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Abstract—Instead of utilizing commercial detectors and
a detection scheme based on 2-D layer semiconductors or
surface plasmon enhancement effect, we have developed
a novel terahertz (THz) detector consisting of an array of
microgrooves. This device combines the exceptional perfor-
mance of materials with the localized surface plasmon (LSP)
effect in a sub-wavelength structure electromagnetic-induced
well detector. At room temperature, our device achieves a
detectivity (D∗) of 6.3 × 108 cm Hz1/2 pW−1 and a responsivity
(Rv) of 3.31 × 105 V W−1 at 0.1 THz, with a 20 µm line
spacing array. Furthermore, the effective detection area of
our device is 6.5 × 2 mm, making it much more suitable
for practical applications. These high-performance THz wave
photodetectors open up possibilities for the effective detection of THz waves, which have wide-ranging applications in
areas such as high-capacity communications, THz radar, biological diagnosis, and THz detection.

Index Terms— Femtosecond laser, optical sensor, terahertz (THz) detector, ultrafast dynamics.
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I. INTRODUCTION

H IGH-PERFORMANCE room temperature terahertz
(THz) detectors are essential for a wide range of

applications. However, current technologies suffer from low
sensitivity, narrow spectral bandwidth, complicated structures,
and high noise equivalent power (NEP). In the past five years,
various room temperature detectors have been reported, cate-
gorized into nonlinear hall effect (NHE), thermoelectric effect
(TET), field-effect transistor (FET), photogalvanic effects
(PCEs), photo-TET (PTE), and surface plasmon polaritons
(SPP) enhancement mechanisms [1], [2], [3], [4], [5], [6]. Nev-
ertheless, improving sensitivity and detecting low-energy THz
photons at room temperature remains challenging due to the
detection mechanisms involved. A novel photoelectric effect-
based detector promises high performance and rapid response
at room temperature. This detector, with a sub-wavelength size
and sandwich structure design, forms an electromagnetically
induced well (EIW) in the material when a low-energy THz
photon is incident on it [7], [8]. Electrons are injected and
captured from the metal layers into the well, altering the
material’s conductivity and generating a photovoltage signal.
The EIW mechanism is particularly suitable for detecting
low-energy THz photons at room temperature. To further
enhance the performance of the EIW detector, the advantages
of bonding materials and surface plasmon enhancement can
be combined.
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Introducing localized surface plasmon (LSP) through sub-
wavelength structures at the metal-medium interface concen-
trates the energy of the incident electromagnetic field on
extremely small scales. This LSP effect, typically achieved
through microstructures like wire grids or resonant rings,
is crucial for THz detectors. The sensitivity of the device,
a crucial aspect for 6G high-speed communication, increases
with the longer interaction time or larger active layer that
stimulates the photoelectrons with the THz wave. To achieve
superior detector performance and boost LSP in the detector,
there is an urgent need for thin films that can optimize spec-
tral response. A novel and promising phase-change material
(PCM) based on a PCM has emerged as a strategic candi-
date for the next-generation photoelectric device, surpassing
optoelectronically tunable 2-D monolayers [9], [10], [11],
[12], [13]. In addition, an important detector of a quartz
tuning fork with high performance is reported [39]. Utilizing
phase change materials in detector production offers two
fundamental benefits. First, these materials exhibit changes
in resistivity characteristics during phase transitions, affecting
their carrier concentrations and allowing for fine-tuning and
optimization of detection sensitivity. Second, during the phase
transition, the film examines the structure of various crystalline
states, and the introduction of doping enhances the degree of
carrier aggregation, resulting in improved detection sensitivity.
Among phase change materials, GeSbTe (GST) with a lower
crystallization temperature has been widely used in photo-
electric device fabrication. GST-based or other Phase change
materials-based devices have been reported for integrated
plasmonic metamaterials, photo-switching, beam steering, and
absorbers [14], [15], [16], [17], [18], [41], [42], [43], [44],
[45], [46]. The optical properties of GST films beyond the
near-infrared regime, with lossless and high refractive index
dielectric properties, make them potential detectors for long
wavelengths. Furthermore, GeSbTe exhibits a broad range of
resistance variation, excellent oxidation resistance, and favor-
able scalability. Notably, the resistance of GeSbTe undergoes
significant changes between its crystalline and amorphous
states. This alteration in resistance can be controlled through
the manipulation of the phase change process, rendering GeS-
bTe highly valuable in memory writing and reading operations.
GeSbTe also possesses commendable antioxidant properties,
ensuring its stability over prolonged periods of use. The
properties of GeSbTe materials can be finely adjusted by
modifying their composition and structure to cater to diverse
applications. Given these advantages, phase change materials
are particularly well-suited for THz detectors that require high
stability, superior performance, and multifunctionality.

