strong correlation between them [29-32]. These studies revealed the opening of a
transport energy gap [30], which is a consequence of the simultaneous energy and momentum conservation of a
quantum-mechanical wave traveling across an interface [33]. The size of the transport gap depends on ©),and
the symmetry of the GBs. Consequently, pgp varies very strongly with the size of the transport gap as the number
of carriers contributing to transport depends exponentially on the gap size. It has also been shown that pgg not
only depends on the total O, but exhibits a strong dependence on the degree of asymmetry of GBs which is
given by the relative angles between the boundary and the crystallographic orientations of each grain. In
asymmetric GBs with large ©, the transport gap is so large that pgpis 20 orders of magnitude greater than those
with small ©,,[32]. These theoretical studies investigated electronic transport across GBs only up to a few
nanometers in length; as a result, they assumed GBs to be straight lines [34]. But a nanometer-long straight line is
representative of only a small section of the actual (experimentally-observed) GBs, which are typically micron-
length. Consequently, the prediction of the p; deviates significantly from experimental measurements. To
distinguish between the previous theoretical studies where researchers have investigated electronic transport
across a small section of the GB, we refer to the entire GB as extended GB. Since GBs are not straight lines, we
have used here the term non-straight GBs interchangeably with extended GBs. There has not been any attempt
made, so far, to examine the impact of roughness and zig-zagness on the resistivity of extended graphene GBs.

Here we study electronic transport across and in the vicinity of extended GBs, for which we developed a
novel two-step approach. The first step is to use a generalized autocorrelation function to generate self-affine 1D
boundaries with a given rms roughness A and lateral correlation lengths L.,,,. Next, we employed a method
developed in our previous work [32] to calculate the transmission of charge carriers across each GB segment
based on simultaneous energy and momentum conservation and extended it to study transport across these
non-straight GBs. Our results clearly show that the meandering nature of a GB yields a few highly conductive GB
segments. The conductive segments are found to be the ones which bisect the relative crystallographic angles of
the grains constituting the boundary. Consequently, the overall resistivities of extended GBs fall within a
universal range of 10” to 10* Q yum, irrespective of the misorientation angles. This range of resistivity values
aligns quite well with those measured experimentally. We show that the pgpis inversely proportional to the
effective slope of the GB, given by A/L,,,,. In the second step, we study the effect of spreading resistance on
electrical transport in graphene samples with extended GBs. The method uses a 2D Voronoi tessellation (VT) to
emulate an extended GB and simultaneously discretize the grains on both sides of the GB into small simulation
cells. Then we iteratively solve for current conservation in each discretized Voronoi cell to obtain a steady-state
voltage profile. Our results corroborate that even in the presence of grain resistance, most voltage drop occurs
near the GB. The resulting current curves and is forced to travel an additional path in the graphene grain to reach
the few conductive segments of the GB, giving rise to a spreading resistance, which we found to be directly
proportional to the resistance of the graphene grains.

2. Methodology

2.1. Simulation of non-straight GBs

In the past, researchers have generated 2D self-affine surfaces from their autocorrelation functions for the
purpose of understanding the effect of surface roughness on several physical properties of materials [35-37].
Here we used a generalized autocorrelation function of the form [38]
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Figure 1. Shows non-straight GBs with different rms roughness (A) and correlation lengths (L,,,). The red and blue lines represent
highly correlated and uncorrelated GBs, respectively, with small A, whereas the black and yellow curves represent GBs with large A
for L, equal to 1000 and 25 nm, respectively. The inset shows a zoomed-in view of the various non-straight GBs.

C(x) = Nexp

(|x| )2’“’ W
LCOW’

to generate non-straight GBs with a given rms roughness (A) perpendicular to and correlation length (L,,,,)
along the GB. Several natural surfaces used in various engineering applications are shown to exhibit a Hurst
exponent (H) greater than 0.7 [39]. The values of H can in general vary between 0 and 1, where higher values
represent rough lines with less jagged peaks. We have used H = 1, where peaks resemble Gaussian curves, here
in this study to simulate extended boundaries. Then we calculated the power density spectrum S(gq) from the
Fourier transform of the autocorrelation function S(q) = % [C(x)]. To generate correlated lateral deviations
(h) from a straight line for a range of x, we first multiply the square root of S(gq) with a random phase e,
generated by taking Fourier transform of a set of randomly distributed points, and then take an inverse Fourier
transform of the product as

h(x) = Z'[JS(q) ™). (2)

