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We report on electrical resistivity, magnetoresistance, and Hall-effect experiments in single-layer CVD graphene
submitted to photochlorination. The resistivity and the ordinary Hall effect reveal a strong hole doping due to
Cl adsorption. Intrinsic disorder of the as-grown system as well as that produced in the chlorination process lead
to weak-localization effects, observed in the low-temperature magnetoresistance. The theoretically predicted
regime where intervalley scattering fully restores the usual negative magnetoresistance is observed in a freshly

chlorinated sample. Also observed are time-dependent effects in the electrical transport properties of the
functionalized CVD-graphene samples due to a progressive loss of adsorbed Cl.

1. Introduction

Nowadays, graphene is probably the most studied two-dimensional
atomic lattice [1]. Single-layer graphene has unique electronic, me-
chanical, thermal, optical, and other singular properties that make this
material extremely attractive for fundamental studies as well as for
several promising technical applications [1,2]. However, impurities,
vacancies, adsorbed atoms, contact with the substrate, and other de-
viations from perfect ordering or the strict single-layer scenario may
have strong influence on graphene’s physical properties, especially the
electronic ones [3]. An example is the recent surprising discovery of
superconductivity in twisted double-layer graphene [4].

Although exfoliation from graphite is a largely used technique for
obtaining graphene with superior properties, chemical vapor deposition
(CVD) becomes a current method to produce continuous layers of
good-quality graphene [5]. Since this technique depends on several
parameters and conditions, samples usually do not show the striking
electronic behavior of suspended exfoliated graphene [3,5]. However,
CVD graphene may be grown into large surfaces, which is a necessary
condition for making possible several envisaged applications of this
material [2]. Thus, a detailed study of samples prepared by the CVD
technique is of great interest.

One of the essential questions related to CVD graphene concerns
the possibility of doping, either by substitution [6,7] or by func-
tionalization [8], to control and enhance its electrical conductivity.
Interesting attempts have been made to produce extended and stable
modifications in the carrier density of CVD graphene by adsorption
of halogens [9,10]. In particular, adsorbed chlorine atoms, which are
highly electronegative, capture electrons from the graphene z bands,
resulting in p-type doping.
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In this communication, we report on electrical resistivity, magne-
toresistance, and Hall-effect experiments in CVD graphene submitted to
photochlorination. Focus is given to doping effects due to Cl adsorption,
as well as to disorder related to the chlorination process, which is found
to significantly influence the electron-scattering mechanisms in the
functionalized material. In particular, disorder leads to the observation
of weak-localization contributions to the low-temperature magnetore-
sistance. The limit where intervalley scattering fully restores the usual
negative magnetoresistance is observed in a freshly chlorinated sample.
Also observed are time-dependent effects on the Hall coefficient of the
functionalized samples due to progressive loss of adsorbed Cl. To single
out the effects of Cl incorporation, a pristine CVD graphene sample is
also studied.

2. Experimental details

Millimeter-size samples were cut from large commercial pieces of
CVD graphene furnished by Graphene Supermarket@, which consist of
single-layer graphene grown on polycrystalline Cu foils, and transferred
onto SiO, films (285 nm thick) covering a Si wafer. Some of these
samples were submitted to a photochlorination process. The method
was developed by Li et al. [11], and consists of exposing the samples
to a Cl, flow under UV light, which was provided by a xenon-mercury
lamp in our apparatus [10]. Shortly after chlorination, the Cl/C ratio
reached values in the range of 0.1-1 [10,11]. But it has been clearly
shown [10] that desorption of Cl adatoms occurs continuously under
air exposure. One of the pristine samples (labeled as CVDg), with
3 x 6 mm? size, and two of the chlorinated samples, with 6 x 6 mm?
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size, were selected for electrical transport measurements. Six gold pads
were deposited by low-energy sputtering on the graphene sheets to
provide electrical contacts. These pads were appropriately placed to
perform four-point longitudinal-resistivity and five-point Hall-voltage
measurements [12], as shown schematically in the inset of Fig. 1. Wires
were attached to the pads using silver paint.

