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has some disadvantages. To realize a 
dynamical tuning, graphene structures 
should have electrical connections. As 
a result, electrodes, ion gels, or con-
ducting substrates have to be introduced 
to attain an electrical connection. The 
method has been successfully applied to 
graphene sheets and ribbons. However, 
it is especially difficult and challenging 
for isolated graphene structures such as 
graphene disks.[35,36] Moreover, intrinsic 
absorptions from either conducting sub-
strates or ion gels are inevitable, which 
may degrade considerably graphene plas-
monic resonances. Thus, to find a way to 
tune plasmonic resonances in all kinds of 

graphene structures without the introduction of electrical con-
nections is of great significance.

In this paper, we develop a simple and efficient method to 
tune graphene plasmonic resonances by UV illuminations. We 
show that UV illuminations can induce a dynamical tuning of 
plasmonic resonances in all kinds of graphene structures both 
with and without electrical connections. Factors that influence 
this tuning process including the operating wavelength, power 
density, and illumination time of UV light sources are discussed.

Plasmonic resonances in both graphene and graphene struc-
tures depend strongly on their Fermi levels,[4]EF. Consequently, 
a variation of the Fermi level can lead to a change in plasmonic 
resonances. To show UV illuminations can induce a change 
in the Fermi level, we measure the response of resistance and 
transmission spectra of graphene samples on an insulating 
BaF2 substrate. The UV source used is a 355 nm solid-state 
laser. Figure 1a shows the resistance οf graphene changing 
with time upon UV illuminations at different power densities. 
Once the UV laser is switched on, the resistance undergoes an 
increase with time and reaches saturated values a few minutes 
later. If switching off the UV laser, the resistance decreases 
with time and resumes the original values without UV illumi-
nations eventually. Obviously, the larger the power density of 
the UV laser is, the higher the resistance is. Correspondingly, 
the resuming time needed after switching off the UV laser is 
more. Physically, a change in resistance means a variation of 
the carrier concentration in graphene samples induced by UV 
illuminations. A higher resistance corresponds to a lower car-
rier concentration, implying a lower Fermi level. Thus, the 
time-dependent resistance measurements show unambigu-
ously that the Fermi level of graphene can be modified by UV 
illuminations in a dynamical and reversible way.

One of the unique features of plasmonic resonances in graphene structures 
is the enabled tunability through external means. Up to now, electrical gating 
is extensively adopted to tune graphene plasmonic resonances. This method 
is, however, limited unfortunately only to graphene structures with electrical 
connections. Here, a simple and efficient method to tune graphene plas-
monic resonances by ultraviolet illuminations in a dynamical and reversible 
way is demonstrated. It is purely an optical means and can be applied to 
all kinds of graphene structures without introducing electrodes, ion–gel, or 
conducting layers required in electrical gating, which is of great significance 
especially for isolated graphene structures. The optical tuning method could 
shed new light on graphene-based tunable devices.
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Graphene Plasmons

Structured graphene, such as graphene ribbons and disks can sup-
port interesting plasmonic resonances in the mid- and far-infrared 
ranges,[1–10] showing many unique properties like deep subwave-
length confinement, high enhancement of optical nearfields, and 
tunability.[11–21] To tune graphene plasmonic resonances, electrical 
gating has been dominantly used.[22–29] For instance, plasmonic 
resonances in graphene ribbon arrays[25] could be tuned in a range 
over 500 cm−1 with a gate voltage varying from −20 to −130 V.  
By using an ion gel,[30] a broad tunable range around 1000 cm−1 
was realized with a low gate voltage of about 4 V.