Figure 1 shows 10 ym-wide GBs with different L,,,, and A generated from equation (2). The yellow and blue
curves are for a small correlation length (L, = 25 nm) and different rms roughness (100 and 10 nm,
respectively), whereas the black and red lines correspond to GBs with large correlation length (L,,, = 1 gm) and
A equal to 100 and 10 nm, respectively. The inset shows a zoomed view of a region for these GBs. The regions on
the left and right-hand side of the GB are the two grains with crystallographic angles of x° and y°, respectively,
referenced to the y-axis, such thatx° +y° = ©,,. Each GB segment makes a different angle with the crystal
orientation of the left and right grains, which we refer here as ©; and O, respectively.

2.2. Calculation of GB resistivity

To compute the resistivity of the entire GB, we first calculate the resistivity of each segment corresponding to the
pair of angles, ©; and O, based on an approach developed in our previous work [32]. In this approach, we
calculate the electronic bandstructure of monolayer graphene from first principles based on Density Functional
Theory using the open-source software Quantum ESPRESSO [40]. Then we compute a mode-dependent
transmission coefficient based on quantum-mechanical wave continuity [33]. From translational symmetry,
transmission requires simultaneous conservation of energy and transverse momentum of the incident electron
across the GB. Momentum conservation requires that the parallel component of the incident wave vector k; be
equal to the parallel component of the transmitted wave vector k; in their respective domains, thatis k, = k;.
Simultaneously, energy is conserved by finding a perpendicular component of the transmitted wave vector k;,,
within the first Brillouin zone of the right grain, such that E, (k, + k;,) = Ei(k;) = Ei(k; + k). We calculate

the mode-dependent transmission coefficient 7, (E ) for each band b using the perpendicular components of the
incident k; and transmitted k, wave vectors according to the expression
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Figure 2. Shows the resistivity pgp for various combinations of ©7 and O, which is also shown by the color bar on the right. The
regions with blue color represents low resistivity and red color stands for high resistivity.

|4k; K |
|k1l + klllz

Next, we obtain the band- and energy-resolved transport distribution function (TDF) =, (E) by integrating the
mode-dependent transmission coefficient 7,(k) over the constant energy contour, described by 6 (E — E; (k)),
using a 2D version of the linear extrapolation approach [41] as

- 1
=4(E) = — [nk)S(E — Ey(k)dk, @

(ki) = 3

Finally, the conductivity of the GB segment is obtained from the sum of TDFs over all the bands in the Landauer
formalism as

i _i Em”“: _6f(E7EF>T)
Gin =% fE C _(E>( S )dE, )

where f(E) is the Fermi—Dirac distribution function f(E) = [1 + exp((E — Er)/kgT)]™! . The corresponding
resistivity of the GB segment, piGB, is obtained by taking the reciprocal of the Gi;. Further details of the
theoretical approach to compute resistivity of the segment can be found in our previous work [32].

We used a carrier density of 6 x 10'% cm ™2 as a typical value representative of experimental samples to
compute piC;B. The dependence of piGB on any combination of ©; and O is summarized in figure 2. Symmetric
segments (O, = Op) exhibit the smallest resistivity on the order of 10 2 jsm, whereas asymmetric segments
show orders of magnitude higher resistivity due to the opening of a transport gap [29-32]. Since all segments
making up a GB are parallel channels for the current, the overall GB conductance is given by the sum of
conductances of all the segments, Ggg = EiLéB / piGB, where L represents the length of each GB segment. Then
the GB resistivity is calculated as pgg = Lgp/Ggp, where Lgg is the length of the GB. The method discussed
above computes the ballistic resistance across any non-straight GB with given A, L.,,,, x* and y°. To geta
complete picture of electron transport across a graphene sample with GB, it is essential that we obtain the voltage
profile between two contacts where both grains and the GB are present simultaneously in the calculation. In the
second step, we developed a novel approach using a 2D tessellation to emulate a non-straight GB while also using
itasatool to discretize the grains.