We have fabricated a new type of GST-based microgrooves
array THz device using magnetron sputtering deposition
(MSD) combined with the femtosecond laser direct-writing
method. This device combines the excellent performance of
GST with a larger effective area and the LSP effect in a sub-
wavelength structure electromagnetic-induced well detector.
In our experiment, the device with a 20 µm line spacing of
microgrooves array demonstrates the best performance at room
temperature. The detectivity (D∗), NEP, and Rv achieved are
6.3 × 108 cm Hz1/2 W−1, 4 pW Hz1/2, and 3.31 × 105 V W−1

Fig. 1. Device design and characterization. (a) Schematic of the device.
(b) Thickness of the GeSbTe film. (c) and (d) XPS results.

at 0.1 THz, respectively. Furthermore, the effective detection
area is 6.5 × 2 mm, making our device more suitable for
practical applications.

II. CHARACTERIZATION, PREPARATION OF DEVICES,
AND EXPERIMENTAL SETUP

Fig. 1 illustrates the arrangement of ablated grooves made
of Germanium-Antimony-Tellurium (GST) on a substrate (sil-
icon covered with a thin 100 nm thickness Au film). The
grooves consist of a 113 nm thick GST active layer and a
100 nm thick gold electrode layer, both deposited sequentially
on a ∼400 µm thick substrate using the MSD technique. The
X-ray photoelectron spectroscopy (XPS) analysis of the GeS-
bTe thin films grown by MSD revealed the binding energies
of Ge, Sb, and Te at 31, 32.5, and 40.4 eV, respectively. The
fabrication of these devices involved two steps: first, the GST
film was prepared using MSD, and second, microgrooves were
ablated using a femtosecond laser direct writing system.

The preparation of the GST layer and Au electrode layer
involved the following steps: reducing the air pressure to
9 × 10−4 Pa and injecting argon into the cavity, coating the
GST target using RF drive mode, and coating the Au target
using dc drive mode. For the GST layer, the parameters were
set as follows: argon flow rate of 50 state cubic centimeter
per minute (SCCM), power of 100 W, and duration time of
150 s. For the Au electrode layer, the parameters were set
as follows: argon flow rate of 15 SCCM, current of 0.2 A,
and duration time of 90 s. The device design is depicted in
Fig. 1(a), while Fig. 1(b) shows photographs of the surface
and section of the GeSbTe nanofilm, indicating a thickness
of 113 nm. The laser ablation system used a femtosecond
laser with a repetition frequency of 50 MHz, pulsewidth of
200 fs, and spot radius of 8 µm. The exposure time was
controlled by an electronic shutter, resulting in 25 000 pulses
at the minimum on-off time. The sample was placed on a
computer-controlled 3-D translation stage, and the scanning
speed for the GST film was set at 1 mm/s with a laser
power of 120 mW. The SEM pictures revealed a linewidth of
12 µm. The sub-THz emitter employed in these devices was
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an impact ionization avalanche transit-time diode (TeraSense
impact avalanche and transist time diode (IMPATT) diodes)
with a frequency of 0.1 THz. The light and dark currents
were recorded using a high-precision picoammeter (Keithley
6485), and a dc power supply (Rigol DP832A) served as
the power source. These devices were placed on a tungsten
steel probe platform. Experimental details are shown in the
Appendix.

III. RESULTS AND DISCUSSION

THz waves pose challenges in effectively generating
electron-hole pairs in materials due to their low photon energy
and the presence of strong background thermal noise. How-
ever, in this study, we have successfully addressed this issue by
utilizing the electromagnetic induction well effect with a sub-
wavelength structure. This innovative optoelectronic effect is
not constrained by the material’s bandgap, and its performance
is directly influenced by the spacing of the slit [35]. As a
result, we have achieved high performance and fast response
at room temperature. When THz waves are applied, the
photon energy is significantly lower than the bandgap of the
semiconductor. As a result, the regular base does not generate
electron-hole pairs. However, in structures where the GST
layer spacing (channel width) is smaller than the wavelength
of the electromagnetic wave, electromagnetic induction wells
emerge. These wells allow electrons from the Au layer (also
ablated with microgrooves) to be injected into the GST layer
and confined in a well state [36].

