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ABSTRACT: Controlling the type and density of charge
carriers in graphene is vital for a wide range of applications of
this material in electronics and optoelectronics. To date,
chemical doping and electrostatic gating have served as the
two most established means to manipulate the carrier density
in graphene. Although highly eﬀective, these two approaches
require sophisticated graphene growth or complex device
fabrication processes to achieve both the desired nature and
the doping densities with generally limited dynamic tunability
and spatial control. Here, we report a convenient and tunable
optical approach to tune the steady-state carrier density and
Fermi energy in graphene by photochemically controlling the concentration of adsorbed molecular O2, a p-dopant in graphene,
using femtosecond pulsed laser irradiation in the UV range. As an all-optical approach, it allows spatial control over doping levels.
Combined terahertz (THz) spectroscopy and electrical device measurements reveal that the Fermi level in laser-illuminated
graphene can be controllably and reversibly tuned between p- and n-type in a large range (over ∼600 meV from −420 to +180
meV) by readily tuning the peak intensity and the duration of the laser irradiation treatment. Furthermore, we demonstrate that
our photochemical approach for doping of graphene allows one to optically write doping structure with spatial control. Given the
ease, eﬀectiveness, and simplicity of the method, this photochemical doping mechanism oﬀers a simple, reversible approach to
control the steady-state electronic and optical properties of graphene.
strongly tuned by doping,17,18 enabling new optical technologies, such as ultrafast and highly sensitive photodetectors,4,13,19−21 surface plasmons,22−25 terahertz modulators,26−28
etc. In this respect, for developing high-performance electrical
and optoelectronic devices based on graphene, a primary
requirement is to manipulate the nature and degree of doping
of the graphene in an eﬃcient, simple, controllable, and
reversible manner.
Current prevailing approaches to achieve tuning of the Fermi
level position and corresponding carrier densities in graphene
include (i) chemical doping, either by heteroatom substitutions
in graphene29−36 or via the adsorption of molecular adsorbates
onto graphene,37−40 and (ii) external gating.5,7 Regarding (i),
the chemical doping process by replacing a single carbon to
nitrogen or boron atom has been realized by adding precursor
gases during the graphene growth process by the chemical

1. INTRODUCTION
Graphene, a single-layer sp2-hybridized carbon allotrope, has
been considered as an attractive material for electrical1,2 and
optical applications3,4 since the ﬁrst reports in 2004.5 With an
extremely high dc charge carrier mobility6,7 and a large optical
transmittance across a wide range of the electromagnetic
spectrum,8,9 it is very promising for applications including, for
instance, high-frequency communications devices,10 transparent
electrodes,11,12 and ultrabroadband photodetectors.13 Both the
electronic and the optical properties of graphene depend
strongly on the charge carrier density and hence the precise
position of the Fermi level. Undoped graphene with the Fermi
level at the Dirac point behaves as a semiconductor or a
semimetal with a low density of states at the Fermi surface. On
the other hand, shifting the Fermi level away from the Dirac
point leads to a “metallic” behavior with a high carrier density
of either holes or electrons and a resulting increase of the
conductance.14−16 Additionally, along with a change of the
carrier density and corresponding electronic transport properties, the interband and intraband optical absorption can be
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Received: January 12, 2017
Revised: January 20, 2017
Published: January 20, 2017
4083

DOI: 10.1021/acs.jpcc.7b00347
J. Phys. Chem. C 2017, 121, 4083−4091

Article

The Journal of Physical Chemistry C

Figure 1. (A) Scheme of the optical pump THz probe (OPTP) spectroscopy on graphene supported by fused silica (no electrode, no backgate,
device type I). (B) OPTP carrier dynamics evolution in graphene (sample A) as a function of pulsed laser irradiation treatment time. Sample is
measured under N2 purging by a 400 nm excitation with a ﬁxed ﬂuence of 2 μJ/cm2. (C) Peak magnitude of the photoinduced THz change (−ΔE/E
≈ 0.5 ps after the excitation pulse) over time under laser irradiation treatment. Graphene clearly evolves from having p-doping (red shaded area) to
n-doping (green shaded area). (D) Peak magnitude of the photoinduced THz change (−ΔE/E) over air exposure time after blocking the laser pump
reveals that the doping change is completely reversible.