2.3. Calculation of steady-state current and voltage

The Voronoi tessellation (VT) has been widely used in the past to emulate the microstructure of polycrystalline
materials for both 2D [42] and three-dimensional materials [43]. Here we employ a 2D VT to mimic grains
separated by non-straight GBs. The 2D VT starts with a set of points, called seed points, randomly distributed in
a2D plane with a uniform distribution. The space is then divided into subspaces, called Voronoi cells (VC),
around each seed point by bisecting the lines connecting each seed point with its nearest neigbors and assigning
the smallest space enclosed by the bisecting lines to the VC, such that all the space inside any given VCis closer to
the seed point associated with it than any other seed point. In other words, these seed points are the centroids
(centers of mass) of their respective VCs and hence this method is also called centroidal Voronoi tessellation.
The number of Voronoi cells that is generated equals the number of seed points. The network of non-
overlapping polygons thus formed is shown in figure 3. The Voronoi cells are grouped to form two grains. The
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Figure 3. Voronoi diagram obtained from 2D VT. All the VCs on the left of the GB, traced by the solid blue line, form the left grain and
the ones on the right side constitute the right grain. The left and right grains are taken to have crystal orientations at angles x° and y°,
respectively, measured with respect to the y-direction. The orientations of the left and right grains relative to a segment of the GB is
given by ©; and O, shown in the inset.

left grain is comprised of all the Voronoi cells whose centers are located on the left of the red-dotted middle line,
which bisects the Voronoi diagram laterally. The right grain consists of the remaining Voronoi cells, whose
centers are located on the right of the red-dotted line. The zig-zag line separating the two grains forms a non-
straight GB, as shown by the blue line in figure 3. Then we calculate the local orientations of each GB segment
with respect to the orientations of the left and right grains, indicated by ©; and O, respectively, as shown in the
inset of figure 3. Then we follow a similar approach as described in section 2.2 to compute the GB resistivity.

In order to solve for the voltage distribution in the grains surrounding a GB, we developed an iterative
procedure. Under the steady-state conditions, the net current flowing in and out through the edges of each
Voronoi cell must be zero. Mathematically,

> Li=0,V i, (6)
j

where the index j represents the first neighboring VCs, shown in blue in figure 3, of the i-th cell, depicted as the
red cellin figure 3. The current flowing out of the i-th VC I;;is calculated as (V; — V}) G;;, where Gj;is the
conductance between cells iand j. The resistance R;; (reciprocal of G;j) comprises of the total resistance between
i-thand j-th VCs. The resistance is determined from R;; = (pgmin x Ly / W) + R,-]GB , where pg,,i, is the sheet
resistance of single-crystalline graphene, which depends on the mobility and carrier density. L; is the distance
between i-th and j-th cells and Wj;is the length of the edge separating the two VCs. If cells i and j are on either
sides of the GB, then R,»?B is the resistance of the specific GB segment separating them; otherwise, it is set to zero
for all the cells in the interior of the grains.

On substituting I;; = (V; — V;) x Gj;inequation (6) and rearranging the terms, V; can be written as
Vi =35, Vj x G;i /3, Gjj. Then we set up an iterative loop, where we updated the voltages of each Voronoi cell
based on the voltages of its neighbors from the last iteration as

Zj V]'-l X Gy

vl =
1
22 Gij

@)

Avoltage of 1 V was applied in a region on the left side of the sample shown in figure 3 and a region on the
extreme right of the sample is held grounded. Then we iteratively updated the voltage of all the Voronoi cells to
compute the steady-state current flowing through the entire simulated domain. Steady state is reached when the
maximum voltage change of all the cells between two consecutive iterations is less than 10~ *%, which took about
5000 iterations in most cases.
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Figure 4. (a) Shows the dependence of pgp on the roughness and correlation length of non-straight GBs. The same data for pgp is
plotted against the average slope of the GB in (b), showing that all GB resistivities follow a universal dependence.

