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Abstract

Room-temperature, miniaturized, multiparameter terahertz (THz) detectors with ultrafast
response, particularly in the high-frequency THz regime (> 0.3 THz), are essential for next-
generation information perception, including radar imaging, remote sensing, semiconductor
inspection, and scalable THz focal-plane arrays. Yet, deep-subwavelength miniaturization
(<40/50) remains challenging because the reduced interaction volume between long-wavelength
THz waves and nanoscale absorbers leads to intrinsically weak light—matter coupling. Here, we
present a graphene plasmon polariton atomic cavity (PPAC) nano-detector that overcomes this
limitation by exploiting resonant THz field confinement in graphene PPACs, enabling efficient
light—matter interaction within an ultracompact channel. The architecture integrates graphene
PPAC arrays with asymmetric metal contacts, where graphene simultaneously serves as the
THz absorber and charge transport channel. Channel shortening accelerates the
photothermoelectric response by reducing the hot-carrier diffusion length, capacitance, and
contact parasitics. Leveraging plasmon resonances and optimized carrier dynamics, the detector
achieves broadband (0.53—4.24 THz), polarization- and frequency-sensitive THz detection with
a polarization ratio of 93, responsivity of 1007 V/W, noise-equivalent power of 16 pW/Hz">,
detectivity of 2.9 x 107 Jones, and a 230 ps response. This deep-subwavelength device
represents the smallest and fastest multifunctional detector reported to date in the high-
frequency THz regime and enables, for the first time, polarization-resolved shielded imaging
that distinguishes conductive from non-conductive features within encapsulated chips,

advancing compact, high-speed, room-temperature THz technologies.



Introduction

Terahertz (THz) radiation (0.1-10 THz) provides rich spectral, polarization, and phase
information beyond conventional intensity imaging, enabling characterization of structural and
electronic anisotropies at micro- and nanoscale dimensions!™. In particular, high-frequency
THz operation (> 0.3 THz), where wavelengths approach the characteristic dimensions of
microelectronic features, is critical for improving spatial resolution and enabling shielded
imaging of concealed conductive structures in integrated circuits and semiconductor chips.
Realizing such capabilities requires miniaturized detectors that simultaneously provide room-
temperature operation, ultrafast response, and intrinsic polarimetric functionality, enabling
polarization- and frequency-resolved THz detection for high-resolution imaging” .

However, existing THz detectors remain poorly suited for this regime. Thermal detectors,
including Golay cells, thermopiles, and bolometers, provide room-temperature operation but
are limited by slow thermal response®. Electronic detectors such as high-electron-mobility
transistors and Schottky barrier diodes offer fast response and high sensitivity, yet their
bandwidth decreases significantly in the high-frequency THz regime’. Photonic detectors based
on narrow-bandgap semiconductors can achieve high sensitivity but often require cryogenic
cooling!®. Moreover, polarization-resolved THz detection typically relies on external
polarizers, wave plates, or metasurfaces, which introduce optical complexity and hinder
monolithic integration'!. Therefore, a detector architecture that simultaneously enables efficient
electromagnetic field coupling, intrinsic polarization sensitivity, fast detection, and deep-
subwavelength miniaturization remains highly desirable!%!3,

Van der Waals (vdW) two-dimensional (2D) materials, particularly graphene, provide a
promising platform for THz micro- and nano-detectors owing to their atomic thickness, tunable
electronic properties, and high carrier mobility at room temperature'*. Accordingly, THz
detectors based on graphene and other 2D materials have been widely developed'>2°,
particularly through the excitation of optical resonances?!. Nevertheless, deep-subwavelength
scaling remains challenging because the reduced interaction volume between long-wavelength
THz radiation and atomically thin materials leads to inefficient light—matter coupling. In
addition, weak intrinsic THz anisotropy in most 2D materials requires integration with external
polarization-resolved structures, increasing device complexity and footprint®?>2*, Overcoming
these limitations requires a strategy that simultaneously enhances THz interaction and sustains
intrinsic detector functionalities at nanoscale dimensions. Recently, graphene plasmon
polariton atomic cavities (PPACs) have enabled monolithic multiparameter THz detection by

exploiting resonant enhancement in patterned graphene nanostructures, eliminating bulky



antennas and external polarization optics’. However, conventional PPAC geometries still
impose a trade-off between resonance frequency, device size, and detection performance,
limiting further miniaturization.

Here, we demonstrate that engineering the aspect ratio of rectangular graphene PPACs
enables resonance-preserving device scaling, providing a route toward deep-subwavelength
THz detectors in which resonant field confinement within the PPACs enhances light—matter
interaction, while the graphene layer simultaneously serves as the THz absorber and charge-
transport channel. The detector employs an asymmetric graphene channel comprising
rectangular PPACs and unpatterned graphene, contacted by dissimilar metal electrodes. In
contrast to circular PPACs, whose resonance is mainly determined by diameter’, the rectangular
PPAC geometry introduces an additional degree of freedom through the aspect ratio, enabling
channel shortening and lateral scaling while preserving the target plasmonic resonance
frequency. This anisotropic geometry further provides frequency- and polarization-resolved
absorption through dipolar excitation along the long axis of the PPACs. Meanwhile, reducing
the channel dimensions accelerates the photothermoelectric (PTE) response by shortening hot-
carrier diffusion paths and lowering capacitance and contact parasitics. As a result, we realize
an atomically thin detector with a lateral channel area of only 2 pm % 16 um (~40/60), achieving
broadband (0.53—4.24 THz), frequency- and polarization-resolved detection with a polarization
ratio of 93, responsivity of 1007 V/W (98 V/W), and noise-equivalent power (NEP) of 16
pW/Hz"3 (165 pW/Hz"?), referenced to absorbed (incident) THz power. The detector exhibits
an experimentally measured response time of 230 ps, with simulations projecting a response
time of ~60 ps for the 2 um-channel device, establishing it, to our knowledge, as the smallest
and fastest multifunctional detector reported to date in the high-frequency THz regime (see
Supplementary Table S1). This detector enables, for the first time, polarization-resolved
shielded imaging of encapsulated semiconductor chips that distinguishes conductive from non-
conductive regions, establishing a pathway toward compact, high-speed, multifunctional THz

imaging systems.