To check for time-dependent effects due to Cl desorption, measure-
ments on one of the chlorinated samples (labeled as CVDg-Cl) were
made twice. In a first set of experiments, resistivity, magnetoresistance,
and Hall-effect were measured after one day of exposure to the air
atmosphere following the chlorination process. These measurements
were then repeated nine days after Cl incorporation. The two states of
the CVDg-Cl sample are named CVDg-CI(1 day) and CVDg-CI(9 days).
The second chlorinated sample initially selected was partially measured
after sixteen days of exposure to air. Some results for this sample are
shown, but were not analyzed in detail since a complete set of data
could not be obtained.

Resistivity, magnetoresistance, and Hall-effect measurements were
carried out with a PPMS® manufactured by Quantum Design Inc.
Temperatures were varied in the range 2 K—250 K, and magnetic fields
up to 9 T were applied. A probe current of 100 nA was used in most
experiments since this value is safely inside the linear range in the -V
characteristics.

Fig. 1 shows the sheet resistance, Ry, of the studied samples as a
function of temperature. It was determined as Rg = R(W /L), where
R is the measured resistance, L is the distance between the electrodes
used to measure voltage, and W is the film width [13]. The length L is
the largest source for absolute uncertainty in the determination of Rg.
This systematic source of error amounts to at most 5% of the reported
Ry values. Uncertainties due to electronic instabilities are smaller than
the size of the experimental points.

Results in Fig. 1 shows that chlorination causes a significant overall
reduction of Rg. As mentioned before, Cl adsorption on graphene
should produce p-type doping, and the strong decrease of Rg upon
chlorination is consistent with this scenario. At T = 200 K, the sheet
resistance of the pristine sample CVDg is approximately three times
larger than that of the chlorinated CVDg-Cl(1 day) measured 1 day
after the Cl incorporation. Also interesting to note in Fig. 1 is the time
stability of Rg in the chlorinated samples within short periods. The
measurement performed nine days past chlorination, [sample CVDg-
Cl(9 days)] nearly reproduces that for CVDg-Cl(1 day), although no
special care was taken to store the sample during the intervening
time. However, data for CVDg-Cl(16 days) suggests that the Cl content
decreases substantially in periods above two weeks. The resistivity for
this sample lies in between that for the pristine sample and those of
samples annealed for shorter periods.

The overall resistive behavior observed for CVDg is consistent with
previously reported measurements [14,15]. The low-temperature up-
turn of sheet resistances shown in Fig. 1 indicates the occurrence of
electron-localization effects [14,16]. Heo et al. [14], reporting on the
temperature-dependent resistivity of CVD-graphene samples showing a
crossover from metallic- to insulator-like behavior at low temperature,
proposed an explanation based on the interplay between electron—
phonon scattering and thermally activated transport in an inhomoge-
neous medium. The inhomogeneities were pictured as carrier puddles
due to electric field fluctuations caused by random charged impuri-
ties or other defects, either incorporated in the graphene or existing
in the underlying environment (mostly the substrate). Alternatively,
a temperature-dependent resistivity consistent with a hopping-type
mechanism was suggested in the case of a hydrogenated sample ob-
tained from exfoliated graphene [17]. Thus, a superposition of scatter-
ing mechanisms might be involved in the resistivity behavior, mainly
in the low-temperature limit. The upturn of sheet resistances in Fig. 1
is quantitatively significant. It cannot be described solely based on
weak quantum perturbations to the otherwise dominant Boltzmann-
type transport. Nevertheless, important complementary information
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Fig. 1. Sheet resistance as a function of temperature for the studied CVD-graphene
samples. The indicated number of days refers to the time between preparation and
measurement for the Cl-doped samples. The inset shows a schematic representation
of the contact geometry and wiring. Current was applied between contacts 1 and 2,
longitudinal voltage measured between contacts 3 and 4 (to evaluate resistance), and
transverse voltage (for Hall effect) between contacts 3 and 5. The largest source for
systematic uncertainties in the sheet resistance measurements comes from the distance
between contacts and amounts to 5% at most of the reported values.

may be obtained from magnetoresistance measurements. In this con-
text, the weak-localization (WL) theory [18,19] was proposed as the
appropriate interpretation framework [20-24], although in some cases
the WL seems to be strongly suppressed or even absent [25].