The exact process can be explained as follows: when a
beam of photon-density φs of THz radiation light is received
by the structure, the electric field strength amplitude can
be expressed as E0 = φshc0/(qλ 2), where h is Planck’s
constant, c0 is the speed of light in vacuum, and λ is the
wavelength of that THz light wave. This results in an enhanced
electric field E1 within the structure, i.e., E1 = ηE0, where
η = |(ε(ω)(ε0µ0k2

0 − (π/a)2)1/2)/((ε0µ0k2
0 − (π/a)2)1/2)| is

the electric field enhancement factor for the active layer
spacing, depending on the boundary conditions [37]; (ε(ω)

is the relative permittivity of the material ε0 and µ0 are the
permittivity and permeability in vacuum, respectively, and k0
is the wave vector of the electromagnetic wave in free space,
and a is the active layer spacing). Notably, the electric field
that causes the electromagnetic induction well effect is not yet
E1 but its antisymmetric electric field Ex (where the active
layer spacing is assumed to be in the x-direction), and this
antisymmetric electric field is parallel to the surface of the
structure. Ex can be written as [35], [37]

Ex = E1 sin
(πx

a

)
exp

(
−z

√
εr

√(π

a

)2
− k2

0 − iωt

)
. (1)

Here, εr is the relative permittivity of the semiconductor
material, and ω is the angular frequency of the electromagnetic
wave. It can be seen from (1), where Ex is a factor that varies
with exp(iωt) factor changes. The concentration of electrons
in the active layer material is significantly higher than that
in the semiconductor. As a result, during the first half of the
cycle, the active layer (Au layer) injects electrons into the

semiconductor layer, while the electrons are in accelerated
motion. In the second half of the cycle, the electrons are decel-
erated along the track forward due to the opposite direction of
the electric field. Consequently, the nonequilibrium electrons
do not return to the active layer but instead accumulate in
the center of the semiconductor. This phenomenon can be
explained by the electromagnetic induction well effect, which
provides insights into the characteristics of electron movement
and the reason for their confinement in the semiconductor.

Indeed, the explanation of the electromagnetic induction
well effect could be further elucidated for better understanding.
If the potential angle to analyze can be a more graphic
explanation of the electromagnetic induction well, according
to the formula Ex = −∇xϕ, can be obtained [37]

ϕ = ϕ1 cos
(πx

a

)
exp

(
−z

√
εr

√(π

a

)2
− k2

0 − iωt

)
+ c. (2)

Here, φ1 is the magnitude of the potential, which also varies
with the exp(iωt) factor changes. During the first half cycle,
the incident light’s antisymmetric electric field creates a poten-
tial well, injecting electrons into the semiconductor. These
electrons are accelerated from the active layer electrodes at
both ends. In the second half cycle, the antisymmetric electric
field of the incident light forms a potential barrier. This barrier
causes the electrons to decelerate along their original paths,
preventing them from returning from one end of the active
layer electrodes to another. As a result, the electrons are
confined in the EIWs. It is important to note that if the
potential barrier is formed in the last half cycle, the electrons
will not reverse back to the active layer electrode, so this
scenario is not considered [38]. Furthermore, (1) and (2) show
that as the z-axis increases, the electric field strength decreases,
and the depth of the electromagnetic induction well drops
as well.

Due to the different free electron densities of the two
materials, the electron injection process mentioned earlier
may reach a state of equilibrium after a few cycles of the
incident electromagnetic wave [37]. As the injected electrons
in the active layer accumulate in the semiconductor, the Fermi
energy level is shifted downward. When the device is biased
by voltage, the induced electrons will flow along the energy
band, allowing for the detection of THz radiation by collecting
the photocurrent between the active layer electrodes. Based
on the above analysis, it is evident that the spacing of the
subwavelength microstructure is a crucial aspect to study.
Therefore, our initial focus was on investigating the etching
spacing.

Fig. 2 illustrates the performance of devices with varying
groove spacing under the same applied voltage. It is observed
that for both light current and dark current data, a larger line
spacing results in a lower current. This can be attributed to the
increased freedom of movement for carriers due to the wider
line spacing. Consequently, the number of carriers moving
in a specific direction decreases, leading to a reduction in
both light and dark currents. As a result, the sensitivity of
the corresponding device decreases, and the equivalent noise
power of the device improves as the carrier’s freedom of
movement increases. The performance of the detector also
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Fig. 2. Performance of devices line spacing versus light current, dark
current, Vn, Rv, NEP, and D∗ of the devices at voltage bias of 10 V.
Infinity means the GST film without lines.