Results

Geometry-controlled plasmon polariton resonances in rectangular graphene PPACs
Deep-subwavelength THz detection requires a resonant element that can preserve light—

matter interaction even when the photoactive region is much smaller than the free-space

wavelength?>. We therefore first examined how the geometry of rectangular graphene PPACs

controls the resonance frequency, absorption strength, and polarization selectivity. Finite-



difference time-domain (FDTD) simulations were performed for normally incident THz waves,
with the polarization angle 6 = 0° defined as the electric field parallel to the long axis of the
PPACs (Fig. 1a).
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Fig. 1 Geometry-controlled THz plasmon polariton resonances in rectangular graphene
PPAC:s. a, Schematic of the graphene rectangular PPAC array. L: and W; denote the resonator
length and width, and dw and di denote the inter-resonator spacings along the x and y directions,
respectively. b, Simulated resonance frequency fas a function of L, for a fixed aspect ratio of 4
(Lr = 4Wy). ¢, Simulated polarization dependence of the resonance absorption for PPACs with
a fixed aspect ratio of 4; 6 is the angle between the THz polarization and the long axis of the
PPAC. d, SEM images of rectangular PPAC arrays with dimensions of 50 um % 10 um, 40 pm
x 10 um, and 30 um x 10 pm. Scale bars: 50 um. e, Simulated f as a function of aspect ratio
from 0.2 to 16 for a fixed W; = 5 pm. f, Simulated polarization dependence of resonance
absorption for PPACs with aspect ratios from 1.1 to 2. g, Experimental (dots) and simulated
(lines) THz absorption spectra of the PPAC arrays shown in (d). h, Experimental (symbols) and

simulated (line) resonance frequencies extracted from (g) as a function of aspect ratio.

4



For PPACs with a fixed aspect ratio AR = L/W; = 4, the resonance redshifts systematically
as L; increases from 1 to 80 um (Fig. 1b and Fig. S1a). This trend agrees with the resonance
frequencies obtained from quasistatic coupled-mode theory (QCMT; Supplementary Note
S1)?®, showing that the resonance can be predictably engineered through cavity geometry. The
resonance intensity also changes with L. because the filling factor of the array varies with
resonator size. The polarization response shows a dipole-like behavior: absorption is strongest
when the incident electric field is aligned with the long axis and is suppressed when the field is
rotated towards the short axis (Fig. 1¢). The polarization ratio was defined as,

1
PR =~ 1
7 (D

where Imax and Imin are the maximum and minimum absorption intensities at the resonance
frequency. For representative PPACs with dimensions of 0.4 um % 0.1 um, 4 um % 1 um, 20
pm x 5 pum, and 80 pm x 20 um, the calculated PR values are 154, 217, 211, and 127,
respectively, showing that strong polarization selectivity is preserved over a wide range of
cavity sizes when the aspect ratio is fixed.

The aspect ratio provides an additional degree of freedom that is absent in circular or
square PPACs°. For a fixed width W = 5 pum, increasing L. redshifts the resonance across the
0.1-4.0 THz range (Figs. le and Fig. S1b), while the polarization response remains governed
by a dipole-like plasmon mode (Fig. 1f). For rectangular PPACs with L; = 40 pum and W;
increasing from 20 to 35 um, PR decreases from 11.1 to 1.2, indicating that higher aspect ratios
strengthen polarization selectivity. Thus, unlike high-symmetry geometries such as squares,
circles, or regular hexagons, rectangular PPACs provide resonance-frequency tunability and
polarization discrimination within a single planar graphene geometry, without increasing the
device footprint.

Polarization-resolved simulations further reveal two orthogonal cavity modes (Fig. S2).
As O increases from 0° to 90°, the long-axis resonance weakens, while a higher-frequency short-
axis resonance emerges. Near-field distributions confirm that this second resonance originates
from plasmon excitation along the PPAC width. This dual-resonance behavior allows a simple
rectangular graphene cavity to provide both frequency- and polarization-resolved responses
without multilayer metamaterials or additional anisotropic optical components. The inter-cavity
spacings dw and d) also modulate the collective plasmon response (Fig. S3)°. Reducing d
strengthens attractive dipole coupling between adjacent cavities along the polarization

direction, lowers the restoring force, and redshifts the resonance. It also increases the resonance



intensity by enhancing near-field coupling and suppressing radiative loss. In contrast,
increasing dyw weakens repulsive coupling between neighboring cavities in the transverse
direction and likewise reduces the effective restoring force. These trends indicate that both
single-cavity aspect ratio and array-level coupling can be used to position the resonance while
maintaining strong field confinement.

The simulated trends were verified experimentally by THz time-domain spectroscopy
(THz-TDS, BATOP TDS-1008). Rectangular PPAC arrays with unit sizes of 50 pm x 10 pm,
40 um x 10 um, and 30 um % 10 um were fabricated on monolayer graphene transferred onto
high-resistivity SiO2/Si substrates (Fig. 1d, see Methods). Raman spectra show prominent G
and 2D bands at 1580 and 2700 cm™!, respectively, with no obvious D peak and a single-

1

Lorentzian 2D band with a full width at half maximum of 32 cm™', confirming the high quality

of the patterned graphene (Fig. S4a). The absorption was extracted from,
Abs=1- Toeac (2)
Si0,/Si

where Tppac and T, ; are the transmissions of the PPAC array on SiO»/Si and the bare

substrate, respectively. The measured absorption spectra, with incident polarization parallel to
the long axis of the PPACs, reproduce the simulated absorption spectra and resonance shifts
with aspect ratio (Fig. 1g and 1h), validating rectangular PPACs as tunable THz cavities for

resonant field confinement in atomically thin graphene.