Fig. 2 shows the magnetoresistance (MR) results for the three in-
vestigated samples. The experiments were carried out in several fixed
temperatures, ranging from 2 K to 200 K, and applied fields up to
uoH = 9 T. The observed noise comes mostly from fluctuations in the
impedance of the electrical contacts. Contrasting with results for clean
graphene [26], Shubnikov-de Haas oscillations are not visible in our
samples due to structural disorder and the relatively low intensity of
the applied magnetic fields. On the other hand, weak-localization and
weak-antilocalization (WAL) contributions are observed in the MR at
low temperatures for the pristine CVDg sample shown in Fig. 2(a) and
for CVDg-CI(9 days), as shown in Fig. 2(c).

The interplay between WL and WAL is also seen in the MR results
for CVDg-ClI(16 days) at T = 2 K, as depicted in the inset of Fig. 2(c).
The negative magnetoresistance at low applied fields is a signature of
WL, whereas a positive contribution at intermediate and high fields
can be attributed to WAL. The results for CVDg-CI(1 day) are shown
in Fig. 2(b). In this case, the WL contribution is clearly dominant at
low temperatures. However, above 20 K two-band conduction must
be taken into account, mostly for the pure CVDg and the CVDg-CI(9
days) samples. Even though it is possible that defects occurring in CVD
graphene modify its electronic structure, opening a small gap near the
Fermi level [27], at high enough temperatures both valence and con-
duction bands play important roles in the charge-transport properties
of this material. Above T" = 20 K the magnetoresistance of the CVDg
and CVDg-CI(9 days) samples is clearly dominated by a positive B field
dependence, as expected from the Lorentz-force effect in two-band con-
ductors [28]. The role of two-carrier transport as well as its interplay
with weak and strong localization effects in several graphene devices
were previously addressed by Hilke et al. [24]. It is interesting to note
in Fig. 2 that at high temperatures the magnetoresistance of the CVDg-
CI(1 day) and CVD-CI(9 days) samples increases approximately linearly
with the applied field. This behavior has been observed in systems with
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Fig. 2. Measured relative magnetoresistance as a function of magnetic field at several
temperatures for (a) the pristine CVDg sample, (b) the freshly doped CVDg-CI(1 day)
sample, and (c) the aged CVDg-CI(9 days) sample. The inset in panel (c) shows results
at T=2K and T = 25K for the CVDg-CI(16 days) sample.

small Fermi surfaces. Spatial mobility fluctuations related to disorder
were proposed as a possible origin for this phenomenon [29].

According to the WL theory [19], two scattering rates should be
taken into account: 1/7,, related to the phase-coherence time, and
1/z,, the elastic scattering rate. Weak-localization effects are originated
from enhanced back-scattering, implying that z, > 7, so that a
charge carrier may suffer several elastic collisions before losing phase
coherence.

Starting with a seminal work by McCann et al. [20], detailed theo-
retical and experimental approaches to describe WL effects in graphene
have been developed [21,24], in which two types of elastic scattering
rates are considered. One is related to carrier scattering between K and
K’ points of the Brillouin zone (intervalley scattering), with charac-
teristic time denoted as z;, while the other is associated to scattering
processes occurring within a valley, with relaxation time z,. It was theo-
retically demonstrated that WL effects are relevant in graphene samples
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Fig. 3. Fitting of Eq. (1) to the experimental MR results at low temperatures for the
samples (a) CVDg-CI(1 day) and (b) CVDg-Cl (9 days). The behavior of B;' (insets)
reflects the loss of coherence (reduction of 7,) with increasing temperature.

in which intervalley scattering is prominent. From Refs. [20,21,24], the
relative magnetoresistance in single-layer graphene may be written as

AR _ RO F(z) _F<L> _2F<;>],
R(0) zh B, B, +2B; B, + B; + B,
(€]

where R(0) is the resistance at zero magnetic field, e is the electron
charge, h is Planck’s constant, and the dependence on the applied
induction B occurs through the function F(z) = In z+y/(% + %), where y
is the digamma function. The characteristic inductions appearing in the
arguments of F(z) are related to the relaxation times as B, = hc/4Derz,),
where v = (@,i,*) and D is the diffusion constant. This is valid in a
regime of long-time coherence, which implies that B, < B,.

