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Abstract:

We present room temperature electronic and magnetotransport measurements of
polycrystalline graphene, grown by chemical vapor deposition, on a SiO; dielectric. The
measured graphene devices are intentionally spatially inhomogeneous such that the length of the
sample is much greater (>1000 times) than the average grain size. At magnetic field B=0 T the
electronic transport is well described by a diffusive transport model with contributions from
grain boundary scattering significantly larger in the high charge carrier density limit. We find
the largest percent change in the magnetoresistivity occurs at the film’s Dirac point where the
magnetotransport is largely dependent upon charge disorder. Away from the Dirac point we find
a modified expression for the charge carrier density dependence of the magnetoresistivity with

respect to the case of single-crystal graphene.



1. Introduction

The ability to grow large-scale, high-quality graphene films is critical for the
development of commercial graphene-based applications, such as magnetoelectric sensors and
data storage systems. Chemical vapor deposition (CVD) is one growth method that holds
promise for achieving such large-scale graphene production.' Graphene grown by CVD is
polycrystalline, thus it is comprised of various grain boundaries that are formed at the point
where neighboring grains merge together during the growth process. Gaining an understanding
of how these grains affect graphene’s electronic and magnetotransport is essential for the

development of graphene-based technologies.

Grain boundaries produced during the CVD growth method can negatively impact overall
device quality. Thus far, studies have primarily focused on the single grain boundary limit,
providing direct evidence of how such a defect in the crystal lattice can affect the graphene
transport.”™ These studies have shown, for example, that the presence of a grain boundary
within the graphene film can lead to an increase in charge carrier scattering resulting in a
reduction in both the electrical conductivity o and charge carrier mobility £ While much effort
has addressed the effect of individual grain boundaries on graphene’s electronic properties, little
attention has been paid to the scenario in which the transport occurs across many grain
boundaries when the characteristic device size is much greater than the individual grain size. It
is important to understand the role of the collection of grain boundaries as this introduces

inhomogeneous disorder that can lead to, for example, effects such as Anderson localization and



enhanced short-range scattering, which can have implications on the electronic and

magnetotransport properties of the material.

Thus far experimental studies of the magnetotransport in CVD-derived graphene have
focused on understanding quantum effects occurring at temperatures 7 < 100 K. For example,
observations of the 7' dependence of Shubnikov-de Hass oscillations indicate that scattering
lengths in polycrystalline graphene are comparable to that of exfoliated graphene, which
suggests to some extent a preservation of graphene’s intrinsic properties in disordered,
polycrystalline graphene.” Other measurements have revealed localization effects in CVD-
derived graphene showing, for example, that individual graphene boundaries can induce weak
localization.*””!® However, a complete study of the magnetotransport for 7> 100 K and across
a wide range of charge carrier density # is still lacking. Such experiments are important for

understanding the overall influence of grain boundaries on the magnetotransport.

Here, we study electronic and magnetotransport in polycrystalline, CVD-grown graphene
at 7= 293 K and for a wide range of n. Our devices consist of many grains such that L >> L,
where L and L, are the device length and average grain size, respectively. The measured
electronic transport at magnetic field B = 0 T is well described by a diffusive transport model
that takes into account uncorrelated charged impurity scattering, short-range scattering, and
acoustic phonon scattering. These measurements shed light on the contribution from grain
boundary scattering to the overall measured resistivity, with the largest contribution occurring in
the limit of high n. Magnetotransport measurements reveal that the magnetoresistivity is
dominated by charge disorder at low n and allow us to acquire a modified expression for the
charge carrier density dependence of the magnetoresistivity with respect to the case of single-

crystal graphene.



II. Experimental Methods

Our devices consist of polycrystalline graphene grown by CVD on Cu foil that has been
transferred to a SiO; (285 nm)/Si (doped) substrate. An optical image of one of our devices can
be seen in Fig. 1(a). An oxygen plasma is used to etch the graphene into a Hall bar geometry,
and electron-beam lithography is used to define the Cr (10 nm)/Au (50 nm) contact electrodes.
All of our electrical and magnetotransport measurements were carried out in vacuum (< 3.0 x10”
Torr) using a 4-contact configuration with a source current / = 31.6 nA and AC lock-in
techniques at a frequency /= 13.7 Hz. In total, eight devices were tested in this study, all of
which displayed the same qualitative behavior. All of the data sets presented were captured at 7

=293 K.