3. Results and discussion

3.1. Resistivity for GBs with different roughness and correlation length

We focus here on the effect of structure of non-straight GBs on their resistivity, especially for asymmetric GBs
with large O ; for demonstration, we used a highly asymmetric case of (x°, y°) = (0°, 20°). We used roughness
and correlation length to characterize the structure of extended GBs. In figure 4(a), we found that the resistivity
is lowest for GBs with the largest A and the smallest L., which is counter-intuitive because roughness and short
correlation lengths are often associated with adverse effects on transport. Since the conductivity of a non-
straight GB depends on the probability of finding a symmetric segment, a more wavy GB, which is caused by
large roughness and small correlation length, exhibits the smallest resistivity, as we can see in figure 4(a). Small
correlation length and large roughness corresponds to a GB with steep effective slope. Figure 4(b) shows the GB
resistivity for the same set of correlation length and roughness but plotted against the slope of the GB, given by
theratio A/L,,,. We found that GB resistivity is inversely proportional to the slope with pgg showing an
universal trend for all combinations of correlation length and roughness, which indicates that the average slope
of a GB can be used as a universal quantifier for the GB resistivities. The resistivity of a symmetric, non-straight
GB shows negligible dependence on roughness and correlation length, as shown by the dashed lines in

figure 4(a).

Next, we explored the effect of misorientation angles on resistivity of non-straight GBs. In figure 5(a), solid
lines represent the most asymmetric cases (0°, ©,,) and dashed lines are for symmetric ones (0, /2, ©y;/2). For
asymmetric GBs, when the effective slope of the GB (A /L) is large (blue and yellow solid lines), the GB
resistivity varies between 10> to 10* 2 zm and is more or less independent of the misorientation angle, especially
for ©,; > 5°. Our results show that the zig-zag nature of GBs makes them orders of magnitude more conductive
than the straight line ones. An extended GB with small A and large L,,,, would resemble a straight-line GB. We
calculated the resistivity for GBs with A and L, equal to 10 and 500 nm, respectively, (green curves) for various
misorientation angles to compare the results with those of the straight line GBs published in our previous work
[32]. We found that the solid green curve shows a strong dependence on ©,and the resistivity values range from
afew hundreds to 102° Q) pm, similar to those of the black square markers, which show the resistivity versus ©,,
for asymmetric, straight line GBs. On the other hand, the green dashed line shows a similar trend as the
resistivities of straight line GBs for symmetric case, which is shown here by black circular markers. For
symmetric cases, the resistivities of uncorrelated boundaries with different roughness show slightly higher values
than those of the straight line ones, but the resistivity values are still quite small, varying between 1000 to 2000
Q pm. In short, due to the waviness of GBs, there always exist a few segments which provide a conductive path
for the current to flow across a GB, and as a result, the resistivity of most experimentally-observed (non-straight)
GBs exhibits negligible dependence on misorientation angle. Our results corroborate with the work of Tapaszté
et al [44], where they used scanning tunneling microscopy to map the local conductivities of graphene GBs and
found a non-uniform conductivity across various regions of a GB.

To identify the conductive segments in a non-straight GB, we plotted the resistivity of each segment piGB
against the angles ©; that each segment makes with a vertical reference axis for various ©,,;shown by different
colors in figure 5(b), where red, black, yellow, blue and green curves correspond to ©,,equal to 5°,10°, 15°,20°,
and 25°, respectively. We found that only a few segments have resistivity as small as 10% € ;zm, whereas
remaining segments are highly resistive. To further probe into the most conductive segments of the GB, we
plotted piGB versus O — Orinfigure 5(c). We found that the segments with ©; — Oy equal to zero have the
smallest resistivity; ©; — ©Op equal to zero corresponds to segments that divide the crystallographic angles of the
grains symmetrically. When |©, — Og|increases, the resistivity of those segments also increases exponentially;
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Figure 5. (a) Shows the resistivity of non-straight line GBs versus misorientation angle ©,, for various correlation length and
roughness values. The solid and dashed lines represent resitivities of asymmetric and symmetric GBs, respectively. (b) shows the
resistivity of each GB segment pip versus the angles (©);) that each segment makes with a vertical reference axis for various © . Red,
black, yellow, blue and green curves correspond to 5°,10°, 15°, 20°, and 25°, respectively. Segments with ©; equal to ©,,/2+30°
divide the crystallographic angles of the grains symmetrically and will exhibit the smallest resistivity. This is illustrated in (c) where the
resistivity of each segment is plotted against the relative difference between the crystallographic angles of each grain with ©;, given by
O — Op; the segments with the smallest |©; — Og| has the least resistivity and as |©; — Og|increases, piGB increases exponentially.
(d) shows the distribution of resistivity of 5000 GBs as a function of the length of the GB, as shown by different colors: 200 nm (yellow),
600 nm (cyan), 1.2 pm (red), 1.8 pm (green), 2.4 pm (blue), 3 pm (magenta) and 3.6 pm (black).

consequently, we found that only those segments with |©;, — Og| < 5° contributes to the overall conductance
of the GB and a higher probability of finding such segments would lead to smaller GB resistivity.

