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We propose a graphene-based terahertz (THz) photodetector with a microstructure

array designed to manipulate the surface electromagnetic modes. Benefiting from the

generated localized electromagnetic resonance, a nearly perfect absorption to the

incident THz radiation is observed, an asymmetrical temperature distribution is realized

along the graphene channel under uniform THz illumination, and thereby an obvious

photothermoelectric response is achieved. Polarization and geometry dependence of

the photovoltage provides evidence that the photoresponse originated from the localized

electromagnetic resonance. Our method is also suitable for other two-dimensional

materials and shows promising applications for THz detection.
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INTRODUCTION

Surface electromagnetic mode, excited by specific structure and material, enables extreme light
confinement at subwavelength scale to localize energy in micro-nano volumes and thus can greatly
enhance the interaction between electromagnetic waves and matter [1, 2]. This unique property
is generally named as localized electromagnetic resonance (LER) and the resulting new-emerging
phenomena have inspired a worldwide effort to investigate their intrinsic physical mechanisms [3]
and explore potential applications [4, 5]. Trapped in the LER, the photons are driven to interact
with the electrons and phonons accompanying a fast and massive transform of energy. A portion
of energy is re-emitted back to the free space via electron oscillation. Nevertheless, a major amount
of energy is dissipated in the form of heat through the processes of photon-electron scattering,
electron-phonon scattering, and the ultimate lattice vibration [6]. In addition to energy waste, the
accumulation of heat is also detrimental for the devices with a complex and hyperfine structure
to match the surface electromagnetic mode and may cause device deformation, leading to a
performance degradation and life span shortening, but few attention has been paid to this problem.
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On the other hand, the heat generated in LER also provides
an energy source for voltage generation, playing an important
role in the photothermoelectric (PTE) effect which exhibits
significant potential applications for detection of low-energy
photons [7], especially for the recent high-profile terahertz (THz)
range [8]. Originating from the temperature gradient across the
device channel, the PTE response 1V is highly dependent on
the temperature difference 1T across the channel as depicted
by 1V= −S1T, where S is the Seebeck coefficient of the
photoactive material [9]. Therefore, taking advantage of the
unique properties of LER, i.e., the excellent light absorption
and the large intensity of the localized field, the temperature
gradient as well as the PTE response can be effectively enhanced
[10]. Moreover, compared to the traditional PTE photodetectors
in which the temperature gradient was realized by non-
uniform illumination [11], spatially localized absorption in LER
structures results in local heating of the channel material,
allowing a uniform or even unfocused optical excitation. This
strategy has been demonstrated in previous works by using
conventional thermoelectric materials to construct the resonant
structure. Mauser et al. reported a subwavelength grating-like
thermoelectric nanostructures for resonant spectrally selective
absorption, which created a large localized temperature gradient
and realized a photoresponsivity of 38VW−1 in visible range
[12]. Based on guided-mode resonance effect, Monshat et al.
proposed a photonic crystal resonator, achieving a narrowband
visible absorptivity of 85.4% and a responsivity of 0.26VW−1

[13]. Some other different resonant mechanisms were also
employed for enhancement of the PTE response, such as the
plasmonic nanostructure [14], metamaterial [15], metasurface
[16], and so on [17, 18]. However, most of these former works
were carried out in the infrared and visible regime, while the
related research in THz band is still underexplored.

The recently emerging two dimensional materials such as
graphene provides a new optoelectronic platform for developing
novel functionalities, including low-energy photon detection [19]
and integrated photon modulation [20]. The gapless nature
brings graphene the ability in broadband absorption, making it
a promising candidate for THz detection, and the bandwidth
of graphene-based photodetectors can reach up to hundreds
of GHz [21], as a consequence of its high carrier mobility. In
addition, the electronic heat capacity of graphene is extremely
low, which leads to a higher temperature rise for the same
absorbed energy compared to other bulk material, highlighting
its potential in acting as the channel material for PTE detectors
[22]. However, limited by its petty small thickness, the absorption
of graphene to the incident light is relatively weak, which is
a major bottleneck in the application of graphene [23]. LER
has been proved to be an important approach to enhance the
interaction betweenmatters and light [24–26]. In the LER region,
several order of electromagnetic field intensity enhancement
can be achieved, greatly increasing the absorption of materials.
This scheme has been used to improve the absorptivity of
graphene. On the other hand, LER shows great flexibility in
manipulating the electromagnetic field distribution and thereby
provides an effective way for constructing local absorption
under uniform illumination. This feature facilitates significant

application potential of LER in PTE detection, but there are still
seldom works reported.