vapor deposition (CVD) method30,35,36 and proven eﬀective to
control the carrier density.30,33,35,36,41 One important drawback
of such substitutional doping is that it does not allow for
dynamic control over the Fermi energy, and introduction of
lattice imperfections or defects in the lattice can increase the
carrier scattering rate and correspondingly reduce the carrier
mobility.35,41 Additionally, chemical doping by adsorption of
molecular adsorbates onto graphene has also been widely
employed.37−40,42,43 The success of such doping relies on the
charge transfer process taking place at the adsorbate/graphene
interface. The Brus group demonstrated that physical
adsorption of halogen38,39 and oxygen37,42 molecules onto
graphene results in hole doping, and the degree of doping can
be controlled by the surfaces coverage of the molecules yet only
over a limited range of Fermi energies.37−39,42,43 Furthermore, a
tunable Fermi level is obtained using (ii) external gating
electrostatically5 or electrochemically.14,15,44 These gating
methods, although highly successful, require sophisticated
nanofabrication techniques to create a doping structure with
high spatial resolution and low-noise electrical inputs.
Very recently, a few reports have demonstrated optical gating
by controlling the type and density of the charge carriers in
graphene via photoinduced charge transfer between the graphene
and an adjacent material (adsorbates or substrates).45−51 As an
approach that combines the advantages of simple fabrication
with doping reversibility, such optical gating can provide major
advantages over conventional doping methods. For example, in
contrast to doping by other atom species it does not necessarily
induce defects that act as scattering centers, thus potentially

preserving the high mobility of the charge carriers in
graphene.48,50,51 Moreover, this method can provide a control
of the doping proﬁle in space by focusing a laser beam on
graphene and moving the focus on a selected path.49,51
However, the photoinduced graphene−substrate charge transfer eﬀect critically depends on the nature of the substrate and
has been reported on only a limited number of materials
(BN49−51 and TiO248) so far. Additionally, the operation of the
device requires also a backgate. Alternatively, controlling the
doping in graphene can be also achieved photochemically via a
photoinduced desorption of molecular adsorbates using UV light
treatment.52−54 For instance, the photoinduced O2 desorption
has been reported to oﬀer an easy route to control the
adsorbate concentration and thus the doping densities, as
adsorbed O2 is a p-dopant for graphene.37,54−57 A major
advantage of this eﬀect is that it does not require a backgate and
does not put any constraints on the substrate. However, in
most cases the reported photoinduced O2 desorption results in
a rather moderate range of Fermi level tuning and is often
limited to only one type of carrier (i.e., only p-doping).37,54
Thus, there is a clear need for a ﬂexible and reversible doping
method that allows for accessing doping levels in both the nand the p-doped regimes.
Here we demonstrate a backgate-free method that allows us
to optically control the Fermi level in graphene in a wide range
(up to ∼600 meV, across the Dirac point) with spatial control.
Our strategy is based on employing nitrogen atoms to induce a
ﬁxed electron n-doping level in graphene, while dynamically
controlling the amount of molecular oxygen (p-dopant)
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like” characteristic: after photoexcitation with moderate
ﬂuence,16 the photogenerated hot carriers heat up the carriers
at the Fermi surface, thereby reducing the intraband
conductivity, i.e., leading to photoinduced THz transparency.14−16 On the other hand, graphene with the Fermi level
situated at the Dirac point behaves “semiconductor-like” and
exhibits positive photoconductivity (i.e., photoinduced THz
absorption).14−16 Therefore, the magnitude and sign of the
OPTP photoinduced THz conductivity in graphene directly
reﬂect the doping level in graphene.
2.3. Device Characterization. For electrical transport
measurements, the graphene samples are transferred onto Si/
SiO2 (device type II). We sputtered contact pads on graphene
with a shadow mask (Pt/Au 5 nm/100 nm) with a distance of
approximately 600 μm between them. The contact pads were
then contacted with silver paste in two-point conﬁguration.

adsorbed on the graphene surface by pulsed UV laser
irradiation treatment. By balancing these two doping eﬀects,
the overall doping level in graphene can be readily tuned over a
wide energy range (up to ∼600 meV), from a strong p-type
doping (−420 meV) in air to the intrinsic, n-type regime (+180
meV) for nitrogen-doped graphene, i.e., the doping level can be
controlled across the Dirac point. Additionally, the doping level
in graphene can be dynamically and reversibly controlled by
tuning the partial pressure of O2 and the ﬂuence of the UV laser
irradiation. Finally, we demonstrate that we can further exploit
this method to eﬀectively gate graphene devices with spatial
control. By focusing UV laser light on selected areas in a
graphene device, we can “write” a local n-doping proﬁle and
thus optically construct a lateral p−n junction. Our results not
only provide physical insights into the photochemical doping
eﬀect in graphene but also establish a reversible, convenient,
and controllable method to tune the doping level and
potentially spatial proﬁles in graphene devices, which paves
the way for novel optoelectronic applications based on
graphene.

