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  1.     Introduction 

 Graphene, a 2D gapless semiconductor, has 
emerged as a promising material in a broad 
spectrum of applications in the era of post-
silicon electronics. [ 1 ]  One important reason 
that accounts for the great impact of silicon 
is the fact that the doping level in silicon 
can be engineered in a highly controllable 
way through ion implantation. In order to 
unleash the full potential of graphene elec-
tronics, it is also essential to fi nd the best 
doping approach and to understand the 
doping mechanism and its effect on the 
unique electronic structure of graphene. 
Due to its 2D nature, graphene is truly an 
all-surface material. Consequently, surface 
functionalization can have a direct impact 
on its intrinsic characteristics, and there-
fore provides a powerful tool to engineer its 
electronic and structural properties. Plasma-
based chlorination has been demonstrated to 
be an effective hole doping method, with the 
capability of maintaining a high mobility up 
to 1500 cm 2  V −1  s −1  in chemical vapor depo-
sition (CVD)-grown graphene. [ 2–6 ]  This is a 

great advantage over other doping approaches, such as fl uorination 
and hydrogenation. [ 7–10 ]  Furthermore, fi rst principles density func-
tional theory (DFT) calculations predict that a band gap of up to 
1.21 eV can be opened in double-sided fully chlorinated graphene 
(CCl). [ 11,12 ]  Chlorination has also been demonstrated in other 
carbon-based materials, such as carbon nanotubes, [ 13 ]  graphite, [ 14,15 ]  
graphite oxide (GO), [ 16 ]  Janus graphene, [ 17 ]  and nanographenes, [ 18 ]  
manifesting various electronic applications such as lithium-ion 
batteries, transparent conducting fi lms, and electrochemical 
devices. Several different chlorination methods have been success-
fully developed, including photochlorination, [ 4,13,19 ]  cyclic chlorine 
trapping, [ 20 ]  direct exfoliation, [ 21 ]  electrophilic substitution, [ 18 ]  and 
plasma-based chlorination. [ 2,3 ]  High coverage (C 2.2 Cl) of adsorbed 
chlorine on single-sided graphene was recently realized experi-
mentally, [ 2 ]  which paved the road to realize double-sided chlorin-
ated graphene and could ultimately enable band gap engineering. 
However, the local electronic structure of chlorinated graphene, the 
nature of the C Cl bonds, and the effect of chlorination on gra-
phene’s work function are still not well understood. 

 Synchrotron-based X-ray spectroscopy provides a sensitive 
probe of the chemical and electronic state of dopant species 
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even at the subpercent level, [ 4,5,22–26 ]  thanks to its high fl ux and 
energy resolution, tunable wavelength, and polarization. Recent 
work based on carbon and nitrogen core-level X-ray spectroscopy, 
including near edge X-ray absorption fi ne structure (NEXAFS) and 
X-ray photo emission spectroscopy (XPS), successfully revealed an 
atom-specifi c picture of nitrogen-doped single layer graphene and 
provided detailed information on its dopant concentration, bond 
type and orientation, and corresponding work function shifts. [ 22 ]  

 In the present work, we carry out systematic chlorine plasma 
treatment on CVD-grown monolayer graphene samples and char-
acterize the dopant surface coverage, bond confi guration, and work 
function shifts using angle-resolved carbon K-edge (C 1s) NEXAFS, 
C 1s and Cl 2p XPS, and photo emission threshold measurements. 
The presence of adsorbed chlorine atoms introduces clear peaks 
into the XPS spectra, from which we quantify the coverage of 
C Cl bonds on SiO 2 /Si substrates to be 17%–38%, depending on 
the dc bias applied in the Cl plasma chamber. This concentration 
of adsorbed chlorine on the graphene surface is high enough to 
generate a distinct NEXAFS resonance at ≈286.2 eV for plasma-
treated samples, corresponding to the 1s → π* transition for 
C Cl bonds. It is remarkable that a sharp core–hole exciton 
resonance at ≈291.85 eV is observed even after chlorination treat-
ment, a spectroscopic fi ngerprint that long-range periodicity in 
the electronic structure of graphene is maintained after doping. 
The plasma-based chlorination is a highly nonintrusive doping 
approach: there is no signifi cant buckling or other defects cre-
ated in the graphene lattice and populated by the Cl atoms. It is 
a striking uniqueness of this doping approach, compared with 
other doping methods, such as nitrogen plasma, [ 27 ]  hydrogena-
tion, [ 9,10,28 ]  and fl uorination, [ 6,7 ]  which introduce signifi cant vacan-
cies and local carbon sp 3  hybridization. In the present work, a 
strong substrate effect is also found and studied: the Cl plasma 
interacts with graphene very differently in terms of both the sur-
face coverage and the concentration-dependent work function 
shift, depending on whether the graphene sits on copper foil or 
on SiO 2 /Si.  