Monolithic PPAC detector for ultrafast frequency- and polarization-resolved detection
Having established geometry-controlled plasmonic resonant confinement, we next
integrated rectangular PPACs into a monolithic graphene detector. The device consists of an
asymmetric graphene channel contacted by source and drain electrodes (Fig. 2a). Here, the
graphene channel refers to the photoactive monolayer graphene region between the source and
drain electrodes, where THz absorption and subsequent photoelectric conversion occur, as
define in Refs. [5], [15], and [16]. One side of the channel contains a rectangular PPAC array
connected by graphene nanoribbons, whereas the other side is unpatterned graphene. The
representative detector has a total channel area of 20 um % 16 pm and a channel length L. = 20
pum (Fig. 2b). Individual PPACs of 2.5 um x 400 nm produce a pronounced absorption
resonance at 2.52 THz (Fig. S4b). Ti/Au electrodes were formed by ultraviolet lithography,
metal deposition, and lift-off (see Methods). The linear dark /~V curve and a device resistance
of 3852 Q indicate Ohmic contact between graphene and the electrodes (Fig. S4c), which is

important for extracting a zero-bias PTE signal.
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Fig. 2 Monolithic PPAC nano-detector with bias-free, frequency- and polarization-
resolved PTE response. a Schematic of the detector, where an asymmetric graphene channel
bridges two Ti/Au electrodes. The channel comprises a rectangular PPAC array connected by
graphene nanoribbons on one side and unpatterned graphene on the other. b Optical image and
SEM images of the fabricated detector and PPAC array. ¢ Simulated temperature and electric-
potential distributions under resonant excitation at 2.52 THz and off-resonant excitation at 3.5
THz. Scale bar: 5 pm. d Zero-bias photocurrent under periodically modulated 2.52-THz
illumination. e Photovoltage as a function of illumination power. f Measured frequency-
dependent photoresponse (symbols) compared with simulated THz absorption (line). g
Polarization-dependent photoresponse (symbols) compared with simulated polarization-
resolved absorption (line). h Time-resolved photovoltage response to a broadband THz pulse

(0.1-3.0 THz).

The detection mechanism is governed by the conversion of resonantly generated hot
carriers into a PTE photocurrent or photovoltage. Finite-element (FEM) simulations (COMSOL
Multiphysics, see Methods) were used to calculate the electromagnetic field, temperature

profile, and electric potential under resonant and off-resonant excitation (Fig. 2c and Fig. S5).
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At 2.52 THz, the PPAC resonance concentrates the THz field inside the patterned graphene
region (Fig. S5, left pannel), increases local absorption, and generates a hot-carrier population.
Because the patterned PPAC side and the unpatterned graphene side absorb THz radiation
differently, a lateral temperature gradient develops across the channel (Fig. 2c, upper left panel).

The resulting zero-bias photovoltage is described by,

V== SCOVT (x)dx 3)
_ 7’k T(x)(dinoc 4
sw=- T ) @

where S(x) is the Seebeck coefficient, VT (x) is the temperature gradient, kg is the Boltzmann

constant, 7(x) is the local temperature, e is the elementary charge, o is the graphene
conductivity, and Eris the Fermi level. The simulated temperature and potential maps show that
the PPAC side becomes hotter than the unpatterned side and that the induced potential drives a
spontaneous current without external bias (Fig. 2c, left panels; Fig. S5, right panel). At 3.5 THz,
where the PPAC resonance is not excited, the field confinement, temperature gradient, and
photovoltage are all strongly reduced (Fig. 2c, right panels). Resonant THz confinement of the
PPAC array therefore directly determines the strength and spectral selectivity of the PTE
response.

Under 2.52-THz illumination polarized along the long axis of the PPACs, the detector
generates reproducible zero-bias photocurrent over repeated on/off cycles (Fig. 2d), and the
corresponding photovoltage scales linearly with incident power (Fig. 2e). The voltage

responsivity Ry is calculated as,

V I, xR
Ry =pr=—— (5)
])eff Peff
[ _ 2ﬂ-\/iVlock
T g (6)

where Iph and Vph are the photocurrent and photovoltage, R is the channel resistance, Viock is the
lock-in output voltage, G is the current-preamplifier gain, and Pefr is the effective power coupled
to the active region. It is worth noting that the spot size of the THz beam (~1 mm diameter) is
substantially larger than the active channel area of our antenna-free detectors. This contrasts
with most conventional THz detectors integrated with antennas, where the device area is
typically comparable to the beam size!>?>%. As a result, the incident power is not efficiently

concentrated on the active region in our case, highlighting the importance of evaluating



responsivity with respect to the effective power rather than the total incident power. Specifically,
two effective-power definitions were used. The absorbed-power definition is>!®,

_BxS

P evice X 77 (7)

eff SO
where Sdevice 18 the graphene-channel area, So and Py are the spot area and total THz power, and
n is the PPAC absorption at resonance frequency obtained from the simulated absorption
spectrum. The second definition omits # and corresponds to the incident power projected onto
the active area.

In our study, the PPAC detector uses plasmonic resonances to confine the THz field and
localize absorption within the graphene channel. Therefore, the use of absorbed power as a
meaningful metric for responsivity evaluation more directly reflects the intrinsic photoelectric
conversion efficiency of the PPAC architecture. This metric highlights the role of resonant
light-matter interaction in compensating the reduced interaction volume at deeply

subwavelength scales. For the L. = 20 um detector, Rv is 7 V/W when referenced to absorbed

power and 0.7 V/W when referenced to incident power, demonstrating that the PPAC resonance
maintains measurable responsivity despite the compact antenna-free active area
(Supplementary Table S1).

