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Chemical doping using methods such as substitutional dop-
ing1–4 and chemical surface functionalization via the covalent 
bonding of adsorbed molecules5,6 is commonly used to con-

trol the sign and concentration of carriers in two-dimensional (2D) 
van der Waals materials. However, high carrier concentrations are 
restricted by the solubility limit of the dopant1–4 and charge mobili-
ties are impaired by structural disorder that is inevitably introduced 
by covalent bonding1–4,7. Electrostatic gating8,9 and trapped charge 
in dielectric layers in a heterostructure10,11 can externally modulate 
charge carriers without degrading electrical mobility, but dielectric 
breakdown imposes fundamental limitations on the doping density. 
In addition, the lithography processes required to form spatially 
confined gate circuitry, or the use of a heterostructure, complicates 
device fabrication. Electrochemical techniques—including chemical 
intercalation12,13 and electrolyte gating14,15—have been used to achieve 
impressive doping concentrations, but challenges related to practical 
device implementation and the degradation of charge mobility by 
unwanted electrochemical reactions14,15 remain with such methods.

A promising alternative doping scheme, which is non-invasive, 
is surface functionalization via non-covalent bonding16,17. One such 
system is chlorinated graphene (which has an ideal chlorine cov-
erage ratio of Cl2C) where charge transfer between chlorine atoms 
and graphene can occur via ionic bonding18,19. Graphene chlorina-
tion offers potential advantages over surface functionalization via 
hydrogenation and fluorination, where the adsorption of hydrogen 
and fluorine inevitably forms sp3-type carbon–hydrogen and car-
bon–fluorine covalent bonding that degrades the charge-carrier 
mobility20,21. The ionic bonding of chlorine with graphene could 
also make the doping process reversible22–24; therefore, doping pat-
terns can, in principle, be written and erased.

Chlorination via photochemical24,25 and plasma treatments22,23,26,27 
have previously shown high coverage of chlorine on graphene, 

suggesting the possibility of creating heavily doped graphene devices 
that exhibit high performance. However, direct light illumination in 
the presence of Cl2 can induce an insulating state25 or morphologi-
cal corrugations24, which limit charge-carrier mobility, and the high 
momentum of chlorine radicals in the plasma treatment of gra-
phene can create defects unless the plasma power is carefully regu-
lated22,26 or a metal grid23,27 is applied to decelerate their momentum. 
Furthermore, the required simultaneous use of a photoresist process 
to generate doped patterns could impair the chemical binding state 
of dopants. It also makes the approach unsuitable for applications 
that require rewritable patterns.

In this Article, we report a tunable and reversible graphene dop-
ing method that is based on laser-assisted chlorination. The chlo-
rination and chlorine removal of graphene is controlled using two 
separate laser processes with different photon energies and geomet-
ric configurations. Due to the saturable and non-invasive character-
istics of doping via chlorination, the method can induce high doping 
densities for device implementation, as well as offering reversibility 
and spatial selectivity. We show that our approach can create dop-
ing concentrations of at least 3 × 1013 cm−2 in monolayer graphene at 
room temperature and causing a minimal mobility decrease (from 
4,698 cm2 V−1 s−1 in the pristine state to 2,551 cm2 V−1 s−1 in the 
highest-doped state). Subsequent non-invasive chlorine desorption 
by photothermal laser annealing allows highly doped patterns to be 
written in graphene. To illustrate the capabilities of this approach, 
we use it to create rewritable photoactive pixels for graphene 
photodetectors.