In Fig. 3 we show fittings of Eq. (1) to the low-temperature MR
measurements for the CVDg-CI(1 day) and CVD-CI(9 days) samples. For
the freshly Cl-doped sample, shown in panel (a) of Fig. 3, a good fit
could be obtained for temperatures up to T = 20 K in the whole range of
applied fields. The values obtained for the fitting parameters are listed
in Table 1.
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Table 1

Values of the magnetic-field parameters associated to the relevant scattering rates for
different temperatures, obtained by fitting Eq. (1) to our magnetoresistance data for
the indicated samples. The percentual uncertainties for the adjusted parameters are in
parentheses.

Sample T(K)  B,(T) B,(T) B.(T)
VD 2 1.8 x 1072 ( 2%) 6.5%x 107 ( 2%) 6.3 ( 1%)
8 5 23%102 (3%)  19x10* (3%) 105 ( 2%)
2 121072 (2%) 2.1 ( 7%) 2.4 (13%)
5 46%x102 (2%) 4.1 (25%) 5.7 (38%)
CVDg-Cl(1 day) 85x 102 (2%) 2.9 (10%) 2.9 21%)
20 17% 107" (8%) 1.6 ( 5%) 1.8 ( 9%)
2 09x102 21%)  19x 107 (31%) 1.1 (8%)
5 16X 1072 (16%)  28x 107 (27%) 1.2 ( 8%)
CVDg:Cl(O days) 16X 1072 (18%)  1.8x 107 (28%) 1.3 (7%)
20 32% 102 (22%)  6.0x 10~ (18%) 1.5 (11%)

In all cases, intravalley scattering is dominant, with B, ~ 1 T,
while B, is smaller by two orders of magnitude. Although B, grows
with temperature (see insets of Fig. 3), reflecting the expected loss of
phase coherence due to inelastic scattering events, it remains smaller
than B, by one order of magnitude. It is worth mentioning that the B,
magnitudes that we found at low temperatures (T ~ 5 K) correspond to
pair-breaking lengths L, = \/R/eB,, ~ 115 nm for CVDg-Cl(1 day), and
L, ~200 nm for CVDg(9 days). These values are well within the range
of parameters reported by Hong et al. [30], obtained from magnetore-
sistance measurements in fluorine-doped exfoliated graphene. On the
other hand, L, = 300 — 700 nm was found in a tungsten-decorated
exfoliated-graphene device [31], suggesting that perturbation in the
graphene plane is significantly smaller in this case than with halogens
as the adsorbed atoms.

Our fittings in Fig. 3 reveal that the main difference in the magne-
toresistance behavior with the applied field between the two samples is
due to the strength of intervalley scattering. One day after chlorination
we obtain a B; ~ B,, but B; is reduced by at least three orders of
magnitude when measured after nine days. The effect of these changes
in scattering rates on the magnetoresistance can be understood by in-
specting Eq. (1). The function F(z) is a positive-definite, monotonically
growing function of its argument. Thus, if B; <« B, the first two
terms on the right-hand side of Eq. (1) tend to cancel out, and the
positive contribution of the intravalley-scattering term dominates at a
sufficiently large applied field. The latter can be identified as a WAL
effect. On the other hand, if B; ~ B, > B,, the phase-coherence term is
dominant, and the MR remains negative with increasing field. For the
aged CVDg-Cl(9 days) sample, the positive deviations of the measured
MR with respect to the theoretical expectation at high fields, as well
as the crossing of fitting lines occurring between 4 and 7 teslas, are
likely due to an additional B> normal magnetoresistance contribution
which becomes dominant at temperatures higher than 20 K, as seen in
Fig. 2(c).