  2.     Results and Discussion 

  2.1.     XPS Characterization Results 

 We systematically performed plasma-based chlorination treat-
ment on CVD-grown graphene samples under different dc 

bias conditions, on both SiO 2 /Si and copper substrates (see 
the Experimental Section). XPS provides a surface-sensitive, 
element-specifi c spectroscopic tool to quantitatively measure 
the local coordination environment, yielding determinative 
information on atomic concentration.  Figure    1   shows our 
experimental setup and pictures of CVD-grown graphene sam-
ples.  Figure    2  A shows the C 1s XPS data for the untreated 
graphene samples and chlorinated graphene as a function of 
dc bias (4–20 V). The dc bias controls the acceleration toward 
the substrate and thus the kinetic energy of the chlorine when 
impinging on the graphene surface (see the Experimental Sec-
tion and the Supporting Information). The main asymmetric 
peak observed at 284.5 eV binding energy is characteristic of 
C C bonds in graphitic carbon. [ 29 ]  After chlorine plasma treat-
ment, a prominent photoemission peak appears at ≈286.6 eV 
due to the formation of C Cl bonds, as observed in previous 
reports. [ 3,4,6 ]  This peak does not appear in the untreated gra-
phene samples, further confi rming the formation of C Cl 
bonds. The weak peak at ≈288.5 eV is due to a small amount 
of carbonyl groups, such as O C O, from contamination. 
Detailed peak fi tting analysis can be found in Figure S4 (Sup-
porting Information). The Cl 2p XPS spectra (spin–orbit split 
into 2p 3/2  (200.6 eV) and 2p 1/2  (202.2 eV) peaks) for the same 
chlorinated samples in Figure  2 B show clear evidence of chlo-
rine on the graphene samples; no Cl 2p intensity is observed for 
the untreated (pristine graphene) samples. Comparison of C 1s 
and Cl 2p photoemission intensity, normalized using tabulated 
photoionization cross sections of chlorine and carbon, [ 30,31 ]  
allows us to quantify the total chlorine coverage on the plasma-
treated samples, as summarized in  Table    1  . The results confi rm 
the existence of a signifi cant amount of Cl atoms on the gra-
phene, with the percent coverage of 17%–38%, depending on 
dc bias, roughly consistent with the data in our previous publi-
cation. [ 2 ]  Here, we defi ne the Cl coverage as the number of chlo-
rine atoms divided by the number of carbon atoms. Figure  2 C 
shows the total XPS area measured at four different spots on 
the sample surface for C 1s, Cl 2p, O 1s, and Si 2p core level 
spectra at different excitation energies used to estimate the Cl 
coverage (see the Experimental Section). The data show a con-
sistent progression of Cl coverage (and associated “masking” of 
C 1s signal relative to pristine graphene), with highest coverage 
for the low dc bias (4–8 V) in agreement with previous report. [ 2 ]  
We also note that the amount of oxygen contamination on the 
surface is very low.     
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 Figure 1.    A) Illustration of synchrotron NEXAFS characterization of chlorinated graphene on different substrates, with tunable incident angles of E 
fi eld. B) Images of CVD-grown graphene on different substrates (left: Si wafer capped with 300 nm SiO 2 , right: 25 µm thick copper foil). C) Image of 
CVD-grown graphene treated in the chlorine plasma chamber.
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  2.2.     NEXAFS Characterization Results 