Here we develop a THz PTE detector integrated with graphene
and LER microstructure. We adopt graphene as the channel
material, and design a LER microstructure to enhance the
absorption of graphene and produce a gradient temperature field.
A sensitive and fast PTE response was observed in the proposed
device under a uniform THz illumination, and characterizations
of the response dependence on the microstructure geometry
and THz polarization demonstrate that the PTE response is
attributed to the asymmetrical field distribution induced by the
LER microstructure.

DEVICE DESIGN AND FABRICATION

The device we proposed is shown in Figure 1A. The whole device
was fabricated on a quartz substrate. A 200-nm thick Au with
a 10-nm thick Ti adhesion layer, serving as a metal reflector,
was deposited on the substrate by inductively coupled plasma
chemical vapor deposition (ICPCVD), followed by growing an
absorption layer of SiO2 via plasma enhanced chemical vapor
deposition (PECVD). Our graphene sample was grown on a
copper foil by chemical vapor deposition (CVD) and then
transferred onto the SiO2 surface [27]. Oxygen plasma etching
was employed to pattern the graphene into ribbons with a width
of 50µm and a period of 65µm [28]. Finally, another 200-nm
thick Au was deposited on the top, forming two electrodes
located at both ends of the graphene ribbons, where one electrode
comprises a resonant microstructure array with disc patterns and
wires. The microstructure covers only half side of the graphene
channel so as to generate an asymmetric structure.

The PTE effect or the thermoelectric effect originates from the
temperature gradient across the channel. Without a temperature
gradient, there is no electrical potential generated between the
two channel ends, whether the channel is constructed by a
single material or a complex heterojunction [29]. A common
strategy involves limiting the heat energy in a local area of the
channel and thereby forming a gradient temperature distribution
[30]. This requires that the size of the heat source (a focused
light beam or a microheater) is much smaller than the channel
length. However, in the THz range, the light spot diameter is
generally in the order of millimeter, thus requiring a channel with
the similar scale. This makes it difficult to design miniaturized
and arrayed THz PTE detector. While the device proposed
here can solve this problem, as shown in Figure 1A. When
THz wave is incident onto the device, it will be scattered
by the metal microstructure. A portion of light is scattered
into free space, while the other portion is coupled into the
dielectric layer, reflected by the bottom metal layer, and returns
back to the interface between the top Au layer and free
space. When the two portions of light recombine destructively,
i.e., meet the phase matching condition, the LER occurs and
the incident energy will be concentrated within the interior
of the device. Figures 1B,C show the simulated electric field
distribution for a single unit of the microstructure array under
LER condition. It is clear that the electric field intensity near the
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FIGURE 1 | (A) Schematic of the graphene device with a microstructured electrode. The inset shows the geometrical parameters of the microstructure. (B) The

electric field distribution in the x-y plane (at the interface between the top Au layer and free space) and (C) in the y-z plane along the central axis as the LER occurs.

(D) The y-z plane electric field distribution of the side without the LER structure.

edge of the metal disc is remarkably enhanced, and a majority
of energy is retained within the SiO2 dielectric layer. Such
configuration is also known as a perfect metamaterial absorber,
which possesses a theoretical absorptivity close to 100% [31].
Through the LER effect, the incident photons will be effectively
absorbed by the dielectric layer. The specific absorption process
involves photon-electron scattering, electron-phonon scattering
and phonon-phonon scattering. Finally, the incident photon
energy is converted into heat in the dielectric absorber layer
so as to raise the temperature of the graphene channel via
thermal diffusion. Due to that the metal microstructure only
partially covers the graphene channel, there is no LER generated
in the uncovered side. The electric field distribution of the
uncovered side is drawn in Figure 1D, and the simulation
indicates that the absorptivity of this side is lower than 1%.
Without LER, a majority of the incident THz wave will be
reflected back into free space directly by the bottom metal
layer. The interaction distance between the THz wave and the
device is about twice the dielectric layer thickness and thus
is too thin to absorb the light energy effectively. Therefore,
the temperature of the microstructure region locally increases,
while that of the other side remains low. Obviously, benefiting
from the LER mechanism, a gradient temperature distribution
across the channel can be established even under uniform
THz illumination.