By utilizing the gate-controlled dynamical tuning, gra-
phene plasmonic resonances could have potential applications 
in optoelectronics[31–34] such as tunable sensors[25,26] and 
modulators.[25,30] Nevertheless, the method of electrical gating 
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To determine quantitatively the change in the Fermi 
level of graphene under UV illuminations, we measure the 
time-dependent transmission spectra of graphene samples. 
Figure 1b displays the transmission spectra T normalized 
by data of the substrate without graphene T0 upon UV illu-
minations at different time. Obviously, T/T0 spectra exhibit 
overall a distinct threshold structure with a sharp drop above 
a threshold frequency. Note that the onset of interband transi-
tions results in an abrupt increase in the real part of the optical 
conductivity of graphene with photon energy increasing across 
2|EF|. As a result, the threshold structures found in real optical 
conductivity or T/T0 spectra are due to the onset of interband 
transitions[23,37] at 2|EF|. The central frequency of the threshold 
structure, the threshold frequency, corresponds thus to 2|EF|, 
from which the Fermi level can be extracted. After switching 
on the UV laser, the threshold structure in T/T0 spectra shows a 
systematic shift toward a lower frequency with time and comes 
to a standstill eventually. The corresponding threshold fre-
quency shifts from 5680 to 2580 cm−1, implying that the abso-
lute value of the Fermi level |EF| shifts from 0.35 to 0.16 eV. 
In other words, the Fermi level of graphene can be tuned in a 
range of about 0.19 eV.

To investigate the tunability of plasmonic resonances with 
UV illuminations, we measure the optical spectra of structured 
graphene on a BaF2 substrate. The fabrication process of gra-
phene structures is given in the experimental section. Figure 2a 
shows the extinction spectra 1 −T/T0 for an electrically con-
nected graphene ribbons upon UV illuminations at different 
time, where T and T0 are the transmittance with and without 
the graphene structure, respectively. In the absence of UV illu-
minations, there is a prominent peak around 1060 cm−1 in the 
extinction spectrum, corresponding to the excitation of a plas-
monic resonance in graphene ribbons. Upon UV illuminations, 
the plasmonic resonance shows a redshift in frequency with 
time together with a continuous intensity decreasing. Figure 2b  
shows the measured extinction spectra for graphene pat-
terned with hole arrays. The structure displays a resonant peak 
positioned at about 1100 cm−1 in the absence of UV illumina-
tions. With the onset of UV illuminations, the peak frequency 
is decreased with time. Obviously, in the above two cases the 
graphene plasmonic resonances in graphene structures with 
electrical connections can be dynamically tuned in a range 

over 200 cm−1 within 1 min upon UV illuminations. By using 
simulations, we can extract the Fermi level from the measured 
extinction spectra (shown in the Supporting Information). The 
Fermi level of the graphene nanostructure sample (Figure 2a) 
shifts from 0.31 to 0.18 eV upon UV illumination, which is 
consistent with the results shown in Figure 1b, despite that 
the original Fermi levels of different graphene samples could 
be different. Note that the tuning range in wavenumber of gra-
phene plasmonic resonances is different in four types of nano-
structures. This could be attributed to the differences of either 
the original Fermi level or the geometric size (ribbon width) of 
different graphene samples (details shown in the Supporting 
Information).

Figure 2c,d shows the change in the measured extinction 
spectra with time for isolated graphene rectangles and disks 
upon UV illuminations, respectively. Obviously, the resonant 
peaks stemming from the plasmonic resonances in the isolated 
graphene structures shift the peak frequency with illuminating 
time. In other words, the dynamical tuning of plasmonic reso-
nances in isolated graphene structures is realized by UV illumi-
nations. This cannot be achieved by common electrical gating 
methods for isolated graphene structures laid on an insulating 
substrate.

We also measure extinction spectra for the isolated graphene 
structures outside the region of UV illuminations. The spectra 
are identical to those inside the illumination region in the 
absence of UV illuminations as expected. This suggests that we 
can achieve a spatial tuning of graphene plasmonic resonances 
by using spatially modified UV illuminations.

Many parameters of the light sources, such as the oper-
ating wavelength, power density, and illuminating time 
may influence the dynamical tuning of graphene plasmonic 
resonances. To explore such effects, we measure the time-
dependent frequency of a plasmonic resonance in graphene 
ribbons (the same as in Figure 2a) for the illuminations with 
different wavelength and power density. Figure 3a shows the 
results for three light sources with different operating wave-
lengths, while their power density is fixed. All light sources 
used are solid-state lasers. For the 479 nm light source, the 
frequency of the plasmonic mode is almost unchanged over 
time upon illuminations. In contrast, for the UV light sources 
it shows a redshift in frequency with time. The shorter UV 
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Figure 1.  Optical tuning of the graphene Fermi level under UV illuminations. a) Graphene resistance as a function of time at different power densities 
of UV illuminations. The UV laser is switched on at zero time and then switched off after about 2 min. b) Normalized transmission spectra T/T0 upon 
UV illuminations with power density of 200 mW cm−2 at different time. The black line corresponds to the spectrum when the UV laser is just switched 
on. The gray arrow indicates the direction of time. The inset shows the extracted graphene Fermi level at different time.
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light source causes a larger frequency shift than the longer 
one. These facts indicate that the tunability of plasmonic reso-
nances depends strongly on the photon energy of the illumi-
nating light source.