Figure 1(b) shows an example of a Raman spectrum collected for one of our devices and
taken under ambient conditions. For this particular device we measured /,p/Ig ~ 1.8 and Ip/lg ~
0.04 indicating a single-layer film, where /I,p, Ip, and I are the 2D, D, and G band intensities,
respectively. A rough estimate of L, is found from L, (nm?) = (1.8x10°)A*(I¢/Ip), where A =
514 nm is the excitation wavelength.'' From the data shown in Fig. 1(b) we find L, ~ 37.7 nm,
which is 3 orders of magnitude smaller than the region of the Hall bar measured using a 4-
contact configuration (between contacts 3 and 4 in Fig. 1(a)). For the eight devices tested we
found 27.1 nm < L, < 41.5 nm with an average L, ~ 34.6 nm. These L, values suggest that our

graphene Hall bars are spatially inhomogeneous and contain many grain boundaries throughout

the film.



III. Results

Figure 1(c) shows oversus n at B=0 T for one of our devices. Values for o were
obtained from o= L/RW where L and W are the sample length and width, respectively, and R is
the sample resistance obtained by sourcing a current between electrodes 1 and 2, /;,, as labeled in
Fig. 1(a) and by measuring the resultant voltage drop along the current path using electrodes 3
and 4, V3, Applying a back gate voltage V, to the doped Si substrate allows us to vary n. We
determine n from n = 1/eRy where e is the fundamental unit of electric charge and Ry is the Hall
coefficient, defined as Ry = R,,/B. R,, was found from R, = V7s/I;> (Fig. 1(a)) withB=2.6 T
applied perpendicular to the plane of the graphene (further Hall effect information can be found
in Ref. 12). The data plotted in Fig. 1(c) is shown in order to highlight the clear sublinear
dependence of oon n. The sublinear dependence of o on n has been reported in the literature for
exfoliated and single-crystal CVD-derived graphene and is a result of the various scattering

mechanisms occurring within the film.'*"'°

The data in Fig. 1(c) is well fitted by a diffusive transport model given by
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where ;. is the n-independent mobility due to long-range, uncorrelated charged impurity
scattering, and p, and p,; are the contributions to the resistivity due to short-range scattering and
acoustic phonon scattering, respectively. Here, 4 and py are the free fitting parameters and o, =
(0.1 Q/K)xT."” From the fits to the data we find 1 ~ 0.5 m*/Vs for both electrons and holes
while p; ~ 322Q (204Q) for electrons (holes). The values obtained for p; are nearly an order of

magnitude larger than those obtained for exfoliated graphene on SiO,,"? which we attribute to the



polycrystalline nature of the graphene. The values obtained for 4 are comparable to the

measured values for the Hall mobility uy, however, 1y was found to have a small dependence on

12
n.

Short-range scattering is expected to be the dominant scattering mechanism at the

graphene grain boundary.””"'®

If we are to assume that grain boundaries account for the entire p,
value (neglecting other scattering mechanisms such as point defects) then this demands that
scattering from grain boundaries accounts for ~50% of the overall measured resistivity at the
highest n (ps/p. ~ 322 Q /587 Q= 0.55 and pi/pn ~ 204 Q /471 Q = 0.43, where p, and p, are
the measured resistivity at the highest electron and hole concentrations, respectively) while at the
Dirac point (DP) scattering from grain boundaries accounts for less than 10% of the overall
measured resistivity (os/ppp ~ 322 Q /4,489 Q = 0.07). This result suggests that at 7=293 K
scattering from grain boundaries contributes only a fraction to the overall measured resistivity
while charged impurity scattering is also significant. Therefore, even in such polycrystalline
graphene films, where L, << L, short-range scattering due to grain boundaries is not a dominant

scattering mechanism at zero magnetic flux density and charged impurity scattering still

contributes significantly to the overall resistivity.

A second method of quantifying the disorder present in our samples is through the full
width at half maximum AWpp of the p= 1/0vs. n peak. This results in an upper bound for the
carrier density fluctuations o, due to charge carrier puddle formation at low n. For the data
shown in Fig. 1(c) we find nyu ~ 5.5 x10"” m™. This value for &, is comparable to that

observed for exfoliated graphene on SiO,."”' Scanning tunneling microscopy studies have also

shown that grain boundaries tend to be more n-type relative to the bulk of the graphene and can



form local p-n-p or p-p’-p (p’< p) potential barriers.” However, that the value for o, found
here for polycrystalline graphene on SiO, is comparable to that of exfoliated graphene on SiO,
suggests that on a global scale the local potential barriers established between neighboring grains
do not significantly contribute, either positively or negatively, to the charge carrier puddle
formation near the DP. Furthermore, for the data shown in Fig. 1(c) we find Vpp ~ 0 V, which
suggests little intrinsic doping within our graphene film. Therefore, we suspect that charge
carrier puddle formation and the contribution from charged impurity scattering are most likely

due to the underlying SiO, substrate without significant contributions from grain boundaries.