 Angle-dependent NEXAFS measurements were performed on 
the as-prepared samples (see Figure  1 A and the Experimental 
Section).  Figure    3   shows the carbon K-edge (C 1s) NEXAFS 
spectra measured in the total electron yield (TEY) mode for pris-
tine graphene (dc = 0 V) and graphene samples that are trans-
ferred to SiO 2  substrates and then chlorinated under different dc 
bias (dc: 4–20 V). The strong peak at 285.4 eV (π*) is attributed to 
the resonance with the conduction π states around the M point in 
the Brillouin zone, and the σ* resonance at 293 eV is associated 
with the transition near the Γ point in the Brillouin zone. [ 32,33 ]   

 The adsorbed chlorine coverage on graphene is high enough 
to introduce a new resonance peak in the NEXAFS data around 
286.2 eV, which we assign to the surface C Cl bonds formed 
with chlorination treatment (Figure  3 ). The C Cl resonance 
(286.2 eV) is observed for all Cl-treated graphene samples under 
different dc bias, and does not appear in untreated (pristine) 
graphene. The peak gives direct evidence of the formation of 
C Cl bonds during the Cl plasma treatment and information 
on their bonding characters. We note that in XPS (in a fully ion-
ized fi nal state) the C 1s peak associated with C Cl is shifted 
by about 2 eV to higher binding energy, refl ecting the electron 
withdrawing effect of the adsorbed chlorine due to the higher 
electronegativity of Cl (3.16 on the Pauling scale) compared to 
C (2.55 on the Pauling scale). [ 34 ]  The higher energy (≈0.8 eV) 
NEXAFS resonance associated with C Cl is consistent with the 
electron withdrawing effect of the Cl, but it also indicates a fi nal 

state relaxation that lowers the fi nal state energy in NEXAFS 
relative to the fully ionized XPS case. This indicates that the 
C Cl states we observe in NEXAFS are more local in character 
relative to the extended π* network, which will provide additional 
screening of the core–hole in the fi nal state and lower its binding 
energy relative to the ionization potential as observed in XPS. 

 Aside from the electron withdrawing effect, the C 1s 
NEXAFS (Figure  3 ) shows that the adsorbed chlorine does not 
signifi cantly disrupt the graphitic network or introduce defects 
when prepared under the described conditions. For both chlo-
rinated and pristine graphene, a strong (and opposite) angular 
dependence is observed for both the π* and σ* peaks of the 
C=C bonds as we change the incident angle of the X-ray beam 
relative to the graphene surface, and therefore the orienta-
tion of the E-fi eld vector of the incoming (polarized) X-ray 
beam relative to the highly oriented π and σ orbitals of the 2D 
carbon sheet (Figures  1 A and  3 ). A sharp core–hole excitonic 
feature at 291.85 eV (Figure  3 ) is a characteristic indicator of 
long-range periodicity of the electronic structure of our pristine 
graphene; this feature is observed for highly ordered pyrolytic 
graphite (HOPG) [ 29,35 ]  and high quality pristine graphene. [ 22,23 ]  
Thus, surprisingly, the chlorine treatment neither signifi cantly 
buckles the graphene lattice nor disrupts the graphitic net-
work. Our chlorination treatment results in highly nonintrusive 
doping; the spectroscopic data indicate that no signifi cant 
defects are created and populated by the chlorine dopants. 

 Moreover, in contrast to the strong angular dependence of 
the C=C π* peak (285.4 eV), characteristic of planar graphitic 
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 Figure 2.    XPS measurements of pristine graphene and chlorinated graphene on SiO 2 /Si treated at different dc bias. A) C 1s XPS data. The C Cl bonds 
centered at 286.6 eV did not exist in the pristine graphene (black line), and only developed after Cl treatment. B) Cl 2p XPS data. The Cl 2p spin–orbit 
split (2p 3/2  (200.6 eV) and 2p 1/2  (202.2 eV)) peaks appear only after Cl treatment. C) Total XPS area (after Shirley background subtraction) for C 1s, 
Cl 2p, O 1s, and Si 2p core level spectra at different excitation energies; the average values of the XPS area of four different spots on each sample are 
shown with root mean square error bars (vertical lines through each data point).