Noise measurements show 1/f noise below ~1 kHz and Johnson—Nyquist noise at higher
frequencies (Fig. S4d). Because the device remains stable up to a modulation frequency of 7.8
kHz (Fig. S4e), the NEP was evaluated using the Johnson-noise limit,

NEP = J4ksTR (8)
v
and the specific detectivity D* was calculated as,

o _JAE

NEP

)

where A4 is the effective device area and B is the measurement bandwidth. At 2.52 THz, the
detector reaches an NEP of 1.2 nW/Hz" and D" = 2.8 x 10° Jones when referenced to absorbed
power. Device-to-device statistics further show mean values of Vpn = 0.9 uV, Ry = 4.8 V/W,
NEP = 4.1 nW/Hz"3, and D" = 2.6 x 10° Jones (Fig. S6), with the spread mainly attributed to
variations in graphene quality and fabrication uniformity. Further improvements in Ry and D”,
along with NEP reduction, can be achieved by optimizing graphene quality, fabrication
processes, and device area, as discussed below.

The same resonance that enhances absorption also gives the detector frequency selectivity.

Measurements at 0.53, 1.84, 2.52, 3.11, and 4.24 THz show that the strongest response occurs



at 2.52 THz, matching the simulated absorption maximum (Fig. 2f). Detectors with varied
PPAC dimensions exhibit distinct resonance frequencies and corresponding peak responses
(Figs. S7 and S8). For example, the 2.5 um x 400 nm PPAC detector peaks at 2.52 THz, whereas
a larger 30 um x 20 um PPAC detector peaks near 0.5 THz. The PPAC geometry therefore
provides a direct route to frequency-resolved THz detection over a broad spectral range.

The anisotropic cavity resonance also enables intrinsic polarization selectivity. When the
incident polarization is rotated with a half-wave plate, the detector responsivity follows an
inverted figure-eight pattern that matches the simulated polarization-dependent PPAC

absorption (Fig. 2g). The device polarization ratio, PRgevice, 1S defined as,

V max
PRdevice = I;h (10)

phmin
where Vphmax and Vpmmin are the maximum and minimum photovoltages as the incident
polarization is rotated. Under 2.52-THz illumination, the detector with Lc = 20 pm achieves
PRaevice = 93, representing one of the highest polarization ratios reported for antenna- and
metamaterial-free 2D-material-based THz detectors (Supplementary Table S1). FDTD
simulations show that the electrode-induced field response has the opposite polarization
dependence to the PPAC absorption (Fig. S9), confirming that the observed inverted figure-
eight response originates primarily from the PPAC resonance rather than the metal contacts.
The response time 7 is a critical parameter characterizing the performance of the PPAC
nano-detector. The PTE mechanism, combined with the short channel of the detector and the
high carrier mobility of graphene, enables high-speed detection performance?’. The temporal
response was evaluated using a broadband THz pulse from 0.1 to 3.0 THz (Fig. 2h, see
Methods). To obtain a sufficiently large signal for the time-domain measurement, multiple
graphene channels were connected in series to form a 3-mm-long device (Fig. S10). The
measured photovoltage follows the incident THz pulse and gives a response time of 230 ps,
already faster than most reported 2D-material-based THz detectors (Supplementary Table S1).
As shown below, this response can be further accelerated by reducing the hot-carrier diffusion

path in deep-subwavelength channels?®.

Deep-subwavelength scaling through field confinement and contact engineering
Miniaturization usually weakens THz detector response because shrinking of the active

area reduces the interaction volume between THz wave and the detector channel. We therefore

investigated whether resonant confinement in PPAC detectors can overcome this scaling trade-

off. A series of devices with channel lengths from 50 to 2 um were fabricated while keeping
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the channel width fixed at 16 um (Fig. S11a). The shortest device has an active area of only 2
um x 16 pm, corresponding to ~Ao/60 at 2.52 THz. The measured resistance increases from
~1800 Q to ~8000 Q as L. increases from 2 to 50 um (Fig. S12), consistent with the longer
transport path. Under 2.52-THz illumination, the photovoltage shows two regimes (Fig. 3a).
For L. <10 um, it remains nearly constant even as the active channel is aggressively shortened.
For L. > 10 um, the photovoltage increases with channel length but at a reduced rate, gradually
saturating for Lc > 20 um. Simulations including both the electrodes and the PPAC array
reproduce this trend and clarify the mechanism (see Methods). In an electrode-only
configuration, heat accumulation and potential drops remain localized near the metal contacts
(Fig. 3f, right panel). When the PPAC array is included, resonant absorption raises the
temperature in the graphene cavity region and extends the potential variation into the channel
(Fig. 3f, left panel). The difference between the two simulations increases with channel length
(Fig. S13a), indicating that the PPAC contribution becomes more important in longer channels.
In contrast, for Lc < 10 um, the isolated PPAC-induced photovoltage is small (Fig. S13b), and
the response is dominated by strong field confinement between closely spaced electrodes (Fig.

S14).
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Fig. 3 Deep-subwavelength scaling of graphene PPAC THz detectors. a—d Channel-length
dependence of photovoltage, Ry, NEP, and D". These Ry, NEP, and D" values are obtained
when reference to absorbed power. Experimental and simulated data are shown by red and blue
symbols, respectively. e Simulated response time as a function of channel length. The red star
denotes the measured response of the 3-mm-long series device, and the orange line shows a
linear fit to the simulated trend. f Simulated temperature and electric-potential distributions for
a 20-um-channel detector with both electrodes and PPACs included (left) and with electrodes
only (right). Scale bar: 5 pm. g Responsivity of detectors with Ti/Au—Ti/Au, Cr/Au-Ti/Au, and
Ti/Au—Cr/Au contact configurations. The metal electrodes consist of 10 nm Ti or Cr, capped
with 100 nm Au (top panel). h Channel-length dependence of responsivity for symmetric and
asymmetric-contact detectors. i Polarization-dependent THz photoresponse for detectors with
Lc = 2 (red), 10 (orange), and 20 um (blue) compared with simulated polarization-resolved