Fig. 3. Light current, dark current, and noise characterization, RV, NEP,
and D∗. Typical calculated (lines) and measured (dots and circles) for
0.1 THz emitter of the 20 µm line spacing device.

diminishes with an increase in line spacing. Based on the
findings in Fig. 2, it is determined that the detector with a line
spacing of 20 µm exhibits the best performance. Therefore,
further research will be conducted using the device with a line
spacing of 20 µm. Fig. 3 shows light current, dark current,
and noise characterization, R, NEP, and D∗ of the 20 µm line
spacing device at room temperature. From the dark Ampere-
Volt line, a good ohmic character could be observed. The
total noise (Vn) of the groove device could be divided into
the thermal Johnson–Nyquist noise (Vt ) and dark current shot
noise (Vb), which can be expressed as [20], [21]

νn =

√
ν2

t + ν2
b =

√
4kB T r + 2q Idr2 (3)

where kB is Boltzmann’s constant, T is the detector’s absolute
temperature, r is the resistance value of the device, q is the
elementary charge, and Id is the device’s dark current. In addi-
tion, the calculated data agrees with the experimental noise
level. For 10 V voltage bias, the noise level is ∼3 µV Hz−1/2.
The increasing Vn with increment bias is caused by the dark
current shot noise. In addition, the photoresponsivity (R), NEP,
and detectivity (D∗) were also used to evaluate the photo-
electrical conversion capability of a detector. These figures of
merits of R, NEP, and D∗ are all calculated by [20] and [22]:
RV = V/P , NEP = vn/RV , and D∗

=
√

S/NEP. Here, I is

Fig. 4. Real and imaginary parts of the complex dielectric constant
dispersion for GST nanofilm.

the photograph current of the device. P is the incident THz
power, S is the effective detection area of the detector, and
Vn is the noise voltage as shown in (1). Fig. 3 also shows R,
NEP, and D∗ of the 20 µm line spacing device with different
voltages at room temperature for the incident THz frequency
of 0.1 THz. Due to the nonequilibrium electrons proportional
to the drift velocity, R linearly increases with voltage. With
the voltage of 10 V, R of this device is 3.31 × 105 V W−1,
which is higher than that of a Golay cell (1 × 105 V W−1).
Also, combined with the EIW and LSP effect, our R is also
1.3× more than the best results of nanostructure devices [21].
The EIW effect makes our device an excellent room tem-
perature detector. In addition, due to increasing noise levels,
NEP and D∗ show enhancement with the increasing volt-
age and tend to saturate with the voltage close to 10 V.
With the voltage of 10 V, NEP is 4 pW Hz−1/2 and just
1/50 more than a commercial Golay cell (140 pW Hz−1/2)

[20] and 1/3 more than a commercial Schottky diode
(15.2 pW Hz−1/2) [20].

In order to further explain the working mechanism of
our detector, the surface electric field and surface carrier
motion are simulated. Fig. 4 shows the complex dielectric
constant dispersion for GST devices in the THz spectrum. The
real and imaginary parts of the complex dielectric constant
dispersion for GST nanofilm are measured by a transmitted
THz-TDS. The parameters of femtosecond lasers in THz-
TDS are a central wavelength of 780 nm, repetition frequency
of 80 MHz, and pulsewidth of 90 fs. Based on the results
of the experiment, it is evident that an increase in frequency
corresponds to an increase in the real components of the
complex dielectric constant, while the imaginary components
exhibit a decrease. We used (4) to demonstrate the electronic
structure of the ultrathin film devices [23]

ε(ω) =
i(n + 1)c

ωd
1 − T/T0

T/T0
(4)

where n is the refractive index, d is the film thickness,
c is the speed of light in vacuum, and T/T0 is the complex
transmittance. In addition, we used the Drude model to fit the
complex dielectric constant [23]

ε(ω) = ε∞ −
ω2

p

ω(ω + iγ )
(5)

where ε∞, ωp, and γ are the dielectric constant for high fre-
quency, plasma frequency, and damping constant, respectively.
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Fig. 5. Surface electric field distribution of the devices of 20 µm line
spacing at 0.1 THz (left) and current density distribution and direction
on the device surface (right).