From the above discussion, it is clear that the negative MR due to
WL in graphene has its origin in the occurrence of significant intervalley
scattering. This is mainly observed in our CVDg-CI(1 day) sample,
whose distinctive feature is its strong doping. Besides increasing carrier
density, one may infer that adsorbed Cl atoms generate localized lattice
distortions, providing scattering centers that allow for large momentum
transfer. Indeed, it is known that chlorination causes a graphene layer
to corrugate in order to accommodate the Cl atoms [10]. Besides, one
may suppose that the incorporated halogen atoms themselves act as
scattering centers. Such a possibility was proposed in Ref. [30], where
it is suggested that F adatoms introduce local moments, leading to
spin-dependent scattering.

Magnetoresistance results for the pristine CVDg sample are strongly
affected by the Lorentz term, as may be inferred from a mere visual
inspection of Fig. 2(a). There, one sees that the MR becomes entirely
positive and weakly dependent on temperature for T > 50 K, as
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Fig. 4. Hall resistance as a function of the applied field at T = 5 K for the three studied
CVD-graphene samples. The inset shows partial results for sample CVDg-CI(16 days).

expected for a magnetoresistance driven by the Lorentz force. Never-
theless, for T =2 K and T =5 K, fittings of Eq. (1) to the experimental
MR curves lead to parameter values similar to those obtained for the
aged Cl-doped sample. This shows that WL and WAL effects are also
relevant for describing the magnetotransport properties of our undoped
CVD graphene sample.

In Fig. 4, representative Hall-resistance data obtained at T = 5 K
are shown as a function of the applied field for the three investigated
samples. Similar results were obtained at temperatures up to 10 K.
Reliable results for the CVDg-Cl (16 days), shown in the inset of Fig. 4,
were restricted to the field range B < 5 T. For temperatures above 20 K,
Hall measurements in all samples become too noisy, so that trustful
results could not be obtained. This fact suggests that a significant
reduction of the Hall constant in our graphene samples occur in the
intermediate- to the high-temperature range. This is expected if two
nearly-compensated carrier bands contribute to electrical transport, as
also suggested by the magnetoresistance experiments.

The Hall resistance is defined as R, = V,,/I,,, where V, is the
measured transverse voltage and I, the applied longitudinal current.
The Lorentz-force contribution to Hall resistance is given by R, , = R, B,
where R, = 1/p,e is the ordinary Hall coefficient, p; being the surface
carrier density. To derive the Hall coefficient and estimate the carrier
density, straight lines are fitted through the data points in Fig. 4. The
same was done for measurements carried out at 7 =2Kand T = 10 K,
except for the sample annealed for 16 days, in which case only the
experiment at T = 5 K could be done. Hall coefficients obtained from
these experiments do not vary with temperature.

The fact that R is positive for all the studied samples indicates that
the dominant charge carriers are holes in all cases. The resulting values
of p, for the studied samples are listed in Table 2. These values are
averages calculated from measurements performed at T = 2 K, 5 K,
and 10 K. The values of p, in Table 2 are in reasonable agreement with
those obtained from Hall measurements using the van der Pauw method
in similar pure and chlorinated CVD graphene samples [10]. We also
note that the ratio between p, values for each chlorinated sample and
the pristine one is close to that estimated from simply comparing the
resistances displayed in Fig. 1. Mobilities at T = 250 K, determined as
u=(ep,Rg)7!, are also listed in Table 2.

The values for y in our samples fall in the range of commonly
reported values for CVD-grown graphene [6]. It is worth remarking that
values of p; and y reported for the CVDg-CI(16 days) sample in Table 2
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Table 2

Hole-type carrier density (p,) and mobility (i) estimated from Hall-effect measurements
carried out at low temperatures in the listed CVD-graphene samples. The percentual
uncertainties for the estimated quantities are indicated in parentheses.

Sample ps (102 cm=2) 1 (em?/Vs)
CVDg 5.3 ( 9%) 347 ( 8%)
CVDg-CI(1 day) 19.4 ( 7%) 269 ( 7%)
CVDg-CI(9 days) 13.9 ( 9%) 374 ( 8%)
CVDg-CI(16 days) 5.5 (22%) 430 (18%)

are to be taken as indicative. Errors are large in this case. One observes
that the mobility shows a marked decrease when chlorine adatoms
are freshly incorporated into CVD graphene. Then a tendency occurs
to recover and surpass the value characterizing the pristine sample as
the chlorine is progressively desorbed from the sample. Probably, the
corrugation in the graphene plane caused by the Cl adsorption [10]
increases the carrier scattering rate, thus producing the decrease of u
in the functionalized samples.