 Table 1.  Atomic Cl coverage (% Cl) on SiO 2 /Si substrates compared with on copper foil substrates under different dc bias treatment. The upper 
and lower limits of the chlorine coverage range shown for graphene on SiO 2 /Si substrates are estimated by comparing XPS intensity (normalized by 
the atomic sensitivity factor at the photon energy used [ 30,31 ]  measured at photon energies of 280 eV for Cl 2p and 410 eV for C 1s (upper limit) and 
650 eV for both Cl 2p and C 1s (lower limit), respectively (details provided in the Experimental Section). We note that for graphene on SiO 2 /Si sub-
strates, the values in the table refl ect the coverage of adsorbed chlorine on the graphene surface, while on copper foil, the total Cl concentration is 
distributed between adsorbed chlorine and chlorine atoms which have diffused into the foil substrate and bonded to Cu (see Figure 4B and corre-
sponding discussion).     

Substrate dc = 0 V dc = 4 V dc = 8 V dc = 12 V dc = 16 V dc = 20 V

SiO 2 /Si 0 29.0%–38.0% 29.0%–38.0% 25.4%–33.2% 20.2%–25.9% 17.3%–22.5%

Copper foil 0 7.1% 7.2% 5.4% 6.8% 5.6%
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carbon bonds, peak fi tting analysis reveals the intensity of the 
C Cl NEXAFS bond resonance (286.2 eV) is relatively invar-
iant with changes in incident angle (see Figure S3, Supporting 
Information). This indicates that the average azimuthal orienta-
tion of the C Cl bonds is fairly isotropic, or that the chemical 
C Cl bond is associated with states of local character which 
have their p-like orbitals (e.g., π orbitals) at an angle close to 
55° relative to the surface normal where azimuthally averaged 
angular dependence will also disappear. [ 29 ]  (We note that any 
apparent change in intensity of the C Cl π* with incident angle 
is a by-product of the strong variation in C C π* intensity due 
to the closeness in energy of the two resonances at 285.4 and 
286.2 eV (see Figure S3, Supporting Information). 

 Compared with the NEXAFS spectra for chlorinated gra-
phene on copper substrates (see Figure S2, Supporting Infor-
mation), the Cl/G/SiO 2  samples exhibit much cleaner spectra 
in the range between 287.4 and 288.5 eV, with an intensity 
mainly due to C C and C Cl resonances as opposed to C O 
and C H species which also appear in this range. This 
suggests that a higher Cl coverage helps to protect the surface 
from contamination of C H bonds (≈≥287 eV), carbonyl C O 
bonds (≈≥288 eV), and others, and therefore results in a cleaner 
graphene surface. 

 It is remarkable that this high coverage of adsorbed chlorine 
(17%–38%) does not introduce signifi cant buckling or distor-
tion of the graphene lattice. This is evidenced by the strong 
angular dependence of the C 1s σ* and π* NEXAFS spectra and 
the presence of the sharp core–hole exciton feature at 291.85 eV, 
both of which are essentially unperturbed by the chlorine 
treatment. Aside from the appearance of the C Cl π* peak at 
286.2 eV, the C 1s NEXAFS spectra are almost identical before 
and after chlorination and are spectroscopic signatures of 
sp 2 -hybridized carbon. This similarity strongly indicates that our 
plasma-based chlorination is a unique surface functionalization, 
while introducing states that are unique to the C Cl bonds, 
does not produce any signifi cant defect or buckling. Thus, the 
overall crystallinity and extended band structure of graphene 
remains uninterrupted. This is consistent with the transport 
studies of chlorinated graphene, which demonstrated that, after 
chlorination, the carrier mobility in CVD graphene can still be 
maintained at ≈1500 cm 2  V −1  s −1  [ 2 ]  and its sheet resistance can 
be reduced due to a signifi cant hole doping effect. [ 2,3 ]  We also 
note that the chlorinated graphene presented here is particu-
larly well suited for angle-resolved photoemission spectroscopy 
(ARPES) studies for which a well-ordered system is needed 
to obtain high resolution in momentum space, for which the 
π dispersion and potential band opening could be observed.  