Figure 2 shows the measured longitudinal resistivity p.. = R..W/L as a function of V, for
several values of B (B is always applied perpendicular to the graphene plane). Here, the largest
change in the resistivity 40, = [pu(B) — pu(0)] occurs at the DP and we find that Ap,, decreases
with increasing concentrations of electrons n. (V; > 0) and holes n), (Vy <0). We find similar
magnetoresistive behavior for both 7, and n, (see the sample traces in the Ref. 12). The
magnetoresistive sensitivity of the graphene to a variation in # is highest near the film’s DP.
Near the DP any small change in n will result in a substantial change in 4p,,. For our
experiments we used AV, =2 V, however, smaller step sizes in AV, could result in larger values
of Ap,, being obtained as n approaches the theoretical minimum and the Fermi energy Er is
shifted even closer to the DP. Additionally, the value of R,, did not depend upon choice of
measurement configuration: for example, at a fixed field strength of B=2.6 T measurements of
the R, versus V, using as voltage probes contacts 3 and 4, V34, and using contacts 5 and 6, Vg,
(see Fig. 1(a)) yielded equivalent results (See Fig. S5 in Ref 12). Therefore, we can exclude any
direct geometry-induced contributions (or contributions from the Hall voltage, V) to the

measured R,, values.



Figure 3 shows the percent change in the longitudinal resistivity 4p./po = {[0u(B) —
Pr(B=0 T)]/ p(B=0 T)} %100, as a function of B at the DP. Here, the data was captured using a
field step size AB = 0.2 T. The data plotted in Fig. 3 shows that A4p.,/po is symmetric for both
positive and negative B, which again indicates no direct Hall contribution to the measured R,
values. The zero field resistivity po 1s ~ 4,900 € and increases to roughly 106 % of its initial
value at B=42.6 T. Also plotted in Fig. 3 is a fit to the data according to a theory for a
macroscopically disordered 2-dimensional (2D) conductor that takes into account an
inhomogeneous distribution of electrons and holes throughout the conductor with equal mobility

and equal concentrations,”* which is given by

1 1 1 -
pxx(B) = <Pxx,1 + Preo * ,—1 n (MB)2> (2)

The data shown in Fig. 3 agrees well with the magnetoresistive transport predicted by Eq.
(2). In the fit to the data py 1, pxx,0 and u served as the free parameters, and from the fit we
extract the values of py; ~ 30,467 Q, pyr.o~ 5,913 Q, and ¢~ 0.89 m?/Vs. Here, u is slightly
higher than g, and is in agreement with values obtained for 4y near the DP. The B-independent
Pxx.1 term is an added correction to the theory, and it has been suggested that the origin of the

term is due to n. # n;, and 1, # i, near the pp.?

Also included in the py, ; term is the B-independent contribution from grain boundary
scattering. Our magnetotransport measurements on a Hall bar that had a longer channel length
(L increased by an order of magnitude) displayed a marked decrease in 4p.,/po (See Ref. 12).

We found 4py./po ~ 80% at B=2.6 T for the Hall bar with L = 550um compared to Ap../po ~



106% at B =2.6 T for the Hall bar with L = 55um, as reported previously (with W =5 um for
each Hall bar). An increase in L results in an increase in the number of grain boundaries within
the film as well as an increase in grain boundary scattering; for example, we found o, ~ 204 Q
for hole transport with L = 55 um (as reported previously) and we found p, ~ 255 Q for hole
transport with L = 550 um, which corresponds to an approximately 25% increase in short range
scattering. Therefore, we suggest that a decrease in 4p.,/po with increasing L can result from an

increase in short-range scattering that can impact the B-independent p,, 1 value in Eq. (2).

The results of the fit to Eq. (2) allow us to directly compare the magnetotransport
observed within our polycrystalline graphene to that observed within an exfoliated graphene
crystal. While it is difficult to ascertain the exact contribution from grain boundary scattering to
Prx. 1, the 1atio Py o/Py, 1 can offer a means of comparison between the different forms of
graphene (i.e. exfoliated or CVD). For the exfoliated graphene case, it was found that p., o/ 1
~0.1,” while we find py. o/px.; ~ 0.19 for our polycrystalline graphene, which indicates that in
each case the B-dependent term in Eq. (2) is still the dominant term. This suggests that the
magnetotransport measured in our CVD-derived polycrystalline graphene still produces

magnetoresistive transport at the DP comparable to that of exfoliated graphene, despite L, << L.