3. RESULTS AND DISCUSSION
3.1. Monitoring the Photochemical Doping Eﬀect in
Graphene Using THz Spectroscopy. We start by monitoring the evolution of the graphene THz photoconductivity as a
function of pump−probe delay time after excitation with a
short (∼50 fs) pump pulse of 400 nm light. We then keep
repeating these pump−probe scans continuously over 8 h in a
N2-purged atmosphere with a stable O2 partial pressure of 4.5
± 0.3% (compared to 20.8% in air). In Figure 1B, we show the
ultrafast carrier dynamics at several times (laboratory time)
after initiating irradiation. Initially, the photoconductivity is
negative, turning positive after approximately 10 min and
negative once more after several hours. Figure 1C summarizes
the peak values of these dynamics as a function of
photochemical treatment duration. The dynamics can be
divided into three regimes: starting with an initial negative
sign, we observe a reduction of the signal magnitude and then a
sign change from negative to positive. Remarkably, the positive
photoconductivity signal peaks after around 1 h to subsequently
decrease again with further laser exposure time, and it ﬁnally
switches back to the negative side after 3 h of laser irradiation.
In this state the dynamics are saturated and stable for over ∼5 h
of measurement time. We further investigate the stability of the
photoconductivity by exposing the sample to air (O 2
concentration 20.8%) while terminating optical excitation.
The photoconductivity measurement is used to track the
dynamics in a given time. In order to minimize the eﬀect of
optical excitation during the measurements, we only monitor
the maximum change of the photoconductivity peak value
within a short laser excitation period of less than 10 s at any
given time of interest. As demonstrated in Figure 1D, we ﬁnd
that the photoconductivity in graphene is completely reversible
by exposing graphene to air after terminating the laser
irradiation treatment. In the case of terminating the optical
excitation while keeping the O2 concentration at 4.5 ± 0.3%,
the photoconductivity is partially reversible (see Figure S2(A)
in SI). Additionally, we conducted the same measurements in
vacuum as a control measurement. In vacuum, the sign change
of the photoconductivity is also observed twice, however, with a
slightly larger photoconductivity after saturation (discussed in
more detail in section 3.3). By terminating the laser irradiation
treatment and keeping the sample in vacuum, we ﬁnd that the
doping level remains constant; the photoconductivity does not
show any reversal for up to 12 h (see Figure S2(B) for sample
G and Figure S3(A) for sample C). In contrast, when the
sample is exposed to air while blocking the excitation beam, we