The permittivity of the GST films in the THz range is negative
according to the Drude model with a temperature of 298 K.
Thus, the THz surface plasmons could be excited in GST,
which generated the nonequilibrium electrons concomitantly
[24], [25]. The simulation results are shown in Fig. 5. The
detector combined the surface plasma and THz quantum well.
With the THz photon incident, according to the surface plas-
mon theory, surface plasmons can be generated in the air-GST
quantum well structure. After that, these surface plasmons will
transfer energies to electrons in GST, resulting in the absorp-
tion of incident THz wave by the groove array. The direction
perpendicular to the grating plane is defined as z, and Ez is
an evanescent wave in the z-direction. The surface plasmon
caused by grating coupling forms a standing wave between
each groove. There is a large Ez field intensity distribution
in the multiquantum well structure area of the detector, and
there is a certain non-uniformity in the z-direction. As shown,
grooves devices demonstrate a larger intensity of LSPs than
the film without grooves. As a consequence, the groove device
would absorb more incident photons. The sub-band of the
quantum well is slightly lower than the barrier. Therefore,
there is a large sub-band transition dipole moment between
the first and second sub-bands. With appropriate bias, the
excited carriers on the second sub-band are quickly transferred
to the continuous state through tunneling and scattering to
form the photograph current. Due to the thickness of the
whole device in the sub-wavelength scale, the evanescent
wave corresponding to the surface plasmon can improve
the sub-band absorption efficiency of the device. Employing
field enhancement within the groove array could improve the
detection efficacy, attributable to the simultaneous induction of
more nonequilibrium electrons and augmented absorption of
THz waves. Consequently, it improves the response rate and
working temperature of the device.

The devices with ablated grooves displayed significantly
different dynamics than those without. The responsivity of
the devices, with line spacings of 20, 40, and 60 µm, were
measured to be 0.331 × 105, 0.90 × 105, and 0.8 × 105 V/W,
respectively. The NEP values were found to be 4, 300, and
6000 pW Hz1/2, as shown in Fig. 2. These comparative exper-
iments demonstrated that the devices with grooves exhibited
a notably high responsivity, which can be attributed to the
ablated structure of the devices.

It is well-known that the transient photo-conductivity of
semiconductor materials can be influenced by various factors
such as morphoses, additional ablated microgrooves, assem-
bled structure, and molecular structure. These factors can trap

Fig. 6. Switching time of the 20 µm line spacing detector.

TABLE I
THz DETECTORS BASED ON DIFFERENT MATERIALS AND

MECHANISMS AT ROOM TEMPERATURE

photo-excited carriers and reduce their recombination velocity.
In the case of the groove devices, the ablated lines disrupt the
isotopic property, leading to anisotropy in the diffusion range.
This, in turn, greatly affects the average mobility of the carriers
due to their strong localization on the surface boundaries
caused by the surface depletion layer around the lines. The
carriers move in the direction of the groove, and therefore,
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increasing the line spacing results in an increase in surface
defect states, which reduces the recombination velocity of
the photo-excited carriers. Consequently, devices with smaller
line spacing exhibit higher carrier recombination rates and
sensitivity.

Additionally, the response time of the device with a 20 µm
line spacing, as shown in Fig. 6, was measured to be 88 ms.
Table I lists a comparison of THz detectors based on different
materials and mechanisms. It is evident that most detectors are
in the form of nanosheets, chemical vapor deposition (CVD)
films, or thin crystals in nano or micro dimensions. Detectors
with a relatively large effective area are of utmost importance
in the fields of THz communication and imaging. Compared to
existing detectors, the GST-based microgroove array detector,
which demonstrates certain advantages regarding NEP and
detection sensitivity, holds significant practical value.

IV. CONCLUSION

In conclusion, we have conducted an investigation on a
high-performance THz wave detector with a large effective
area. This detector is based on a microgroove array deposited
with GST at room temperature. The combination of GST and
the microgroove array results in strong THz wave LSPs, which
significantly enhances the detection performance. It is worth
noting that the detector performance decreases as the line
spacing increases, due to the increased freedom of carrier
movement. In our experiment, the best-case scenario with
a line spacing of 20 µm achieved a detectivity (D∗) of
6.27 × 108 cm Hz1/2 W−1 at 0.1 THz, at room temperature.
Additionally, we obtained a NEP of 4 pW Hz1/2 and a
responsivity (Rv) of 3.31 × 105 V W−1. The response time
of the device with a 20 µm line spacing was measured
to be 88 ms. Remarkably, the effective detection area of
our device measures 6.5 × 2 mm, making it suitable for
practical applications. With the enhanced LSP effect and lower
crystallization temperature, GST offers significant advantages
in fabricating high-performance detectors with large effective
areas. Our results demonstrate that large-area THz detectors
based on GST can be efficiently fabricated through microstruc-
tural design combined with microstructural design, and have
the potential to be extended to other novel THz devices.
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