Electrical performance of chlorinated graphene
The experimental scheme for laser-assisted chlorination is illus-
trated in Fig. 1a. We utilized an ultraviolet (UV) nanosecond laser 
beam (wavelength λ = 213 nm (5.8 eV)), which is aligned parallel to 
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the sample surface under flowing Cl2 gas. The Cl2 molecules can 
be photochemically dissociated by the focused UV pulsed laser, 
and the generated Cl radicals diffuse to graphene. First, we used 
a graphene field-effect transistor (FET) to explicitly determine the 
carrier density and mobility induced by laser-assisted chlorina-
tion. The device was prepared based on mechanically exfoliated 
monolayer graphene on 20-nm-thick high-κ (dielectric constant 
κ ≈ 20) HfO2 grown on a Si wafer to access an ultrahigh-doped state, 
whereas a conventional SiO2 dielectric layer has limited access to the 
doping concentration (~6 × 1012 cm−2) set by dielectric breakdown 
(Supplementary Fig. 1). We performed four-terminal measurements 
under a high vacuum (<10−6 torr) at room temperature. As the dop-
ing time increased, its charge-neutrality point, VCNP, monotonically 
shifted to +5.6 V, indicating an ultrahigh p-type doping concentra-
tion (p > 3 × 1013 cm−2). Meanwhile, hole mobility (µH) decreased 
moderately from 4,698 cm2 V−1 s−1 (pristine) to 2,551 cm2 V−1 s−1 
(doped state at ~3 × 1013 cm−2), which was attributed to increased 
carrier scattering (Fig. 1b, c). We note that the measurement of a 
higher doping concentration beyond this point was limited by the 
dielectric breakdown of the HfO2 layer, and therefore, the presented 
doping density is a lower-bound limit. Despite the constraint, our 
result showed a higher doping concentration and charge-carrier 
mobility than liquid ionic gating28, xenon-lamp-induced Cl dop-
ing25 and Cl plasma treatment22, whereas in the high-doping-density 
regime, it presented charge mobility closer to the theoretical limit 
imposed by phonon scattering (Supplementary Note 2)29 compared 

with other state-of-the-art doping methods, including lithium-ion 
intercalation13 and electrolyte gating14 (Fig. 1d).

Raman and XPS analyses of chlorinated graphene
The presented high carrier density with high mobility implies that 
the laser-assisted chlorination process takes full advantage of the 
non-invasive bonding characteristics of chlorinated graphene. To 
understand the chemical trend in doping, we carried out Raman 
and X-ray photoelectron spectroscopy (XPS) analyses based on 
mechanically exfoliated monolayer graphene on a SiO2 (300 nm)/
Si wafer (Fig. 2). Raman spectra near the G and 2D peaks (Fig. 2a) 
showed that both peaks blueshifted from 1,584 and 2,678 cm−1 to 
1,600 and 2,689 cm−1, respectively, whereas the I2D/IG intensity 
ratio decreased from 2.8 to 1.0, indicating a strong p-type doping 
effect30,31 (Fig. 2a,b). Additionally, no sign of defects (for example, 
D peak (~1,350 cm−1)) was observed (Supplementary Fig. 4 shows 
the full spectra). As described in Fig. 2b, the changes in the Raman 
spectra showed a monotonic shift and saturation after 5 min. We 
note that this trend contrasts with previous reports on chlorina-
tion by plasma treatment, wherein an excessive processing time 
decreased the doping density22. We attribute this difference to the 
low momentum energy of Cl radicals generated by the laser, due to 
the short mean free path of Cl atoms (~100 nm in the limit of the 
ideal gas approximation at 400 torr (ref. 32)), as well as the absence 
of an external driving force such as an electric field. The UV nano-
second laser in the parallel direction can excite the Cl2 electronic 
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energy state (ground state (1Σg)→excited state (1Πu)) and break Cl2 
bonding33,34 without affecting the surface. The generated Cl radicals 
diffuse to the graphene surface and experience substantial momen-
tum reduction.