2. EXPERIMENTAL SECTION
2.1. Sample Information. The samples used in this study
are nitrogen-doped graphene (N-graphene) fabricated by CVD,
and details are described in refs 36 and 58. To conﬁrm the
nitrogen doping, Raman spectroscopy was employed. As shown
in Figure S1 (see Supporting Information (SI)), with the
introduction of nitrogen atoms into the graphene, an additional
resonance, the so-called “D-band” at ∼1362 cm−1, is observed.
For quantifying the doping concentration, we further
characterized the 3 samples used in this work by X-ray
photoelectron spectroscopy (XPS) measurements, and the
nitrogen doping concentration was determined to be ∼2.5%
(data not shown). While the intrinsic N-doping is expected to
result in n-type graphene,41 the adsorption of oxygen gives rise
to overall p-type doping with Ef ≈ 420 meV below the Dirac
point as inferred from electrical transport measurements (see
section 3.2).
2.2. Studying Carrier Dynamics and Doping Level in
Graphene Using Optical−Pump Terahertz (THz) Probe
(OPTP) Spectroscopy. In order to simultaneously monitor
the doping level in graphene, we ﬁrst employ contact-free
optical−pump terahertz (THz) probe (OPTP) spectroscopy.14−16,59−63 For the OPTP study, the graphene samples are
transferred onto fused silica substrate (device type I). The
measurements are conducted either in vacuum (<1.4 × 10−4
mbar) or in a dry N2-purged environment inside a measurement chamber with control over the O2 partial pressure
between 4.5 ± 0.3% and 20.8% (in air) by tuning the ﬂux of N2
ﬂow. The measurement and sample geometry (type I) are
sketched in Figure 1A. After photoexcitation by a 400 nm laser
pulse with ∼50 fs duration and 500 Hz repetition rate, the
photoinduced THz conductivity is monitored as a function of
the delay time between the optical pump and the THz probe
pulses. The optical pump has a 2-fold role: on the one hand, it
provides the photochemical treatment, and on the other hand,
it serves as the pump to excite photocarriers in graphene. The
THz probe pulse is sensitive to these photocarriers in such a
way that we can extract information on the steady-state carrier
density. Indeed, several groups have recently shown that the
doping level in graphene has a major impact on the
photoinduced THz conductivity.14−16,62,64 For heavily doped
graphene, regardless of doping type, graphene shows a “metal4085
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Figure 2. (A) Device (type II) geometry for monitoring the resistance change under laser irradiation treatment with the graphene layer indicated in
black. (B) Photochemical doping eﬀect in graphene (sample B) on the resistance by 400 nm pulsed laser irradiation treatment. In the period of time
labeled in the gray area, the laser is intentionally blocked to monitor the corresponding resistance response. (C) Resistance (and/or doping)
relaxation after stopping the laser irradiation treatment and exposing the graphene device to air. (D and E) Backgate (BG) measurements during
photochemical doping and air exposure processes.

observe a complete recovery of the photoconductivity in
graphene to the initial doping level as shown Figure S3(B): a
trend that is comparable to what is observed in Figure 1D.
At ﬁrst glance, a trivial and plausible explanation for the
altering of the THz conductivity sign might be attributed to the
photothermal eﬀect, by which the Fermi energy could be
gradually shifted up, either by heating up the sample or by
thermally kicking out O2 via laser illumination. However, the
control measurements as discussed previously reveal a stable
doping in vacuum over at least 12 h and doping switching back
to initial state under ambient conditions in tens of minutes.
These observations directly rule out the photothermal model
and indicate a distinct chemical origin of the phenomenon.
Here we can rationalize the change of the sign of the
photoconductivity and its stability and reversibility in various
controlled environments in the following manner: the chemical
nitrogen dopants giving rise to n-doping are invariant to laser
irradiation. The adsorption of molecular O2 introduces pdoping in graphene,37,54 and this eﬀect dominates under
ambient conditions so that, at the start of our experiment, the
graphene used in this study is p-doped. The initial p-doped
sample (“metallic phase” marked as gradient red in Figure 1C)
displays a negative photoconductivity (or “photoinduced THz
transparency”) due to the pump-induced conductivity reduction in the graphene originating from carrier heating.14−16,62,63
Upon 400 nm pulsed laser illumination, molecularly adsorbed
O2 is removed from the surface,54 and accordingly, the Fermi
level of the graphene sample gradually shifts toward the charge
neutrality point. As the Fermi level reaches the vicinity of the
Dirac point,14−16 the sample shows “semiconductor-like”
characteristics, with positive photoconductivity. A further
photoinduced decrease of the levels of adsorbed oxygen results
in the doping of graphene reaching its intrinsic doping status:
an n-type nature for the N-graphene used in this study. This
leads again to a “metallic-like” phase and thus negative