  2.3.     Substrate Effects 

 For comparison, we also studied CVD-grown graphene on 
copper (without transfer) under identical plasma conditions and 
repeated the synchrotron measurements.  Figure    4  A,B shows the 
corresponding C 1s and Cl 2p XPS spectra, respectively, under dif-
ferent dc bias. The features in the C 1s spectra (Figure  4 A) are in 
good agreement with that for chlorinated graphene on SiO 2  sub-
strates, however the peak intensity ratio is quite different. As for 
the chlorinated graphene sheets on SiO 2 /Si substrates (Figure  2 ), 
the chlorinated graphene on Cu foil samples show an asym-
metric C 1s photoemission peak at 284.5 eV, the spectral fi nger-
print of graphitic C=C bonds, and a weak peak at ≈288.5 eV due 
to O C O bonds from the carbon oxide residues. Detailed peak 
fi tting analysis can be found in Figure S5 (Supporting Informa-
tion). Likewise, the degree of oxygen contamination is low for 
both chlorinated graphene on Cu foil (Figure  4 A) and for gra-
phene transferred to SiO 2 /Si (Figure  2 A). A small shoulder on 
the high binding energy side of the main C=C peak, broadly cen-
tered at ≈286.5 eV appears after chlorine plasma treatment, due 
to the formation of C Cl bonds (Figure  4 A and inset). However, 
the C Cl peak intensity is much weaker than the one observed 
for samples on SiO 2 /Si substrates after chlorination treatment 
(Figure  2 B), indicating a much lower coverage of adsorbed chlo-
rine for graphene on the copper foil substrates.  

 In fact, the Cl 2p XPS spectra for chlorinated graphene on 
the copper foil shown in Figure  4 B looks quite different from 
the corresponding spectra for graphene on SiO 2 /Si. The XPS 
intensity from adsorbed chlorine is again observed at ≈200.6 
and 202.2 eV (Cl 2p 3/2  and Cl 2p 1/2 , respectively), as for the 
transferred samples (Figure  2 B). However, in striking contrast 
to the Cl/G/SiO 2  samples, the Cl 2p XPS for Cl/G/Cu samples 
shows an additional strong peak at ≈198.8 eV binding energy 
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 Figure 3.    Angle-dependent C 1s NEXAFS measurements for graphene 
transferred to SiO 2 /Si as a function of dc bias during chlorine treatment. 
Note: dc = 0 V corresponds to pristine (untreated) graphene. The peak 
around 285.4 eV corresponds to the resonance with the conduction π 
states at the M point in the Brillouin zone. The σ* resonance at 293 eV is 
associated with the transition near the Γ point in the Brillouin zone. [ 32,33 ]  
The new resonance peak at 286.2 eV is attributed to the C Cl bonds 
formed due to the chlorination, which appears in all Cl-treated graphene 
samples under different dc bias, and does not appear in untreated 
(pristine) graphene.
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and a broadening of the peak at ≈200.6 eV, with greater varia-
tion in the binding energy of the peak center; no chlorine signal 
is observed for pristine graphene on copper foil (Figure  4 B). 
We interpret these differences as arising from the Cl 2p 3/2  and 
Cl 2p 1/2  components at ≈198.8 and ≈200.2 eV, respectively, of 
Cl Cu bonds. The proximity of the latter to the Cl 2p 3/2  peak 
of adsorbed chlorine on graphene effectively broadens and 
shifts this peak to lower binding energy. The assignment of the 
additional features for Cl/G/Cu to Cl Cu bonds is supported 
by the facile diffusion of chlorine in copper foils above 10 −2  
Torr, and in precise agreement with the binding energy of ClCu 
compounds measured in a previous report. [ 36 ]  