Figure 4(a) shows 4p./po as a function of B for several values of V, away from the DP.
We found Ap,./po o<V, with Ap,./po always being positive. Also shown in Fig. 4(a) is a fit to

the data where px, is given by

a
J1+24(uB)?/a
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Prx(B) = pxx(0) (1 —a+t



where «zand 4 are the fitting parameters. For the fits to Eq. (3) we use the measured values of
M, which takes into account the small » dependence of 1. Studies have shown that for single-
crystal graphene, the dimensionless coefficient A depends upon the average carrier density, no,
and the density fluctuations, 7,,,. For the case np >> n,, it was found that 4 = (1/2)(110/11,,,15)'2.24
Effective medium theory calculations, taking into account charged impurity disorder, also
resulted in a power law dependence of 4 as a function of the ratio no/nrms.24 Figure 4(b) shows
the values of 4, obtained from the fits shown in Fig. 4(a), versus the ratio n/n,,;, where n is
measured via the Hall effect (Ref. 12) and 7, is approximated by #,ms ~ GminV/3/etL Where Gy 18

the minimum conductivity measured at B =0 T. The result of the fit shown in Fig. 4(b) is a

modified expression for 4 versus the ratio no/n,,s, which is given by

) e

The values obtained for the constants in Eq. (4) are f= 47, y=94, and 17=-0.29. That Eq. (4)
deviates from the functional form found for the case of single-crystal graphene on SiO, (where
=1/2, y=0, and 1= -2 is the power of no/n,;) is a result of scattering from grain boundaries

within our polycrystalline graphene. The result expressed by Eq. (4) is a modified expression for

the charge carrier density dependence of the magnetoresistivity with respect to the case of single-
crystal graphene. Values for £, % and 77 can be sample dependent, and future studies are needed
to determine the relationship between these constants and the measured value of p, (which

includes contributions from grain boundary scattering).

IV. Conclusions



Transport in polycrystalline graphene is complex with a delicate interplay between
charge and spatial inhomogeneity determining the electronic and magnetotransport. Our results
show that, despite L >> L,, near the DP uncorrelated charge impurity scattering is the dominant
scattering mechanism at zero magnetic flux density while scattering from grain boundaries
becomes significant as the charge carrier density increases. We find that the magnetotransport is

largely dependent upon charge disorder, similar to the case of single-crystal graphene.
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FIG. 1 (color online). (a) Optical image of a graphene Hall bar. Light regions (1-8) are the
Cr/Au contacts. The brown background is the SiO, substrate. (b) Raman spectrum of
polycrystalline graphene, normalized to the G-mode intensity. (c) Conductivity o versus charge
carrier density n at magnetic field B =0 T. The open circles are the experimental data and the

solid lines are fits to Eq. (1).
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FIG. 2 (color online). Magnetoresistivity py. versus back gate voltage V, at temperature

T'=293 K for several values of magnetic field B.
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FIG. 3 (color online). Percent change in the magnetoresistivity 4p./po versus magnetic field B

at the DP. The solid line is a fit to Eq. (2).



40

(a)
L]
304 ¢ Vesv A
° Vg=12V /--‘
S = Vg=20V :
QE) 204 Vg=28V ./.
R «  Vg=56V /
-

% e

IO_ /. . ’ =" -

0 et -
0 1 2 3
B(T)
0.6
) (b)

054

0.4 1
w -

034 ; . 293K

0‘2 7 . ) I

. _*
0.1 1 T T " T T T T T T T

n/n PS

FIG. 4 (color online). (a) Percent change in the magnetoresistivity 4p../po versus magnetic field
B at temperature 7= 293 K for back gate voltage V,=8 V (n.~5.4 x10” m?), Ve=12V (n,~
8.2x10°m™), ¥,=20V (n,~ 1.4 x10'°m™), ¥, =28 V (n, ~ 2.0 x10'°m™), and ¥, = 56 V (n, ~
4.1 x10"*m™). The solid lines are fits to Eq. (3). (b) Dimensionless magnetoresistive
coefficient, A, versus the ratio between charge carrier density » and density fluctuations 7,,,.

The solid line is a fit to Eq. (4).