absorption.
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This dual-regime behavior explains why the photovoltage does not collapse under deep-
subwavelength scaling. In short-channel devices, electrode-mediated near-field confinement
compensates for the reduced number of PPAC units and the smaller active area. In longer
devices, PPAC-mediated resonant absorption and hot-carrier thermal diffusion dominate the
PTE voltage. For devices with Lc > 10 pm, when the cumulative length of the PPAC array
remains below the thermal diffusion length of 15.9 um (Supplementary Note S2), adding PPAC
units leads to a collective increase in local heating, particularly near the leftmost PPAC—
electrode interface. This thermal accumulation enhances the lateral temperature gradient across
the device, thereby increasing the thermoelectric photovoltage (Fig. 3f, Fig. S15a, and
Supplementary Note S2). In contrast, once the PPAC array exceeds the thermal diffusion length,
the incremental contribution from additional PPAC units becomes negligible. These remote
units no longer substantially affect the temperature at the electrode interface, resulting in a
stabilized temperature gradient and, consequently, a saturated photovoltage output (Fig. S15b,
c). Accordingly, the photovoltage increases monotonically with channel length and
asymptotically saturates in long-channel devices (Lc > 20 pm). Thus, the response is governed
by the balance among field confinement, resonant absorption, and hot-carrier diffusion, rather
than by geometric area alone.

The above mechanism converts channel shortening into a performance advantage. When
Lc is reduced from 50 to 2 um, the effective absorbed power decreases by a factor of ~30
because of the smaller active area (Fig. S11b). The photovoltage, however, decreases by only a
factor of ~6 and remains nearly unchanged for L. < 10 um (Fig. 3a). As a result, Rv increases
by a factor of 4.9, while NEP calculated from the current noise power density spectra of the
corresponding channel lengths decreases by a factor of 5.5 over the same scaling range (Fig.
3b, ¢ and Fig. S16). Meanwhile, the specific detectivity D* shows a more modest increase,
improving by a factor of 1.2 (Fig. 3d). These improvements become especially pronounced
when the channel length falls below 10 um. At L. = 2 pm, the symmetric-contact detector
reaches Ry = 34 V/W and NEP = 0.3 nW/Hz"> when referenced to absorbed power within an
active area of 32 pm?. These results show that resonant and contact-mediated THz confinement
can compensate the reduced interaction volume that normally limits deep-subwavelength
detectors.

Channel scaling also accelerates the PTE response. Because the output of an individual
short-channel device is too small for direct time-domain measurement in our current setup,

response times were simulated for L. = 2-50 um (Fig. 3e and Supplementary Note S3). The
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calculated response decreases as the channel is shortened and reaches ~60 ps for L =2 pum, a
2.8-fold reduction relative to the 50-pum device. The measured response of the 3-mm-long series
device lies on the extrapolated trend, supporting the validity of the model for shorter channels.

The origin of this speed improvement was assessed by comparing the relevant time scales
of PTE detection: hot-carrier thermal diffusion (zaifr), the resistor—capacitor (RC) time constant,

and the optical bandwidth of the PPAC resonance. These characteristic quantities are*??,

I:C
Tdiff:D—el (11)
K
- (12)
R 2xRC
C
_ 13
S W0 (13)

where Lp is the hot-carrier thermal diffusion length, Ce is the electronic heat capacity, « is the
thermal conductivity, c is the speed of light, n is the substrate refractive index (1.955 for Si0,),
W is the channel width, and Q is the quality factor of the PPAC resonator. Here, O = wres/Aw,
with wres and Aw denoting the resonance angular frequency and linewidth, respectively. The
optical bandwidth is not limiting: using W = 16 um and Q = 1.5 gives f3as on the order of 1
THz, corresponding to a sub-picosecond optical time scale. The RC contribution was estimated
using the device equivalent resistance and a lumped channel capacitance (Supplementary Note
S4), yielding RC-limited frequency frc of ~35-885 GHz, corresponding to RC-limited response
times of ~0.4—10 ps. These values are nearly one to two orders of magnitude shorter than the
simulated response times, indicating that RC delay is not the primary speed-limiting process in
the miniaturized PPAC devices. Nevertheless, reducing the channel length substantially lowers
the capacitance and contact parasitics, thereby suppressing the RC delay that commonly limits
larger-area or bulk detector architectures.

The response is instead primarily governed by hot-carrier thermal diffusion. Reducing L.
from 50 to 2 um decreases the effective diffusion length from ~15.9 um to below 2 um
(Supplementary Note S2). Using reported room-temperature graphene diffusivities of D = x/Ce
~ 100—-5000 cm?/s>®, zqifr is estimated to be ~8—505 ps, consistent with the simulated response
range of 60-200 ps. This agreement indicates that channel scaling accelerates the PTE response
primarily by shortening the hot-carrier diffusion path, while the reduced capacitance and
contact parasitics enable efficient readout of the generated photovoltage. This diffusion-limited
picture highlights the physical advantage of the PPAC architecture. The plasmonic cavity
concentrates THz absorption within a deeply subwavelength graphene channel, preserving

efficient PTE conversion even as the active length is reduced. At the same time, the shortened
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thermal diffusion path and smaller parasitic capacitance jointly support ultrafast operation,
leading to a projected response time of ~60 ps for the 2 pm-channel device. These results show
that PPAC scaling not only improves integration density and maintains responsivity, but also
provides a physical route to faster room-temperature THz detection.