 By calculating the ratio of the C Cl peak area in Cl 2p to the 
C peak area in C 1s after taking the atomic sensitivity factors 
into consideration, [ 30 ]  we estimated the total 
atomic chlorine coverage for Cl plasma treated 
graphene on copper substrates (Table  1 ). It is 
worth noting that the Cl coverage reported 
here for the Cl/G/Cu samples is the total 
chlorine contribution, which contains signals 
from both the C Cl bonds and Cu Cl bonds 
formed during the plasma treatment. The 
total concentration of chlorine in the Cl/G/
Cu samples is signifi cantly smaller than the 
corresponding values for the ones on SiO 2 /Si 
substrates, and only a portion of this signal is 
due to the formation of C Cl bonds. This is 
consistent with the much weaker C Cl XPS 
peak for Cl/G/Cu in the C 1s XPS (Figure  4 A) 
compared to Cl/G/SiO 2  (see Figure  2 A). We 
also studied the NEXAFS spectrum of the 
Cl/G/Cu samples (Figure S2, Supporting 
Information), qualitatively showing similar 
results as Cl/G/SiO 2 . However, no clear C Cl 
resonance peak can be observed (see the Sup-

porting Information), probably due to the 
relatively low coverage of C Cl and the much 
weaker interaction between Cl and G/Cu. All 
of these observations indicate that the inter-
action between the Cl plasma and graphene 
highly depends on the substrate environment. 

 The photoemission threshold measure-
ments enabled us to quantify the shift of 
the work function in graphene as a result 
of the chlorine doping effect. As shown in 
 Figure    5  , the chlorination treatment shifted 
the photo emission threshold to the posi-
tive side (see the Supporting Information 
for details), and the amount of the shift 
depends on the dc bias applied. This indi-
cates a p-doping effect, which is consistent 
with previous transport results in the litera-
ture. [ 2,3 ]  For both copper and SiO 2 /Si sub-
strates, the change in the photoemission 
threshold saturates after the dc bias is beyond 
8 V. However, the substrate effect on the work 
function shift due to Cl doping is signifi cant: 
for graphene on copper, its Fermi level  E  F  is 
shifted downward by about 0.35 eV, while for 

graphene on SiO 2 /Si substrates, the much (≈4–5 times) higher 
chlorine concentration causes  E  F  to shift downward by about 
0.9 eV. This work clearly shows that the plasma-based chlo-
rination is a highly effective p-doping approach for graphene. 
Not surprisingly, the magnitude of p-doping closely follows the 
chlorine coverage, which, quite unexpectedly, is much higher 
for graphene on SiO 2 /Si substrates than on copper substrates.   

  2.4.     Discussion 

 In summary, the experimental data reveal a high coverage 
of chemically bonded Cl is present with signifi cant elec-
tron withdrawing effect (XPS and photoemission threshold 
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 Figure 4.    A) C 1s and B) Cl 2p XPS data, representing the average of 11 positions on the surface 
of chlorinated graphene on copper substrates with excitation energy  hν  = 410 eV, for samples 
prepared with different bias conditions (0–20 V). The Cl 2p spectra show that a signifi cant 
portion of the total chlorine signal comes from chlorine bonded to the Cu foil substrates. 
Despite the presence of both Cl C and Cl Cu bonds, the atomic coverage of chlorine in these 
samples is signifi cantly lower than observed for graphene transferred to SiO 2 /Si after plasma 
treatment, as shown in Table  1 .