Before device fabrication, specific geometrical parameters of
the microstructure need to be precisely designed. The design
goal is to optimize the resonant absorption of the microstructure
at a frequency of 2.52 THz, the main output frequency of our
available THz source, i.e., a far-infrared gas laser (FIRL 100,
Edinburgh Instruments Ltd.). Here the finite difference time
domain (FDTD solutions, Lumerical) method was employed to
obtain the absorption spectrum of the resonant microstructure.
The conductivity of Au was set as 4.56 × 107 Sm−1 [32], and
the permittivity and loss tangent of SiO2 were taken as 3.84 and
0.01, respectively, which were measured by a THz time-domain
spectrometer. To estimate the parameters of graphene used in the
simulation, several graphene devices were fabricated in advance
by the same procedure as described above. The two-dimensional
conductivity was measured to be∼ 0.5mS on average. Therefore,
we set graphene as a conductive sheet with a two-dimensional
conductivity of 0.5mS in the simulation. A periodic boundary
condition was used, and a y-polarization broadband THz source
was incident along the –z direction. The reflectivity R of the
device could be obtained directly from the simulation results, as
shown in Figure 2, and then the absorptivity can be evaluated
by A= 1–R.

The variable parameters of the microstructure include the disc
diameter d, the periodic length p, the wire width w, and the
thickness of the SiO2 dielectric layer t, as denoted in the inset
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FIGURE 2 | (A) Reflectance spectra with different t (d = 33µm), and (B) different d (t = 2.6µm). The other parameters are w = 3µm and p = 65µm. The inset in (B)

is a partial enlarged view around the resonance dips.

FIGURE 3 | (A) Raman spectrum and (B) AFM image of the fabricated graphene sample, (C) Optical micrograph of the device.

of Figure 1A. Note that d and p have similar influences on the
resonance since both of them determine the geometry in the
horizontal plane, and the effect ofw can be neglected when it is far
smaller than the wavelength. Here we mainly take into account
the variation of t and d, as shown in Figure 2. Determined by
the practical fabrication ability, the dielectric layer thickness t was
taken in the range of 2∼3µm. It can be found that the reflectance
spectrum shows an obvious dip at the resonant frequency, and
t has an impact on the resonant effect. The absorptivity peaks
at t = 2.6µm for 2.52 THz. While as d increases for a fixed
t, the corresponding resonant frequency redshifts. When d =
33µm, t = 2.6µm, p= 65µm and w= 3µm, the LER leads to a
highest absorptivity of nearly one. Considering the discrepancy
introduced in practical processing and the calculation error
in the simulation, a series of devices with d varying between
31 and 35µm were fabricated. This strategy ensures that an
optimal device with a LER frequency located at 2.52 THz would
be achieved.

EXPERIMENTAL RESULTS AND
DISCUSSION

Firstly, we characterized the quality of graphene in our fabricated
device. Figure 3A shows the Raman spectrum of the graphene

channel excited at 633 nm, which displays two significant peaks
at 1,584 and 2,641 cm−1, corresponding to the G and 2D
bands, respectively. The 2D band contains only a single and
sharp peak, suggesting that the graphene is monolayer [33].
Figure 3B provides the atomic force microscope (AFM) image
over a selected area within the graphene channel, and Figure 3C

gives an optical microscope image of the device. We can see
that the graphene channel is clearly visible, and the metal
structures including the LER patterns and the electrodes were
also well-fabricated.

Figure 4A illustrates a typical current-voltage (I-V)

characteristic of our device (d = 33µm), where its nearly
linear behavior implies that the graphene channel has an ohmic
contact with the electrodes. The total resistance of our device
calculated from this measurement is about 1,375�. Then a
2.52 THz continuous-wave radiation chopped at 330Hz was
focused onto the device, and the produced photovoltage was
measured by a current amplifier (SR570, Stanford Research
Systems) and a lock-in amplifier (SR830, Stanford Research
Systems). All the experiments were carried out at room
temperature. Figure 4B shows the generated photovoltage as
a function of the power actually received by the graphene
channel, calculated by Pchannel = P0×(Achannel/Aspot), where
P0, Achannel and Aspot are the incident power, the channel area
and the spot area, respectively. From the slope of the linearly
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FIGURE 4 | (A) I-V characteristic of the graphene channel, (B) Power dependence of the photovoltage under 2.52 THz illumination.

FIGURE 5 | (A) PTE response with different metal disc diameters. (B) Polarization dependence of the photovoltage (0◦ degree corresponds to the polarization parallel

to the y-direction), and the red curve is a sine fit of the experimental data.

fitted line, we can obtain the photovoltage responsivity, whose
value is RPTE = 364.4mVW−1. The temperature difference
along the channel can be estimated by dividing the PTE
photovoltage by S. Here we take S as 100 µVK−1 [34, 35],
which results in a temperature difference of ∼10K under
a channel receiving power of 3 mW. The channel length is
600µm, and thus the temperature gradient is ∼0.016K µm−1

along the graphene channel. This value is sensible [34, 35]
and can be further improved by optimizing the LER mode.
For example, the LER mode with a stronger resonance and
a smaller mode volumes is preferred because such mode
can limit the energy in a smaller area and lead to a higher
temperature gradient. Optimizing the LER field distribution
to make the localized field closer to the graphene layer is
another effective way since this can reduce the energy loss in the
heat conduction.