To further enhance the PTE voltage, we introduced asymmetric metal contacts. Devices
with  Ti/Au-PPAC/graphene-Ti/Au, = Cr/Au—PPAC/graphene-Ti/Au, and  Ti/Au—
PPAC/graphene—Cr/Au configurations were fabricated with the same 20 um x 16 um channel
and PPAC dimensions of 400 nm X 2.5 um, all resonant at 2.52 THz (Fig. S17). Under 2.52-
THz illumination, the Cr/Au-PPAC/graphene—Ti/Au device gives the largest responsivity,
whereas the reversed Ti/Au—PPAC/graphene—Cr/Au device gives the smallest response (Fig.
3g). This polarity dependence reflects the vector addition of two currents, plasmon polariton
resonance (PPR)-induced hot-carrier current /o and contact-induced current /.. On one hand, the
asymmetric graphene channel, incorporating the rectangle PPAC array, supports PPRs, which
elevates the hot-carrier temperature on the left side of the device. This creates a spatial
temperature distribution 7(x) across the channel, driving hot carriers from the high-temperature
region to the low-temperature region. As a result, the photocurrent /y flows along the positive
x-axis in all devices, consistent with the p-type doping of graphene under ambient conditions>'.
On the other hand, the electrodes with different work functions (T1 and Cr) induce distinct levels
of metal-induced doping in graphene at the two terminals, resulting in a nonuniform local Fermi
level Ef(x). This leads to a position-dependent Seebeck coefficient S(x) and built-in potential
gradient V V(x) , as described by Eqgs. (3) and (4). For p-type graphene with a positive S(x), the
work function differences (War > Wecr > Wri) cause limited electron transfer from Cr/Au
electrode to graphene, but substantial electron transfer from Ti/Au electrode to graphene®>33.
Consequently, in the Cr/Au—PPAC/graphene-Ti/Au device, the contact-induced current /.
reinforces /o; in the reversed geometry, /. partially cancels /o (Fig. S17).

The benefit of contact engineering becomes strongest in short channels because the metal-
induced doping regions occupy a larger fraction of the total graphene channel. For the Cr/Au—
PPAC/graphene—Ti/Au detector, the responsivity increases more rapidly with decreasing L.
than in the symmetric-contact device (Fig. 3h). At L. = 2 pm, this asymmetric-contact
architecture achieves Rv = 1007 V/W, NEP = 16 pW/Hz% and D" = 2.9 x 107 Jones when
referenced to absorbed power, exceeding the symmetric device by more than one order of
magnitude. Work-function engineering therefore amplifies the PTE response driven by resonant

THz confinement in the deep-subwavelength channel, while preserving both the linear
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photocurrent response to incident power and the frequency-resolved detection capability (Fig.
S18).

Finally, we examined how polarization selectivity evolves during channel scaling (Fig.
31). For L. = 10 and 20 pm, the devices show inverted figure-eight polar plots that follow the
polarization-resolved PPAC absorption, with PR values of 32 and 93, respectively. For L. = 2
um, the polar plot reverses to a regular figure-eight pattern with PR = 9, consistent with the
dominant contribution from electrode-mediated field localization in the shortest channel. The
scaled detector therefore retains polarization discrimination, while the sign and strength of its
polarization response can be controlled by the competition between electrode-induced and
PPAC-mediated effects. This tunable competition provides an additional design parameter for

monolithic polarimetric THz detectors.

Polarization-resolved THz imaging with deep-subwavelength PPAC detectors

The combined effects of resonant confinement, short-channel transport, and asymmetric
contacts place the deep-subwavelength PPAC detector in a distinct performance regime. Unlike
most 2D-material-based THz detectors, which rely on external antennas or
metamaterial/metasurface couplers, the present device operates without a separate antenna and
reaches a minimum channel length of 2 um, corresponding to ~40/60 at 2.52 THz. A comparison
with existing antenna-free 2D THz detectors clearly demonstrates that, despite its compact
footprint, the PPAC nano-detector delivers superior performance™®13-16:182122:2833-45 " yhen
referenced to incident power, the detector achieves Ry = 98 V/W and NEP = 165 pW/Hz’" (Fig.
4a, b). When referenced to absorbed power, Ry and NEP reach 1007 V/W and 16 pW/Hz">,
respectively. the PPAC nano-detector delivers superior performance. Compared with our
previous disk-shaped PPAC detector, the rectangular PPAC design reduces the device area by
more than two orders of magnitude while increasing responsivity by over one order of
magnitude®. Simulations indicate that this improvement originates from stronger field
confinement produced by the rectangular PPACs together with the short asymmetric-contact
channel (Fig. S19). The key advance is therefore not a single performance metric, but the
simultaneous realization of deep-subwavelength footprint, fast PTE response, and intrinsic

frequency and polarization selectivity (Supplementary Table S1).
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Fig. 4 Polarization-resolved THz imaging and concealed semiconductor-chip inspection.
a, b Comparison of Rv and NEP with room-temperature 2D-material-based THz detectors. ¢
Photograph of the imaging target composed of the Chinese characters “H” and “ K>, where the
character regions and surrounding regions contain metal microstructure arrays with orthogonal
orientations. d Optical images of the H-shaped and inverted-H-shaped metal microstructures. e
THz images acquired with the PPAC detector (top) and with a commercial polarization-
insensitive detector (bottom) at 2.52 THz. f Photograph of the power management integrated
circuit (PMIC). g Polarization-resolved THz image (left) of the capped PMIC acquired with the
PPAC detector, compared with a conventional X-ray image (right). The dashed orange region
highlights areas with distinct conductivity contrast in the THz image. h SEM image (left) and
energy-dispersive X-ray spectroscopy (EDS) mapping (right) of the PMIC after cap removal,

confirming the material distribution responsible for the THz contrast.

17



We then used this detector for polarization-resolved THz imaging, where the detected
contrast is determined by the polarization state of the transmitted or reflected THz wave rather
than by intensity alone. In the transmission experiment, the detector was integrated into a dual-
focus scanning imaging system (Fig. S20). A 2.52-THz laser, matched to the detector response
peak, illuminated the sample, and a quarter-wave plate converted the incident linear polarization
into circular polarization to remove polarization bias from the source. The sample was raster
scanned while the detector recorded the transmitted THz signal (see Methods). The imaging

target consisted of the Chinese characters “"'” and “X” patterned using metallic microstructure

arrays with identical dimensions but orthogonal orientations (Fig. 4c, d). The character regions
were filled with H-shaped arrays, whereas the surrounding regions were filled with inverted-H-
shaped arrays. Simulations show that these microstructure arrays exhibit strong polarization-
dependent transmission near 2.52 THz (Fig. S21): the transmittance is nearly zero for 6 = 0°
and ~70% for 6 = 90°. After circularly polarized THz radiation passes through the object, the
character regions and background therefore produce different transmitted polarization states.
The PPAC detector selectively converts these polarization differences into photocurrent
contrast. The resulting 90 x 50-pixel image, recorded with a 200 pm x 200 um step size, clearly
resolves both characters (Fig. 4e, top). In contrast, a commercial polarization-insensitive Golay
cell images only weak outer contours caused by boundary scattering and fails to resolve the
internal regions (Fig. 4e, bottom). This comparison demonstrates that the PPAC detector
extracts polarization-encoded information that is inaccessible to intensity-only THz detection.