 Figure 5.    Photoemission threshold measurements for chlorinated graphene on A) copper and 
B) SiO 2 /Si. The photoemission cut-off shifts to lower binding energy with chlorination, con-
sistent with the higher work function (due to p-doping). The work function shift ( y -axis) is 
obtained from measurement of the electron kinetic energy at the photoemission threshold 
relative to pristine graphene (PG or dc = 0); the plots show the halfmax value for 21 total meas-
urements on each sample (solid red circles) obtained from three measurements at seven posi-
tions on the graphene surface and the average halfmax (open black circles) of seven positions.
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measurement) that is forming hybridized states which have 
local character (NEXAFS). Yet the bonding is not disruptive to 
the overall electronic structure of the graphene that remains 
highly ordered and without signifi cant defects and buckling 
(NEXAFS). Even though we cannot formulate a precise chem-
ical bond confi guration that explains our observations, we have 
learned from the combined experimental evidences, that the 
chemical C Cl bond has the following characters:

   1)       The Cl is primarily bonded to the graphene lattice carbon 
and not just on grain boundaries and defects based on the 
minimal introduction of defects during chlorination, the 
pertained angular dependence in the π* and σ* bands, the 
presence of the core-exciton that is sensitive to long-range 
order, and the high fraction of C Cl bonds observed.  

  2)       The Cl C bond involves signifi cant charge transfer effect 
from the graphene lattice to chlorine, leading to strong 
p-doping of the lattice as observed by the chemical shift in 
XPS and the large work function change (photoemission 
threshold measurement).  

  3)       The chemical bond is either formed on a single site, or for 
bonding geometries that provide a narrow distribution of 
chemical shift in the ionized state (Cl 2p XPS and C Cl 
states in C 1s NEXAFS).  

  4)       The chemical bond is associated with states of local char-
acter that either have their p-like orbital states at an angle 
close to the magic angle (near 55°) relative to the surface 
normal, or a distribution of that gives an isotropic angular 
dependence in the C 1s NEXAFS data.  

  5)      All of the above must be true without introducing signifi -
cant changes neither to the local sp 2  network nor the long-
range order, as indicated by C 1s NEXAFS.    

 These intriguing results are important experimental observa-
tions, but it cannot easily be translated into a detailed chemical 
bonding picture without further investigation. For example, we 
would expect that a well-defi ned absorption geometry (e.g., single 
sided on top) would display a well-defi ned angular dependence 
and also, if covalently bonded, enforcing departure from a well-
defi ned local sp 2  environment. We anticipate that theoretical 
simulations of NEXAFS transitions and XPS binding energies 
for a number of different local Cl absorption sites (which is out-
side the scope of this report), directed by previous theoretical 
work [ 11,12 ]  on Cl–graphene absorption and analyzed with respect 
to anisotropy and energetics, are needed to reveal a more detailed 
microscopic picture of the C Cl bonds and disentangle the asso-
ciated orbital hybridization around the carbon sites. To this end, 
additional experimental evidence of covalency, bond length, and 
band structure from future ARPES and extended X-ray absorp-
tion fi ne structure spectroscopy (EXAFS) would be of great value.   

  3.     Conclusion 

 We systematically studied the plasma-based chlorination treat-
ment on CVD-grown graphene on different substrates through 
NEXAFS and XPS characterizations. The NEXAFS and XPS 
spectra confi rmed the formation of the C Cl bonds and their 
bonding characters. We observed a high density of C Cl bonds 

without signifi cant increase of defects or major interruption of 
the overall graphene electronic structure. It is found that the 
distinct sp 2  carbon core–hole exciton retained its sharpness 
even after the chlorination treatments, which indicates that 
the plasma-based chlorination can largely preserve the long-
range periodicity in the graphene lattice. This distinguished our 
chlorination approach as a noninvasive and effective doping 
method, compared to other alternative approaches. The inter-
action between chlorine plasma and graphene exhibits strong 
substrate effects, in terms of both Fermi level shift and surface 
coverage. The use of SiO 2 /Si substrates enables more than 
≈4–5 times higher Cl atoms coverage on the graphene surface 
than on copper foils. Photoemission threshold measurements 
show that the Cl plasma p-doping can shift the Fermi level in 
graphene downward by about 0.9 eV when SiO 2 /Si is used as 
supporting substrates. As a comparison, for chlorinated gra-
phene on copper (Cl/G/Cu), its Fermi level is shifted downward 
by about 0.35 eV.  