photoconductivity (the gradient green area in Figure
1C).14−16 It is worth commenting that as demonstrated in ref
54, although the detailed mechanism is unclear, hot carriers are
proposed to be responsible for the photoinduced desorption of
oxygen. In agreement with this proposition, we observe that for
excitation using 800 nm light, for which the hot carrier excess
energy is reduced, photodesorption still occurs but with lower
probability (see Figure S4 in SI).
In order to shed light on the transport properties (carrier
density, carrier scattering time, etc.) in graphene, we conducted
THz domain spectroscopy in order to measure the THz
conductivity spectra of graphene at the initial (p-doping) and
the ﬁnal n-doping regime. From the measured spectra the
scattering time and the Fermi level can be inferred. The details
of the principles are discussed in the SI, and data summary is
shown in Figure S5 in SI. In short, we ﬁnd that in the ﬁnal ndoped regime the graphene conductivity can be well modeled
by the Drude model with a scattering time of ∼20 fs and Fermi
energy ≈ 150 ± 75 meV. These numbers are consistent with
the results of the electrical transport measurement (discussed in
section 3.2), in which the ﬁnal Fermi level is independently
quantiﬁed to be ∼180 meV. For the initial doping, the strong pdoping results in a substantially enhanced scattering, the rate of
which is too fast to be reliably determined from the
conductivity obtained within the THz window of our
experiment. To summarize, the THz domain spectroscopy
data are fully consistent with OPTP dynamics and electrical
transport results (Ef ≈ 420 meV below the Dirac point for the
initial p-doped graphene) that we will discuss in the next
section.
3.2. Conﬁrming the Photochemical Doping Eﬀect by
Electrical Transport Measurements. To conﬁrm the
photochemical control of the doping level and type in
graphene, we characterized electrical transport in graphene
devices (device “type II”, sketched in Figure 2A) during
4086
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Figure 3. (A) OPTP carrier dynamics in graphene (sample C) in 3 typical atmospheres (O2 partial pressure). (B) Peak value of OPTP dynamics at
diﬀerent O2 partial pressure. (C) Schematic demonstration of oxygen desorption and (re)adsorption equilibrium upon laser pulse excitation. (D)
Carrier dynamics in graphene (sample D) after diﬀerent irradiation treatments under 4.5% O2 partial pressure. All dynamics are recorded with a
pump ﬂuence of 2 μJ/cm2 immediately after optical treatments. (Inset) Peak values of the dynamics. (E) Doping relaxation processes from the
illumination condition ﬂuence from 40 to 2 μJ/cm2 monitored by OPTP. Sample has been treated with 40 μJ/cm2 ﬁrst to reach the doping
saturation. Then the pump ﬂuence is changed to 2 μJ/cm2 to monitor the OPTP dynamics evolution over time. The measurement is conducted
under 4.5% O2 partial pressure.

vacuum atmosphere over 12 h as shown in Figure S7. Laser
pulse irradiation treatment is therefore essential to induce a
change in the doping level in graphene. Indeed, as we turn on
the laser (ﬁrst with a ﬂuence of 2 μJ/cm2 and then gradually up
to 20 μJ/cm2) and continue N2 purging during the measurement, as shown in Figure 2B, we ﬁrst observe an increase of the
two-point resistance until the Fermi level is at the Dirac point
and then a drop after ∼60 min, in line with the photochemical
doping from p-doping to the Dirac point (at which the
resistance is highest) and then further to n-doping. Remarkably,
as shown in Figure 2C after blocking the pump laser, the
change of the resistance is completely reversed by exposing the
sample to air, consistent with OPTP results in Figure 1. The
change of doping type by photochemical treatment is further

photochemical treatment. First, we track the resistance change
induced by pulsed laser treatment with N2 purging (O2 partial
pressure 4.5 ± 0.3%), as schematically shown in Figure 2A.
Before the laser irradiation treatment, the resistance of
graphene in air is constant over time. Upon N2 purging, we
observe a small increase (about 1% relative change) and
saturation of resistance within ∼25 min (see SI Figure S6). This
observation is consistent with the Fermi level shifting toward
the Dirac point, which we attribute to small amounts of O2
desorption during N2 purging, but is negligible compared to the
resistance change induced by photochemical treatment (>360%
relative change). In line with the observation of little eﬀect of
N2 purging treatments on doping level in graphene, we
observed a nearly constant THz conductivity in N2 purging or
4087
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Figure 4. (A) Spatial doping proﬁle control by photochemical treatment via focusing laser light on only one electrode (in contrast to illuminating
both source and drain electrode as shown in Figure 2A). (B) Backgate measurements (sample E) after 1 h pulsed 400 nm laser treatment with a
ﬂuence of 2 and 20 μJ/cm2.