Figure 3b shows the effects of the power density of illumina-
tions. Obviously, a higher power density results in faster tuning 
and a larger tuning range as well. For intense enough UV light, 
the response could be even dramatically shortened to dozens of 
seconds. Therefore, by changing the operating wavelength and 
power density of the UV illuminations, the tuning process of 

plasmonic resonances in graphene structures can be controlled 
rather accurately.

To reveal the tuning mechanism, extinction spectra of the 
graphene ribbons are measured in different gas atmospheres 
upon UV illuminations. For the graphene ribbons in air, with 
the onset of the UV light the frequency of the plasmonic 
mode undergoes a decrease in frequency with time, as shown 
in Figure 4a. Once the UV light is switched off after about  
2 min, the frequency of the plasmonic mode shows an increase 
with time. About an hour later, it resumes to the original 
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Figure 2.  Optical tuning of plasmonic resonances in structured graphene under UV illuminations. The measured extinction spectra of a) graphene 
ribbons with a width of 60 nm and a period of 120 nm; b) graphene patterned with hole arrays with a diameter of 80 nm and a period of 160 nm;  
c) isolated graphene rectangles with a width of 70 nm, a length of 500 nm, and horizontal and vertical periods of 120 and 550 nm respectively; and 
d) isolated graphene disks with a diameter of 80 nm and a period of 160 nm upon UV illuminations with wavelength of 355 nm and power density of 
200 mW cm−2 at different time. Black lines are the spectra at the beginning of UV illuminations and colored lines are the spectra at different illuminating 
time. Dashed lines are the spectra outside the region of UV illuminations. Insets show the SEM images of patterned graphene structures on a BaF2 
substrate with dark and gray regions representing graphene and substrate, respectively. Scale bars: 200 nm.

Figure 3.  Effects of the wavelength and power density of the UV light source. a) Time-dependent frequency of a plasmonic mode in graphene ribbons 
upon illuminations for the light source with different operating wavelengths of 479, 355, and 266 nm. The power density is fixed at 200 mW cm−2.  
b) Data for UV illuminations with different power densities. The wavelength of the light source is 355 nm.
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value without UV illuminations (shown in the Supporting 
Information).

Figure 4b shows the data for the graphene ribbons in the 
nitrogen or oxygen gas atmosphere. The nitrogen (oxygen) 
atmosphere is obtained simply by blowing the samples in a 
transparent chamber with the nitrogen (oxygen) gas. In the 
nitrogen atmosphere, with the onset of UV illuminations the 
frequency of the plasmonic mode undergoes a decrease in fre-
quency with time until the light source is switched off after 
about 2 min, similar to that in air. Unlike that in air, it remains 
unchanged in the nitrogen atmosphere without UV illumina-
tions, which can be clearly seen in two time intervals from 2 
to 20 min and from 40 to 60 min. After changing to the oxygen 
atmosphere, however, the frequency of the plasmonic resonance 
begins to increase with time. These results indicate that oxygen 
rather than nitrogen is the due cause of the dynamical tuning.

Note that the major constituents of air are nitrogen and 
oxygen. When exposed to air, graphene may adsorb atmos-
pheric oxygen, leading to a transfer of electrons from graphene 
to oxygen by forming negatively charged oxygen ions and p-type 
graphene,[38] as shown in Figure 4c. The Fermi level will shift 
accordingly to a negative value away from the Dirac point. And 
It has been theoretically predicted that the adsorption energy 
of oxygen on graphene varies from −2.9 eV (around 427 nm) 
to −3.36 eV (around 370 nm) at different oxygen adsorption 

concentration.[39] Upon light illuminations, the bonds between 
oxygen and graphene can be broken if the photon energy is 
larger than their adsorption energy, resulting in oxygen des-
orption and back injection of electrons into graphene.[40,41] The 
desorption of oxygen will thus cause an increase in the Fermi 
level toward the Dirac point.