Since interconnects made of narrow graphene ribbons are obtained by etching sections of a large CVD-
grown graphene sheet, the likelihood of finding conductive segments would depend on the length of the GBs. To
analyze the chance of finding conductive segments as a function of the length of the GB, we simulated 5000,

4 pym-long GBs. Then we cut sections from each GB of varying lengths as shown in the inset of the figure 5(d).
Then we plotted a smoothed histogram showing the distribution of resistivities for 5000 GBs for each length
shown by different colors—200 nm (yellow), 600 nm (cyan), 1.2 pum (red), 1.8 pm (green), 2.4 um (blue), 3 um
(magenta) and 3.6 pm (black). All the GBs have A and L., equal to 50 nm and 25 nm, respectively, and the
crystallographic angles of the two grains on either sides of the GB are 0° and 20°. We can clearly see that the GBs
shorter than 1 pm exhibit large variation in resistivities, and as the length of the GB increases the width of the
distribution gets tighter indicating smaller variations in resistivities. The statistical mean of GB resistivity for
each length is represented by the black line on the xy-plane of figure 5(d). The average resistivity decreases with
the increase in the GB length up to 1 zm and then shows negligible change with increasing length. Figure 5(d)
indicates that the shorter the GB, the lower is the likelihood to find conductive segments, which in turn,
translates to larger variation in their resistivities. This can have a significant impact on the variability in the
resistance of narrow interconnects made from CVD-grown graphene.

While controlling the shape and structure of the GBs in 2D materials is still in rudimentary stages, the ability
to engineer GBs with large roughness and small correlation length, that is GBs with highly zig-zag nature, would
yield more uniform resistivities in samples/interconnects made up of polycrystalline graphene. Since our results
show that there is negligible variability in resistivities in graphene strips with wide-GBs, we recommend that
interconnects are patterned in such a way to keep the GBs in the wider regions/contacts and out of the narrow
strips that reach individual devices.

3.2. Spreading resistance

Lastly, we turn to the path of current near the GB and examine the effect of the large variation in resistivity along
the GB on current flow. Figure 6(a) shows the steady-state voltage profileina 2.5 pm X 2.5 pm sample with an
asymmetric GB atx = 0. The crystal orientations of left and right grains are 0° and 20°, respectively. We used a
carrier density of 6 x 10'? cm ™ to calculate the GB and grain resistances. A mobility of 100 cm* V™~ 's ™' is used
here to compute the sheet resistance of graphene grains. The conductance of the GB segments is qualitatively
represented here by a color scheme shown on the right of the figure. The highly resistive segments are depicted
by black lines, and the light-colored segments are the conductive ones. The two most conductive segments of the
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Figure 6. (a) Shows the steady-state voltage profile between the two contactsina 2.5 ym x 2.5 um graphene sample with a GB at

x = 0. The conductivity of each GB segment is represented by color (colorbar on the right). The two most conductive segments of the
GB are encircled in the figure. (b) direction and magnitude of the current flowing through the sample is shown by the direction and
length of the arrows, respectively. The inset shows a zoomed-in image of the region in the vicinity of the most conductive segment,
where current-crowding to access the conductive segment of the GB occurs. (c) shows the average voltage profile along the x-direction
for various grain resistances (/4 !). (d) shows the variation of the total and spreading resistance as a function of the grain’s inverse
mobility.

GB are encircled in figure 6(a). For the contacts, a fixed voltage of 1V (shown by dark red) is applied in the region
—1 < x < —0.75 pum, whereas the region on the right, 0.75 < x < 1 um, is grounded (shown by dark blue).
The smooth transition in the voltage profile from red to blue near the conductive segments corroborates that
majority current flows through a few narrow segments of a GB. The current flow in the grains and across the GB
is shown by arrows overlaid on the top of the voltage profile shown in figure 6(b). The magnitude and direction
of the current flow is represented by the length and direction of the arrows, respectively. We can see here that the
current curves near the GB to access the most conductive segments. Also, the magnitude of the current is largest
around the conductive GB segments, which is shown in the inset of figure 6(b).