observation is consistent with the reported reduced electron
mobility in graphene upon O2 adsorption55,67 which can serve
as a scattering channel along with other possible scattering
events such as defects, grain boundaries, etc., and also
consistent with the increase in the scattering rate observed in
the terahertz measurements (see section 3.1).
3.3. Controlling the Doping Level in Graphene by the
Photochemical Doping Eﬀect. The photochemical doping
eﬀect shown in this study can, in principle, be used in graphene
devices to control the doping density during sample and device
fabrication. One particularly relevant question for employing
this doping approach in graphene devices is the following: can
we eﬀectively tune the doping level in graphene in a
controllable and convenient manner? Given the scenario
presented above, there are essentially two ways to control the
steady-state doping level: by changing the partial pressure of
oxygen and/or by changing the UV photon ﬂux. Indeed, as
shown experimentally for a given laser ﬂuence, the ﬁnal
achievable doping level depends critically on the gas
composition. The oxygen partial pressure can be controlled
by the degree of vacuum or the ﬂux of N2 purging during
measurements. As visible in Figure 3A, for the same N-doped
graphene sample both the doping saturation rate and the
photoinduced THz conductivity in the saturation regime follow
a trend: in vacuum > in N2-purged chamber (4.5 ± 0.3% O2) >
in air (20.8% O2). In Figure 3B, we show the peak value of the
photoinduced THz conductivity after the photochemical
treatments at selected values of the O2 partial pressure: the
lower the O2 partial pressure, the higher the THz photoconductivity of the sample in the saturated regime and
therefore a more n-doped status of the sample can be reached.
This observation demonstrates that the subtle equilibrium
between O2 adsorption (controlled by the available O2 in the
environment) and desorption (controlled by laser pulse
ﬂuence) determines the adsorbed O2 concentration and thus
the overall doping level in graphene, as schematically shown in
Figure 3C. It is worth commenting that with the reduction of
the O2 partial pressure by tuning the N2 ﬂux or vacuum in our
study the humidity of the environment correspondingly
decreases. In a previous study from the Brus group, the role
of chemical adsorption of water, O2 molecules, and the
combination of both on graphene doping level has been
systematically studied.37 While water molecule adsorption alone

supported by the resistance measurement itself by blocking the
laser (labeled in gray in Figure 2B) while keeping the purging
on (O2 partial pressure 4.5 ± 0.3%): we observe a transient
resistance decay (the dip indicated by the black arrow) before
the highest resistance point and a transient resistance increase
(the peak indicated by the red arrow) after the highest
resistance point. In line with our previous explanations, this
observation can be rationalized by the fact that O2 readsorption
takes place after blocking pulsed laser irradiation, resulting in
the downward shift of Fermi level in graphene. For the p-doped
situation (before the highest resistance point), such a shift leads
to a resistance decrease because of an enhanced density of
states for holes and conversely results in a resistance increase in
the n-doped case. The observation that the resistance change
for p- or n-doped graphene by blocking the laser goes in
diﬀerent directions implies that photocurrent has little
contribution to the resistance change in our measurements;
otherwise, the resistance should be always higher in the dark,
independent of the nature of the dopant.
To fundamentally and independently conﬁrm the change
(from p- to n-type) of carrier type in graphene at the initial and
saturated doping, we perform backgate (BG) dependent
measurements. As shown in Figure 2D, before the photochemical doping, the sample is heavily p-doped with the Dirac
point at a backgate voltage beyond 150 V. On the basis of the
simple capacitance model5,65 reported previously, we can obtain
the Fermi energy Ef ≈ 420 meV below the Dirac point,
indicating a strong p-doped nature of the graphene in ambient
conditions. As we start the photochemical doping treatment
(with the ﬂuence gradually increasing from 1 to 20 μJ/cm2), as
shown in the backgate measurements in Figure 2D, we clearly
observe the change of doping polarity from the initial p-doping
(with the Dirac point at positive gate voltage) gradually to the
ﬁnal n-doping (with the Dirac point at negative gate voltage
−25 V, corresponding to Ef ≈ 180 meV above the Dirac point),
resulting in a large shift of Fermi energy of 600 meV. In line
with the doping reversibility based on THz data, the doping
switches back to initial p-type after exposure to air as shown in
Figure 2E. Additionally, based on transport measurements, the
carrier mobility can be extracted (the method is also discussed
in SI and Figure S8).66 Intriguingly, the electron mobility in
graphene increases from the initial value of between 6 and 14
(±1) to ∼28 ± 3 cm2/V·s with photochemical treatment. This
4088
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4. CONCLUSION
In summary, we demonstrated a photochemical method to
reversibly tune the doping level in graphene in a wide range up
to 600 meV. The underlying mechanism relies on photochemically manipulating the concentration of adsorbed O2 on
graphene, thus tuning the position of the Fermi level. By
controlling the O2 adsorption−desorption equilibrium at the
graphene surface via tuning the oxygen partial pressure or laser
irradiation ﬂuence and duration, we show that the doping level
and type (intrisic, n, or p) in graphene can be manipulated
between its ambient doping and intrinsic doping condition in a
convenient and reproducible way. Even more importantly, we
demonstrate that photochemical doping provides an eﬀective
approach to control both the doping density and the spatial
doping proﬁle in graphene-based devices and allows for an easy
optical writing of a lateral graphene p−n junction. Compared to
other doping approaches, our method allows for ﬂexible choice
of substrates and there is no requirement for a backgate or
nanostructuring, paving the way for novel applications.