The behaviors of plasmonic resonances in graphene struc-
tures in different gas atmospheres upon UV illuminations 
shown in Figure 4 can be understood in terms of oxygen adsorp-
tion and desorption. For graphene structures in air or oxygen 
atmosphere, the onset of UV illuminations will cause oxygen 
desorption and simultaneously a decrease in the Fermi level, 
leading to a redshift of the resonant frequency with time. With 
the removal of the illuminations, graphene can adsorb oxygen 
again and eventually attains saturated adsorption, leading to a 
blue-shift of the resonant frequency with time and approaching 
a saturated value eventually. The standstill of the resonant fre-
quency in the nitrogen atmosphere without UV illuminations 
can be understood by the fact that there is neither oxygen 
adsorption nor desorption. Therefore, the desorption and 
adsorption of oxygen could satisfactorily explain the dynamical 
tuning of the plasmonic resonances in graphene structures by 
UV illuminations. Note that water vapor could also affect the 
tuning of the graphene Fermi level,[38] which deserves further 
investigation.

Adv. Optical Mater. 2018, 6, 1701081

Figure 4.  Tuning mechanism. a) Time-dependent frequency of a plasmonic mode in graphene ribbons in air upon illuminations. b) Data for the gra-
phene ribbons in different gas atmospheres. Light blue (yellow) regions stand for the nitrogen (oxygen) atmosphere. In (a,b), the light source is 355 nm 
solid-state laser and the power density is 200 mW cm−2. The source is switched on at zero time and then switched off after about 2 min. c) Schematic 
of adsorption and desorption of O2 on graphene with UV illuminations, leading to the change in the Fermi level.
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We have demonstrated a dynamical tuning of plasmonic 
resonances in graphene structure by using UV illuminations. 
This tuning is reversible and could be easily controlled by the 
operating wavelength, power density, and illuminating duration 
time of UV light sources. The tuning mechanism is attributed 
to the desorption of oxygen induced by UV illuminations which 
causes a change in the Fermi level of graphene. Our tuning 
method is purely optical, implying that one does not need to 
introduce electrodes, ion gels, or conducting substrates in order 
to attain electrical connections. As a result, our method can be 
even applied to isolated graphene structures which are hard to 
achieve with electrical gating methods. Upon UV illuminations 
with specially designed patterns, we can realize graphene plas-
monic structures in a continuous graphene layer.[42] Thus, our 
optical tuning method with UV illuminations may shed new 
light on the dynamical control of plasmonic resonances in gra-
phene structures and the development of novel graphene-based 
plasmonic devices as well.

Experimental Section
Structure Fabrications: A large-area chemical vapor deposition (CVD) 

grown graphene sheet was first transferred onto a BaF2 substrate. 
Graphene structures were fabricated in a 100 × 200 µm2 area at the 
center of the graphene layer using standard e-beam lithography followed 
by oxygen plasma etching. Fabricated samples were then exposed to Br2 
vapor for 30 s to increase doping.[43]

Resistance Measurements: For resistance measurements, the size of 
the graphene channel is about 400 × 400 µm2, and Cr/Au electrodes of 
5/50 nm thickness were deposited onto the graphene sheet in vacuum 
using stencil masks. The resistance was measured at room temperature 
in air by Keithley 2400 Sourcemeter with time upon UV illuminations 
with different power densities.

Spectral Measurements: A Bruker Vertex 70 FTIR microspectrometer 
was used for mid-infrared spectral measurements. All measurements 
were performed at room temperature in air with a 355 nm solid-state 
laser at power density of 200 mW cm−2 unless otherwise specified.

For measurements inside or outside the illuminated region, UV light 
was coupled into a fiber (1 mm in diameter) and focused on a sample 
by using an objective lens (15×), so that only a part of the sample (about  
66 µm in diameter) was illuminated.

Supporting Information
Supporting Information is available from the Wiley Online Library.
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