The same polarimetric sensitivity enables concealed material discrimination in
semiconductor packages. A capped power management integrated circuit (PMIC, F17D39)
contains regions with different carrier concentrations and conductivities, including a silicon
chip and an Ag base (Fig. 4f). These regions modify the amplitude and polarization state of the
reflected THz field differently*®. We define the horizontal direction as the long-axis direction
of the PPAC unit cell, which is the sensitive axis of the detector (Fig. S22). Fresnel-equation
simulations at 2.52 THz show that Ag behaves as a nearly perfect reflector, whereas silicon
produces a weaker horizontal field component owing to its lower carrier density and different
polarization response. The PPAC detector can therefore map conductivity-related contrast
through the cap layer by selectively detecting this horizontal component. Reflective THz
imaging was performed with a 2.52-THz beam incident at 45° on the capped PMIC (Fig. S23).
The reflected signal was recorded with a 200 pm x 200 pm scan step, giving a spatial resolution
of ~400 pm, limited by the ~390 um diffraction-limited THz spot. The polarization-resolved
THz image clearly differentiates the silicon and Ag regions beneath the cap layer (Fig. 4g, left).
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After cap removal, optical imaging, SEM, and EDS mapping confirm that the high- and low-
contrast regions correspond to the Ag base and silicon chip, respectively (Fig. 4h and Fig. S24).
By comparison, conventional X-ray transmission imaging (VJ Technologies,
IXS080BP210P396) gives nearly identical grayscale values for these regions and does not
reliably distinguish the materials (Fig. 4g, right). The PPAC detector therefore enables a
complementary chip-inspection modality based on THz intensity and polarization contrast,

providing non-contact access to concealed conductive and semiconducting regions.

Discussion

In summary, we have demonstrated an antenna-free, self-powered THz nano-detector
based on rectangular graphene PPACs integrated with asymmetric metal contacts. The
rectangular PPAC geometry enables resonance-frequency tuning and polarization
discrimination while allowing the graphene channel to be scaled to a deep-subwavelength
length of 2 pum, approximately 4¢/60. Resonant THz confinement preserves light-matter
interaction within the atomically thin channel, short-channel scaling accelerates PTE
conversion by reducing the hot-carrier diffusion length and electrical parasitics, and work-
function-engineered contacts further amplify the built-in thermoelectric response. As a result,
the detector achieves broadband operation from 0.53 to 4.24 THz, a polarization ratio of 93, a
responsivity of 1007 V/W, an NEP of 16 pW/Hz", and a detectivity of 2.9 x 107 Jones,
referenced to absorbed THz power. The device exhibits an experimentally measured response
time of 230 ps, with simulations indicating a response time down to ~60 ps for the shortest
channel. These results show that deep-subwavelength miniaturization, rather than inevitably
reducing sensitivity, can provide a route to compact, fast, frequency-, and polarization-resolved
room-temperature THz detection. The demonstrated polarization-resolved imaging of
concealed semiconductor chips further highlights the potential of PPAC nano-detectors for non-
destructive inspection, anisotropic material characterization, and scalable multi-parameter THz
focal-plane imaging, particularly when integrated with computational reconstruction or

machine-learning algorithms in the future?’.

Materials and methods
Graphene transfer and device fabrication

The high-resistive Si0,/Si substrate, with a Si thickness of 500 um, a SiO» layer thickness
of 300 nm and a resistivity greater than 20000 Q-cm (Nanjing MKNANO Tech. Co., Ltd.

www.mukenano.com), exhibits high transparency and insulation properties in THz region®. A
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monolayer graphene film (Jiangsu XFNANO Materials Tech. Co., Ltd.), coated with
polymethyl methacrylate (PMMA) as a protective mask, was transferred onto the SiO2/Si
substrate via a wet transfer technique. Afterward, the sample was immersed in acetone for one
hour to remove the PMMA. The monolayer graphene was patterned using EBL and then etched
by oxygen plasma (O; at 400 Pa, power of 18 W, etching for 2 min) to create a asymmetric
graphene channel with individual rectangle PPAC size of 2.5 um x 400 nm. Subsequently, the
electrodes were defined using ultraviolet maskless lithography machine (TuoTuo Technology,
UV Litho-ACA) and coated with Ti/Au or Cr/Au (ZhongNuo Advanced Material (Beijing)
Technology Co., Ltd.) in 10 nm/100 nm thicknesses through thermal evaporation. To remove
the organic residues, the PPAC nano-detector was annealed in a tube furnace with an Ar/H»
mixture flow of 150 sccm/350 sccm at 450 °C for 90 min. The device was then affixed to a
printed circuit board (PCB) and connected to PCB pads by aluminum wire bonding for further

photoresponse characterizations.

Characterizations

The morphology and Raman spectrum of graphene were characterized using a SEM (FEI,
Quanta 450) and a confocal Raman spectrometer (Renishaw, Invia Reflex), respectively. The
elements of the internal structure of the chip were characterized using an EDS (Oxford
Instruments, 51-XMX020). The transmission spectra of graphene rectangle PPACs were tested
using a THz time domain spectroscopy (BATOP, TDS-1008). The electrical transport
characteristics of the PPAC nano-detector were measured using a source meter (Tektronix,
Keithley 2636b). A far-infrared gas laser (Edinburgh Instruments, FIRL 100) with output
frequencies of 4.24 THz, 3.11 THz, 2.52 THz, 1.84 THz and 0.53 THz was employed for THz
detection. The modulation frequency of the laser was controlled by an optical chopper (SCITEC,
310CD). A low-noise current pre-amplifier (FEMTO, DLPCA-200) was employed to amplify
the signals from the PPAC nano-detector, which were subsequently processed using a lock-in
amplifier (Stanford, SR830) and a digital phosphor oscilloscope (Tektronix, DPO7354C) for
readout. To assess the noise current spectrum of the PPAC nano-detector, a semiconductor

parameter analyzer (PDA FS-Pro) was utilized to assess the noise current spectrum of the device.