shows no impact on the Fermi energy in graphene, it does
enhance the hole-doping eﬀect of O2.
To further verify the scenario that the O2 adsorption−
desorption equilibrium controls the doping density in
graphene, we investigate the impact of laser ﬂuence on the
ﬁnal, steady-state doping levels for a given oxygen partial
pressure of 4.5 ± 0.3%. To allow for a quantitative comparison
between the diﬀerent excitation levels, the THz photoconductivity dynamics are measured and compared at the
same ﬂuence of 2 μJ/cm2 following long-time exposure to the
indicated excitation levels (see Figure 3A). As expected,
graphene exhibits a higher negative THz photoconductivity
resulting from a more n-doped character for higher laser
ﬂuence, since less O2 is adsorbed. As shown in the inset of
Figure 3D, the photochemical eﬀect eventually saturates at 40
μJ/cm2. At this stage, the adsorbed O2 concentration on
graphene is presumably minimized and the intrinsic doping
condition is reached in our sample. Finally, we monitor the
doping relaxation process from the adsorbed O2 equilibrium
conditions from 40 to 2 μJ/cm2 as shown in Figure 3E. After
the doping saturation is reached at 40 μJ/cm2, we change the
pump ﬂuence to 2 μJ/cm2 and monitor the OPTP dynamics
and the corresponding peak value evolution in real time. With a
decrease of the laser ﬂuence, the O2 concentration equilibrium
gradually shifts toward the (re)adsorption direction until the
new equilibrium at 2 μJ/cm2 is established.
3.4. Controlling the Spatial Doping Proﬁle in
Graphene by the Photochemical Doping Eﬀect. Besides
the ability to tune the graphene doping level in a wide range,
the optical means for controlling the Fermi level provides a
speciﬁc control of the doping proﬁle in space by focusing the
laser beam on graphene. For that we demonstrate that we can
optically “write” and control the spatial doping proﬁle in
graphene samples. The measurement protocol is sketched in
Figure 4A based on graphene devices with a separation of the
source and drain electrode of ∼2 mm. By illuminating only one
electrode of the device with a beam diameter of ∼1 mm we can
tune the doping density and polarity in the illuminated area
while the rest of the graphene remains p-doped. On the basis of
backgate measurements, indeed we observe that a second Dirac
point is developed with the focused beam illumination on one
electrode (2 μJ/cm2 for 1 h) as shown in Figure 4B. With a
higher ﬂuence 20 μJ/cm2 treatment for 1 h, the doping in the
illuminated area is shifted further to n-doped regime while the
rest remains p-doped. This results in a lateral p−n junction
optically written in our graphene, with 2 characteristic Dirac
points with one at negative and the other in positive backgate
voltage. Clearly, the spatial resolution of the doping structures
based on our photochemical doping method can be further
improved by near-ﬁeld optics or confocal microscopy, down to
micrometer or even nanometer. Along these lines, indeed it has
been shown very recently that spatial control of charge doping
can be achieved with the application of either a focused beam of
light or STM tip voltage excitations in graphene/boron nitride
heterostructures.49,51 As discussed in the Introduction, such a
photoinduced doping eﬀect relies on the charge transfer
process from the photoexcited defect states in boron nitride to
graphene in conjunction with a gate electric ﬁeld. Our
photochemical doping method, being complementary to the
work in refs 50 and 51, on the other hand, provides a purely
chemical way to tune the Fermi energy in graphene without a
backgate, independent of the choice of substrate.
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