XPS analysis also revealed clear evidence of the high coverage 
of chlorine without structural damage (Fig. 2c). We utilized chemi-
cal vapour deposition (CVD)-grown graphene for XPS analysis to 
accommodate relatively large X-ray focal spots (~100 μm). As pre-
sented in the C1s XPS spectra of pristine graphene, a narrow asym-
metric shape was clearly observed, representing graphene’s sp2 C–C 
bonding peak (at 284.5 eV)35,36. Meanwhile, the contributions of the 
oxidized carbon bonding and sp3 C–C bonding at 285.2 eV (~10% 
area) cannot be ignored due to the intrinsic defects of CVD gra-
phene. After the chlorination process, C–Cl (286.2 eV) and C–Cl2 
(288.3 eV) bonding states were evident, which overlapped with the 
C–O and C=O peaks, respectively36, and a portion of the sp3 C–C 
bonding was maintained. In addition, the Cl2p peak was observed 
after doping, evidencing the introduction of chlorine. The C–Cl 
elemental ratio was estimated to be 43.5% based on the intensity of 
the C and Cl peaks, which is close to the values achieved by plasma 
treatment22,26 (Supplementary Note 7). However, we note that the 
observed high Cl coverage ratio in graphene deviates from the 
theoretical prediction based on free-standing graphene18: a maxi-
mum of 12.5% Cl coverage ratio was predicted as stable stoichiom-
etry in chlorinated graphene when it forms ionic bonding by the 
charge transfer complex. A higher coverage ratio exceeding this 
value would result in a weaker non-invasive bonding state, termed 
‘non-bonding’, where Cl probably escapes from graphene by form-
ing Cl2 molecules due to the weak interaction between Cl and gra-
phene. Meanwhile, a recent experimental study on the chlorination 
of graphene by plasma doping suggested a potential substrate effect 
by showing changes in the maximum Cl coverage ratio depending 
on the type of substrate (dielectric or metal)26. This result implies 
that the substrate may affect the Cl–graphene interaction, which 
induced the observed unexpectedly high Cl coverage ratio.

Based on the suggested Cl-binding mechanisms, we obtained 
the theoretically estimated doping concentration in graphene. 
The charge transfer rate between Cl and graphene is small in the 
case of a non-bonding state (0.03 hole per single Cl) due to the 
weak interaction18. Considering the carbon density of graphene 
(3.82 × 1015 cm−2), in the case of the C2Cl ratio, charge density p 
can be as high as 5.73 × 1013 cm−2, despite the small charge trans-
fer rate. In the case of ionic bonding (charge transfer complex), 

which can induce 12.5% of the maximum Cl coverage ratio (C8Cl), 
the charge transfer rate is 0.27 hole per Cl (ref. 18), which can result 
in p = 1.27 × 1014 cm−2. Thus, we expect that the combination of 
non-bonding and ionic bonding states of Cl can readily induce the 
experimentally observed high doping concentration.

Site-selective chlorine removal process
The Cl dopant can be reversibly removed by a photothermal 
process. We introduced a continuous-wave (CW) green laser 
(λ = 532 nm (2.3 eV)) in the normal direction with a focal size of 
2 μm (1/e2) (Fig. 3a). After Cl removal by laser irradiation (25 mW 
and 1 min), the G and 2D Raman peaks downshifted to 1,588 and 
2,677 cm−1, respectively, and the I2D/IG intensity ratio was restored 
to 2.5 without D-peak generation, similar to the pristine graphene 
state, whereas we observed Raman G-peak splitting due to local 
doping variation (Supplementary Note 9). By a subsequent rechlo-
rination process, the hole-doped state was uniformly restored over 
the entire graphene sheet (Fig. 3b). Based on this procedure, arbi-
trary doped patterns can be reversibly formed without defects (Fig. 
3f). To elucidate the effect of the CW green laser in the Cl removal 
process, we carried out heat transfer simulation and Kelvin probe 
force microscopy (KPFM) mapping. KPFM mapping was per-
formed to resolve the spatial distribution of changes in the chemical 
potential of graphene due to the removal of Cl beyond the optical 
diffraction limit of Raman probing. From the simulated tempera-
ture profile (Fig. 3c), the full-width at half-maximum of the devel-
oped steady-state temperature profile on graphene was estimated 
to be ~1.2 μm. Meanwhile, the KPFM images obtained from the 
Cl–-removed spot (Fig. 3d) showed a wider distribution (~1.7 μm, 
at 25 mW for 1 min), as depicted by plotting the line profile overlaid 
on the temperature distribution induced by the laser (Fig. 3e). This 
trend suggests that the laser-induced Cl desorption was dominated 
by thermal processes. Photochemical routes typically tend to gener-
ate features smaller than the size of the Gaussian-profile laser-beam 
focal spot34,37.