Photoresponse measurements
In the photoresponse measurement, a laser beam (~ 1 mm spot diameter), modulated by
an optical chopper at 225 Hz, was fully irradiated on the device. Fine-tunning was carried out

to optimize the photocurrent. The generated photocurrent was then converted to a voltage signal
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using a current pre-amplifier and recorded by a lock-in amplifier. For 2D imaging of a specific
object, the transmitted light from the imaging object, illuminated by a laser beam modulated at
225 Hz, was directed onto the device to produce photocurrent. The object was scanned using a
2D electrically controlled displacement stage. The photocurrents at each position of the object
were measured by a current pre-amplifier and recorded by a lock-in amplifier. By correlating
the photocurrent distribution with the scanning positions, a 2D image of the object was
reconstructed.

The response time of the PPAC detector was evaluated using THz pulses exhibiting a peak
power of 2 mW and a pulse energy of 1.4 pJ. These THz pulses were generated by pumping a
LiNbOs crystal with an 800-nm femtosecond laser (Spectra-Physics, Solstice Ace) and guided
by off-axis parabolic mirrors to irradiate onto the PPAC detector. The photovoltage signal
generated by the detector, denoted as R(¢), underwent amplification via a low-noise preamplifier
(FEMTO, DHPCA-100) with a gain of G = 10° before acquisition by a high-bandwidth
oscilloscope (Tektronix DPO7354C, 3.5 GHz bandwidth). The voltage signal ¥(¢) captured by
the oscilloscope represents the amplified photovoltage signal, incorporating the temporal delay
M(t) introduced by the preamplifier. Consequently, the true photovoltage R(¢) was obtained by
deconvolving the observed voltage signal V(¢) with the delay function M(¢) of the preamplifier,

expressed as V(t) = J;: R(t )M (t—t)dt . To recover the real photovoltage response of the PPAC

detector, a high-speed near-infrared probe was used to calibrate and obtain

HM@)]=HV;(®)]/F[Rz(¢#)] , where F denotes the Fourier transform. The actual THz

photovoltage response Rtu(¢) of the PPAC detector to THz radiation was then determined by
deconvolving the observed THz voltage signal Vru.(f) with the delay function M(¢) of the

preamplifier, defined as V., () = J.Ot Ry, (M (t—t)dt .

Simulation

The electromagnetic field, temperature field and electric potential distributions of the
PPAC nano-detector were calculated using COMSOL. The absorption spectrum of graphene
rectangle PPAC array was simulated using FDTD. First, the electromagnetic field distribution
was determined using the “Electromagnetic Waves, Frequency Domain (EWFD)” module. The

graphene’s optical conductivity in the THz region can be defined as,
. 2
E
o= % (14)
mh™(w+ jr7)
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where Fermi level Er and scattering rate (A" = hr''/2) were set to -0.3 eV and 0.003 eV,
respectively. The current density can be expressed as J = 6E*. The refractive indices of the Si
and SiO, substrates were set to 3.42 and 1.955, respectively?®. In temperature field distribution
simulation, the energy dissipation (heat source) distribution, gubsorsed = 0.5Re(J-E™), calculated
from the EWFD module, was input into the “Heat Transfer in Solids (HT)” interface to calculate
the temperature distribution, where graphene’s thermal conductivity was set to 5300 W/(m-K)*.

The temperature of graphene PPAC nano-detector can be obtained by,

dT
C_:_V. + 15
P q+0 (15)
q=-1VT (16)

where Cp and « are the heat capacity and thermal conductivity of graphene, respectivily, and Q
is heat source. For the d7/d¢ term in the equation, it equals zero under steady-state conditions
and is non-zero during transient conditions. Since the process of the heat transfer in graphene
is primarily mediated by hot carriers, the heat capacity should be set as the carrier heat capacity,
which is significantly smaller than the lattice heat capacity (~700 J/(kg-K)). Typically, the heat
capacity of hot carriers in graphene is 107 to 10~ times that of the lattice heat capacity®, which
was set to 10 J/(kg-K).

The “Electric Currents” interface was used to calculate the electric potential V' of the PPAC

nano-detector, which can be obtained as,

V-J=0 (17)
J =0,E, (18)
E,=-VV (19)

where J is the current density, o4 and Ea represent the DC electrical conductivity and DC
electric field, respectively. The “Electric Currents” and “Heat Transfer in Solids” interfaces
were coupled via the “Thermoelectric Effect” and “Electromagnetic Heating” multiphysics
modules, yielding the final temperature and electric potential distributions. Through the
thermoelectric coupling module, Egs. (16) and (18) take the following form as,
q=—xVT+PJ (20)
J=0c,E;+J, (21)
Here, P = ST represents the Peltier coefficient, which is the product of the Seebeck
coefficient S and temperature 7, while Je = —04SVT represents the hot carrier current density.

Based on the Seebeck effect, the electric potential was calculated as Eqgs. (3) and (4), where
Seebeck coeftficient S were 41.8 nV/K for graphene rectangle PPAC array and 44.3 uV/K for
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unpatterned graphene at Er = -0.3 eV. PPAC nano-detectors with varying channel lengths and
two metal electrodes were modeled in COMSOL to calculate the photovoltage. Because the
THz beam covers both electrodes, electrode-induced absorption and photocurrent generation
were included in the simulations. The THz response, temperature distribution, and electric
potential were therefore calculated under the combined contributions of the metal electrodes
and the graphene PPAC array. One electrode was grounded, and the potential at the other

electrode was taken as the photovoltage, Vpn = V(Lc), where Lc is the channel length.
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