  4.     Experimental Section 
  Growth and Transfer of Graphene : Graphene samples were synthesized 

by established low pressure CVD (LPCVD) process on Cu foils, in a 
mixture gas of H 2  and CH 4 . The growth temperature and pressure were 
maintained at 1035 °C and at 1.70 Torr, respectively. The Cu foil was 
treated with a nickel etchant (Nickel Etchant TFB, Transense) at fi rst 
before the synthesis process in order to obtain a better morphology 
of graphene. Then, uniform monolayer graphene was successfully 
synthesized on the Cu substrate. While a half piece of the synthesized 
graphene/Cu sample was quickly transferred from the growth chamber 
to a vacuum chamber to avoid the adsorption of impurities or oxidation, 
the graphene of the other half piece was transferred onto a Si wafer 
capped with 300 nm SiO 2 , using the PMMA-supported wet-transfer 
process. 

  Plasma-Based Chlorination Treatment : An electron cyclotron resonance 
reactive ion etcher (ECR/RIE, PlasmaQuest) was used to chlorinate 
graphene samples. The ECR power and dc bias in the chamber to 
fi nely control the chlorination parameters were carefully optimized. 
Before each run, oxygen plasma was activated to clean the chamber for 
10 min. And then, the desired chlorine plasma recipe was run for 
another 10 min to properly condition the chamber, before treating the 
real samples with plasma. Both the pressure and fl ow rate of chlorine 
gas were kept at constant values (pressure: 20 m Torr, fl ow rate: 
80 sccm). The ECR power used was 100 W. The dc bias was varied from 
4 to 20 V. All the experiments were done at 30 °C for 1 min. The facility 
has two alternative controlling knobs to tune the Cl plasma energy: rf 
power and dc bias. It was found that controlling dc bias allows to more 
fi nely tune the plasma energy and can generate Cl plasma at a much 
lower power level than by controlling the rf power. Moreover, at lower 
dc bias, the kinetic energy of the impinging Cl ions was reduced and 
therefore the bombardment on the graphene surface resulting in less 
defects can be minimized. The lowest limit that can be run in the ECR 
plasma facility is dc = 4 V. Also, special attention is paid to minimize 
the air exposure during the sample preparation and plasma treatment 
process. A clean surface of chlorinated graphene is important for 
NEXAFS measurement. After chlorination, the sample can be kept under 
ambient condition at room temperature for about two to three weeks 
before signifi cant Cl desorption is observed. 

  Core Level Spectroscopy : NEXAFS and XPS measurements were 
performed at the wiggler source beamline 10-1 at the Stanford 
Synchrotron Radiation Lightsource (SSRL), in an ultrahigh vacuum 
(better than 10 −9  Torr) endstation designed for surface and solid state 
experiments. The reference absorption intensity ( I  0 ) of the incoming 
X-ray beam, measured on a gold-coated mesh positioned just after the 
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refocusing optics, was measured simultaneously and used to normalize 
the spectra to avoid any artifact due to beam instability. Polarization-
dependent C 1s NEXAFS data were obtained by changing the angle 
between the incoming X-ray beam and the sample stage from near-
parallel 20° and normal (90°) incidence; up to seven measurements 
were taken at each incident angle for four different positions on the 
sample surface. A linear background was subtracted as determined from 
a region before the absorption edge and the spectra were normalized 
in the postcontinuum region between 320 and 330 eV. Carbon K-edge 
NEXAFS collection was performed in the partial electron yield (PEY) 
mode, with a grid bias of −200 V, selected to optimize both the surface 
sensitivity of the measurement and the TEY mode, which measures the 
total drain current from the sample. XPS measurements were obtained at 
multiple photon energies to improve the statistics on the quantifi cation 
of the adsorbed chlorine concentration and to obtain a nondestructive 
depth profi le of the atomic concentration ratios. SSRL beamline 10-1 
has a spherical grating monochromator and the focused beam has a 
spot size of less than 1 mm 2 . Measurements were repeated at multiple 
spots across the sample surface (at least four for XPS and NEXAFS 
measurements, and 20 for photoemission threshold measurements).  
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