The results in Table 2 confirm that room-temperature annealing
during nine and sixteen days led to Cl loss, as revealed by the observed
decrease in the estimated hole density. According to Fig. 1, however,
the CVDg-CI(1 day) and CVDg-Cl(9 days) samples have practically the
same resistances. We interpret this fact as a consequence of a reduced
disorder in the annealed sample, which is also due to the loss of Cl
atoms by their role as scattering centers. Since the resistivity depends
on the product p,z, a small decrease of p, in the annealed sample is
compensated by an increase in the relaxation time, so that the resis-
tivity remains approximately invariant. We also observed that further
aging of the samples consistently leads to an increase in resistivity, as
the loss of carriers due to dechlorination becomes the dominant effect.
For instance, for the sample aged 16 days we obtain a 70% higher
Rg in comparison to the CVDg-Cl(9 days) sample, as shown in Fig. 1.
The scenario of a reduced disorder characterizing the CVDg-CI(9 days)
sample is also consistent with the magnetoresistance analysis in Fig. 3.
Comparison of the fitted parameter values (Table 1) reveals a slight
reduction of B, and a very strong decrease of B; with respect to the
values obtained one day after chlorination.

Earlier works [32,33] report the occurrence of a substantial en-
hancement of the conductivity and Hall mobility in single and multi-
layer chlorinated graphene samples when compared to pristine
graphene. We also mention that the quantum Hall effect was observed
in exfoliated single-layer samples at high applied fields [34], and a
spin-Hall effect [35] has been reported to occur in CVD graphene
deposited on copper. Our work, however, focused on the ordinary
Hall effect, aiming to examine the carrier density in order to provide
complementary information to transport measurements.

3. Conclusions

We presented results of magnetotransport experiments carried out
in single-layer graphene grown by chemical vapor deposition. Samples
were submitted to a photochlorination process, and a pristine sample
was also investigated for comparison. Resistivity and Hall-effect mea-
surements showed that a significant hole doping was achieved in the
functionalized samples. The Hall-effect experiments also revealed that a
moderate Cl desorption occurs when submitting chlorinated samples to
room-temperature annealing for a few days, although desorption seems
to be significant for periods above two weeks.

The magnetoresistance experiments performed at low temperatures
unequivocally revealed weak-localization effects. A negative MR char-
acteristic of weak localization was shown to be the dominant con-
tribution in a freshly Cl-doped sample, which presents the highest
carrier density as determined by the ordinary Hall coefficient. After
annealing this sample at room temperature for nine days, the MR at
low temperatures was substantially modified, with an upturn occurring
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in the low-field region. We interpret this behavior as resulting from
an interplay between weak localization and weak antilocalization the-
oretically predicted to occur in graphene when intervalley scattering is
relevant [20]. The competition between these two effects leads to a sign
reversal in the MR, which is negative at low magnetic fields but even-
tually becomes positive when the field is continuously increased. The
MR of the non-doped sample also shows WL and WAL contributions.

A theoretical expression for the magnetoresistance in the presence
of weak-localization [20,24] was successfully fitted to our experimental
results at low temperatures, confirming the role of intervalley scattering
as responsible for weak-localization effects in graphene. Our results
extend to a considerably higher field range former observations of the
weak-localization properties in graphene flakes [21-24], allowing full
verification of the theoretical predictions [20,24]. Using CVD grown
samples functionalized with chlorine, hole doping was varied by simply
aging the samples at room temperature. At intermediate and high
temperatures the MR for all studied samples becomes positive and
roughly proportional to B2, which is consistent with the occurrence of
two-band conduction.

Our electrical transport experiments in graphene grown by CVD
confirms that functionalization with Cl adatoms produces a substantial
hole doping. This leads to a strong decrease in the resistivity of freshly
chlorinated samples. On the other hand, chlorination enhances effects
from disorder in the transport properties. These findings should be
considered when practical applications of this material are envisaged.
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