To determine the potential drop along the length of our simulation domain, we calculated an average
voltage, shown by the blue line in figure 6(c), in the x-direction, V (x) = Liy f V (x, y)dy,where L, is the width of

the sample. We see that about 65% of the applied voltage drops across the GB. The green curve in figure 6(c)
represents voltage drop in a sample without GB, where the potential drops linearly along the sample, as expected.
Since the conductance of a single-crystalline graphene varies between a wide range depending on the impurities,
defects and other fabrication parameters, we plotted V(x) along the sample for different grain resistance, Rgyqin»
which we tuned by varying mobility between 10%to 10* cm”® V™' s ', We see that in a sample where the mobility
isashighas 10* cm® V™' s ™!, more than 95% of the voltage drops at the GB; in such samples one can
approximate the resistance of the entire sample by the Rgp only.

The effect of current curving and traversing additional path in the grain to access the conductive channels of
ahighly resistive GB is typically represented by spreading resistance R, 4 such that the total resistance can be
decomposed into Ry; = Rgpain + Rge + Rspread- Figure 6(d) shows the spreading resistance as a function of the
grain resistance, which is proportional to the 1/, as the dashed blue line. The total resistance of the sample,
which is calculated from the voltage difference between the two contacts divided by the total steady-state current
passing through the GB, is shown by the black curve. We can see that R,,, is equal to Rgg + Rygrain (Shown by the
solid blue line) when the grains are highly conductive, thatis 1z = 10* cm® V' s~'. When the resistance of the
grains (ocp ") increases, the difference between the R, and Rgg + Rgrain, Which is the spreading resistance as
shown by the green curve, also increases. In other words, we found that the current curves more to flow through
the conductive GB segments in more resistive grains. As a result, the current flow is non-uniform along the GB;
the degree of non-uniformity is captured by the spreading resistance. We also found that the current flowing out
of a narrow conductive GB segment qualitatively resembles a cylindrical current source in 3D [45]. Since
graphene is two-dimensional, the voltage profile inside each grain would approximately follow a circular
solution of the form V (L) o< Ip,,,,, X % In (ﬁ) for Igp < L/2 asthe current spreads radially into or out of a
narrow conductive segment. Here L is the distance between the two contacts and I is the effective length of the
conductive segment. We calculated an effective length of the conductive segment, Y, G;L; />, G;, to be about
30 nm, which is only 1.2% of the total length of the GB.
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4. Conclusions

Our novel two-step simulation of rough extended GBs uncovered that, due to the zigzag nature of extended GBs,
afew segments of the GB divide the relative crystallographic angles between two grains symmetrically, which
makes these segments highly conductive. The presence of such conductive segments weakens the correlation
between the resistivity and misorientation angles that was reported in previous theoretical studies of short linear
GBs. The resistivity of non-straight GBs are found to be independent of misorientation angles and lie in an
universal range of 10% to 10* Q pm. Our findings bridge the discrepancy between experiments and previous
theoretical reports. Since the probability of finding conductive segments is higher when A is large, we found that
resistivity is inversely proportional to the average slope (A/L,,,,) of the GB. As a result, extended GBs with large
roughness and small correlation length exhibit the least resistivity. The steady-state voltage profile of a graphene
sample with extended GB shows that the current bends in the grains to flow through the few conductive
segments, which gives rise to a spreading resistance. We found that the spreading resistance scales linearly with
the grain resistance.

Due to the lower probability of finding conductive segments, short GBs exhibit a broader distribution of
resistivities, which may increase variability in interconnects made of narrow graphene ribbons. While
controlling the shape and structure of the GBs in 2D materials is still in rudimentary stages, the ability to
engineer GBs with large roughness and small correlation length, that is GBs with highly zig-zag nature, would
yield lower and more uniform resistivities in samples/interconnects made up of polycrystalline graphene. Since
our results show that there is negligible variability in resistivities in wide graphene ribbons with GBs, we
recommend that graphene is patterned in such a way to constrain the GBs to the wider regions such as contacts
and out of the narrow strips that reach individual devices in order to achieve minimal variability. Beyond
improving our understanding of electrical transport across extended GBs in polycrystalline monolayers, this
study will guide engineers in designing graphene interconnects for future nanoelectronic integrated circuits.
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