Demonstration of rewritable photoactive junctions
Such rewritable and highly doped patterns in graphene can dem-
onstrate the writing and erasure of photoactive junctions in 
graphene-based photodetectors (Fig. 4a). We utilized a hexagonal 
boron nitride (hBN)/SiO2 (300 nm) dielectric layer and applied the 
chlorination condition for a large doping concentration (~1013 cm−2) 
(Supplementary Note 14). In photocurrent mapping, a CW laser 
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beam (532 nm) with a 1 µm (1/e2) spot size at 100 μW power was 
raster scanned and the source–drain current (Iph) was collected at 
zero source–drain voltage (Vsd) and grounded gate voltage (Vg). 
The positive current indicates the excited hole moving towards the 

source. As shown in Fig. 4b(i), pristine graphene showed a sub-
stantial photocurrent at the metal/graphene junctions in opposite 
polarities due to the built-in potential developed by Fermi-level 
pinning38. Furthermore, an irregular photocurrent appears at the 
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graphene channel area, attributed to the local electron–hole pud-
dle. After the chlorination process (Fig. 4b(ii)), the photocurrent in 
the channel area was eliminated as the high doping concentration 
overwhelmed any non-uniform doping fluctuation in graphene. 
Additionally, the distance between the photocurrent peaks that 
appeared at the two opposite metal/graphene junctions of the chlo-
rinated device increased to 7.1 µm, whereas in its pristine state, this 
was 5.8 µm (Fig. 4c). The high doping concentration caused sharp 
band bending near the electrodes, and the peak position of the pho-
tocurrent shifted towards the metal38,39. After local Cl removal at 
the centre of the channel area, the photocurrent clearly appeared 
in a symmetric distribution of opposite polarities (Fig. 4b(iii)). The 
formation of p–p−–p junctions in the graphene channel resulted in 
opposite band bending (Fig. 4d(iii)).

We attribute the observed photocurrent in the channel area to the 
photothermoelectric (PTE) effect, which originates from the local 
non-uniformity in the Seebeck coefficient modulated by the gradi-
ent of the density of states, represented by the Mott formula9,40. It 
has been reported that the PTE effect at graphene unipolar junctions 
(that is, p–p− or n–n− junctions) imposes photocurrent directions 
opposite to the photovoltaic (PV) effect9, where the excited charges 
are drifted by the built-in chemical potential. Considering the chem-
ical potentials developed in p–p––p junctions (Fig. 4d), if the PV 
effect dominates the photocurrent, the photocurrent should flow in 
opposite directions to our experimental results, implying that the 
observed photocurrent at doped junctions is driven by the PTE 
effect. Moreover, the calculated ratio (IPTE/IPV ≈ 5) between the PTE 
(IPTE)- and PV (IPV)-induced currents41,42 at our p–p− junction also 
indicated that the PTE effect was dominant across the overall signal 
(Supplementary Note 15). On the other hand, at the metal/graphene 
junction, the photocurrent mechanism cannot be solely differenti-
ated by its flow direction, as the photocurrents by both PV and PTE 
effects have the same direction43,44 (Supplementary Note 16).

Next, the rechlorination process can reversibly erase the photo-
current junction formed at the channel area, and the photodetector 
is ready for the generation of a new photoactive pixel (Fig. 4b(iv)). 
The line profiles of the photocurrent maps show identical shapes 
in the chlorinated and rechlorinated states of the photodetector  
(Fig. 4c). Thus, this result shows that the developed laser-assisted 
reversible chlorination mechanism enables rewritable photoactive 
pixels in graphene photodetectors.