Another approach to improve the responsivity of the device

is optimizing the Seebeck coefficient of the graphene channel

by electrostatic doping [34–36]. For example, fabricating a top-

gate electrode on the right side of the channel can allow us to
tune the carrier density of graphene, as well as its Fermi level

and Seebeck coefficient. In this condition, the magnitude of PTE
response can be deduced by 1V= 1T1S1-1T2S2, where 1T1

and 1T2 are the temperature rises of the left side and the right
side, and S1 and S2 are their Seebeck coefficients, respectively.
When the graphene in the right side is tuned to a reverse doping
type, its S value will be opposite in sign to that of the left side.
The generated photovoltage in the two parts of the channel is
added in series, and thus an enhanced total photovoltage would
be produced.

Because the PTE effect does not need a bias, its noise voltage is
mainly determined by the Johnson–Nyquist (JN) noise, and the
noise equivalent power (NEP) of the device can be calculated as
follows [37]:

NEP =

√
4KBTR

RPTE
(1)

where KB = 1.38×10−23 JK−1 is the Boltzmann constant,
T = 300K is the environmental temperature, and R is the
channel resistance of the device. The NEP of our device is
1.31× 10−8 WHz−1/2.
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FIGURE 6 | (A) THz on/off switching curve and (B) modulation frequency dependent response of the graphene device under 2.52 THz illumination.

To demonstrate that PTE effect originated from the LER
generated by the microstructure, the photovoltages of the
devices with different metal disc diameters were measured,
as given in Figure 5A. When d = 31µm, the photovoltage is
about 0.3mV. With increasing d, the photovoltage increases
to 1.3mV at d = 33µm and then decreases again, revealing
a consistent variation tendency with the absorption shown
in Figure 2A. This is because that when d = 33µm, the
resonance intensity reaches a maximum, and the absorption
as well as the temperature rise are larger than that for other
d values. In addition, the polarization-dependent responses
were measured with a polarizer and a half-wave plate
placed successively in the beam path after the THz source.
Figure 5B shows the photovoltage vs. the polarization rotation
angle θ of the incident THz radiation. The photovoltage
is normalized to its maximum value, corresponding to
the polarization perpendicular to the y-direction or the
metal wires in the microstructure, defined as θ = 0◦. The
polarization dependent ratio is about 0.18, calculated by
(Vmax−Vmin)/(Vmax+Vmin). This polarization dependence
results from the polarization asymmetry of the microstructure,
i.e., the existence of metal wires hampers the generation of the
LER when the polarization is parallel to the wires. We also
measured several devices without the LER structure and did
not observe any effective response signals above the noise level,
further confirming that the PTE responses is attributed to the
LER mechanism.

The light on/off switching curve was measured with a
current amplifier (SR570, Stanford Research Systems) and
an oscilloscope (MSO64, Tektronix) to evaluate the response
speed, as depicted in Figure 6A. By fitting the rising edge
of this curve with an exponential function, the response
time of our device is extracted to be 376 µs. Figure 6B

shows the modulation frequency dependence of the PTE
response. A similar fitting process indicates a 3 dB bandwidth
of 1,765Hz, confirming a response time in the order of

submicrosecond scale. Note that the real response speed of the
device may be faster than this value since the measurements
here were partly limited by the bandwidth of the current
amplifier. In general, the response speed of the graphene
PTE detector mainly depends on two factors: the channel
length and the thermal conductivity of the substrate [38].
With a shorter channel and a high thermal conductivity,
the heat accumulation and diffusion over the channel can
reach up to a steady state within a shorter time, indicating
a faster response speed. By further optimizing the LER
structure, such as reducing the period length, a shorter
channel accompanying with a faster response speed can
be achieved. Choosing the substrate material with a higher
thermal conductivity is another strategy for improving the
response speed.

CONCLUSION

In summary, we have proposed a novel graphene THz detector
based on PTE effect enabled by the LER mechanism. The
introduction of a LER microstructure enhances the absorption
of graphene to THz wave and establishes a global temperature
gradient across the graphene device channel even under a
uniform illumination. The NEP of the detector is evaluated
to be in the order of 10−8 WHz−1/2, and the response
time is in the microsecond level. Further improvement of
the device performance can be implemented by optimizing
the resonant mode of the microstructure to reduce the mode
volume, enhance the resonant strength, and concentrate more
thermal energy near the graphene layer. Our scheme of
LER enhanced PTE effect can be also applicable for other
two-dimensional materials, possesses high compatibility with
traditional microelectronic processing technology, and paves a
new way for developing high-performance room-temperature
THz detectors.
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