Conclusions
We have reported the reversible doping of graphene using 
laser-assisted surface functionalization by chlorine. A UV nano-
second laser in the parallel direction is used to achieve saturable 
ultrahigh-doping concentrations (a lower bound of 3 × 1013 cm−2) 
and creating a minimal drop in the carrier mobility (from 
4,698 cm2 V−1 s−1 in the pristine state to 2,551 cm2 V−1 s−1 in the 
highest-doped state). A CW green laser in the normal direction can 
be subsequently used to induce local chlorine removal, allowing 
highly doped patterns to be written and erased. Raman and XPS 
measurements showed that the chlorination and chlorine removal 
processes do not result in structural damage to the graphene. 
Furthermore, we used this method to create rewritable photoactive 
pixels in a graphene photodetector.

Our approach is distinct from previously reported laser-assisted 
chemical processing techniques for 2D van der Waals materi-
als, which rely on the direct illumination of a single laser beam 
at the doping source45,46 and induce unintentional chemical reac-
tions that can degrade mobility and limit the doping concentration 
(Supplementary Note 18). Our two-laser-beam-assisted surface 
functionalization approach could allow various dopant elements to 
be incorporated into 2D van der Waals materials and thus the writ-
ing of local electronic functionalities for multiple optoelectronic 
applications.

Methods
Preparation of monolayer graphene !akes. We utilized both mechanically 
exfoliated and CVD-grown graphene monolayers. !e exfoliated graphene was 
used for Raman analysis, KPFM and FET device fabrication, whereas CVD 
graphene was employed for XPS analysis.

Chlorination and Cl removal processes. The as-prepared graphene monolayer 
was placed in a laser chemical processing chamber equipped with quartz windows 
for access to laser beams from various geometric configurations. Here 1% Cl2 was 
diluted in He flows at 50 s.c.c.m. at controlled pressure (400 torr). The parallel 
irradiated UV nanosecond laser beam (4 mJ; λ = 213 nm (5.8 eV); pulse width, 
~16 ns; 11 Hz repetition rate) was focused at 500 μm above the graphene surface 
through a spherical lens (f ≈ 100 mm). For the Cl removal process, a CW laser 
(λ = 532 nm (2.3 eV)) was focused by an objective lens (numerical aperture, 0.55) 
on graphene under ambient conditions.

Raman, KPFM and XPS characterizations. Graphene samples for Raman, KPFM 
and XPS characterizations were prepared on SiO2 (300 nm)/Si wafers. A Raman 
spectroscopy system equipped with a 532 nm excitation laser beam source at 
0.5 mW and 1,800 lines per mm grating (Renishaw) was utilized. KPFM mapping 
was conducted by an atomic force microscopy system (VistaScope, Molecular 
Vista), and Supplementary Note 13 provides details of the electrical setup. XPS 
analysis was performed using a PHI 5600 XPS apparatus.

Heat transfer analysis. Supplementary Note 12 provides the details.

Device fabrication and measurement. The mechanically exfoliated graphene 
monolayer was dry transferred onto HfO2/Si. Using electron-beam lithography, 
the shape and dimensions of graphene and palladium electrodes were defined, 
followed by oxygen-plasma etching and lift-off processes, respectively. All the FET 
device characterizations were performed with four-terminal measurements at a 
high vacuum (3 × 10−8 torr) and room temperature. Supplementary Note 3 provides 
details of the fitting of the electrical transport curve.

Photocurrent measurement. The photocurrent device was prepared by the same 
procedure used for FET device fabrication, except for the use of ~20 nm hBN flake 
and SiO2 (300 nm)/Si wafer. A CW 532 nm laser was mechanically chopped at 
730 Hz. The source–drain voltage was zero, and the back gate was grounded. The 
generated photocurrent was filtered at 730 Hz using a lock-in amplifier.

Data availability
The data supporting the plots within this paper are available via Zenodo at https://
doi.org/10.5281/zenodo.6655757.
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