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Abstract

Developing low-power, high-sensitivity photodetectors for the terahertz (THz)

band that operate at room temperature is an important challenge in optoelectron-

ics. In this study, we introduce a photo-thermal-electric (PTE) effect detector based

on quasi-free standing bilayer graphene (BLG) on a silicon carbide (SiC) substrate,
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designed for the THz frequency range. Our detector’s performance hinges on a

quasi-optical coupling scheme, which integrates an aspherical silicon lens, to optimize

impedance matching between the THz antenna and the graphene p-n junction. At

room temperature, we achieved a noise equivalent power (NEP) of less than 300

pW/
√

Hz. Through an impedance matching analysis, we coupled a planar antenna

with a graphene p-n junction, inserted in parallel to the nano-gap of the antenna, via

two coupling capacitors. By adjusting the capacitors and the antenna arm length,

we tailored the antenna’s maximum infrared power absorption to specific frequen-

cies. The sensitivity, spectral properties, and scalability of our material make it an

ideal candidate for future development of far-infrared detectors operating at room

temperature.
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THz sensor, graphene, antenna, FIR

Introduction

§Far-infrared detectors and heterodyne mixers that operate at room temperature are

crucial for the deployment on resource-limited platforms such as observation satellites,1

balloons, and small-satellites. These components are pivotal in advancing astrophysical

and planetary heterodyne receivers. The main elements of optical receivers—the detector,

the local oscillator (LO),2 the first amplifier,3 and the back-end electronics4—must all be

state-of-the-art. Space missions, in particular, require components that are low in mass

and volume and can operate within the constraints of limited cooling power (typically ≤
100 mW at 4 K) and overall mission power. Therefore, sensors and instrumentation that

dissipate low power and can operate at higher temperatures are desirable.

Graphene, known for its high room-temperature carrier mobility, substantial current
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flux, and high saturation velocity, emerges as an excellent candidate for low-power dissi-

pation and consumption in terahertz (THz) electronics. Various detection mechanisms

in graphene photodetectors for the THz frequency range have been explored, including

the bolometric effect,5–7 photo-thermoelectric effect,8–11 Dyakonov-Shur (DS) rectifica-

tion,12–14 ballistic rectification,15,16 and thermopile.17 At cryogenic temperatures, the

hot-electron effect in graphene is well established, where strong electron-electron interac-

tions lead to significant temperature dependence in graphene’s conductivity σ, thereby

affecting the resistance R(T) and supporting the development of low-temperature bolome-

ters.6,7 Conversely, at room temperature, the hot-carrier-assisted photo-thermoelectric

(PTE) effect is notably efficient due to effective carrier heating and significant elec-

tronic temperature gradients (∆Te ≈ 1000K 6), enhanced by the high Seebeck coefficient

(S ≈ 100 µV/K 18–20).

The efficacy of these detection systems heavily depends on the quasi-optical coupling

efficiency between the incident THz field and the graphene detector. When integrated

with planar antennas, the impedance mismatch between the antenna and the graphene

sensing region could critically impair the performance of THz detection systems. Various

antenna integrated graphene-based photodetectors have been reported, utilizing configu-

rations such as dipole,9,10 broadband log-spiral,10,13,21 and split-bowtie antennas.22 These

detectors use graphene grown via chemical vapor deposition (CVD) on a substrate of

300 nm SiO2 over low-doped Si (100-250 Ω.cm), achieving external voltage responsivities

(R = Vph/Pin) of up to ≈ 15V/W at zero bias voltage with a split bow-tie antenna

architecture. Enhancing R necessitates antennas with a large effective aperture area and

correspondingly high gain, and a flat impedance over a wide range of frequencies is

desirable. Therefore, optimizing the interface between the graphene detector and the

antenna is crucial to minimize coupling losses, and particular attention must be paid to

improving the impedance matching between these components. Conventional config-

urations connect the graphene sensor electrically to the two poles of the antenna,6,9,12
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but their performance rapidly deteriorates at very high frequencies due to impedance

mismatch, while the detector’s spectral properties remain narrow band.12,23,24 Overcom-

ing these challenges, such as by using high mobility hBN encapsulated SLG or BLG

and optimizing contact resistance, could reduce the limiting effects of thermal noise in

graphene detectors.

According to the Wiedemann–Franz law and the Mott relation, the electron thermal

conductivity (κ) of graphene can be expressed as κ = LσT, where σ is the conductivity

and L, the Lorentz number, is defined as L = (π2k2
B)/(3e2). The Seebeck coefficient (S) is

given by S = LT(∂ ln σ/∂EF), linking it directly to changes in conductivity with respect to

the Fermi energy (EF). When a thermal difference (∆Te) is induced, it results in a voltage

V = −S∆Te and a heat flux to the substrate Q = Gth A∆Te.

For conditions where T ≪ TF = EF/kB, the responsivity R = V/Q simplifies to

approximately R = 2/(σEF). Hence, maximizing R for the photodetector requires

minimizing both σ and EF. With residual doping levels of epitaxial graphene on SiC

near the Dirac point achieving n0 ≤ 1010cm−2,7 this suggests a potential maximum

responsivity of R ≃ 103V/W.

Increasing the Te gradient through enhanced optical absorption can locally aug-

ment heat absorption in the BLG.8 This enhancement was facilitated by integrating

subwavelength nano-gap confinement and boosting the near-field light-matter interaction,

previously demonstrated to elevate responsivity.9,25–27 Notably, R is inversely propor-

tional to the thermal conductance (Gth); thus, a low Gth is critical for high sensitivity in

THz detection. While epitaxial single-layer graphene (SLG) has shown Gth ≃ 104W/K.m2

at 6K,28 significantly lower than SLG on SiO2,29 our quasi-free standing BLG could

potentially exhibit similar or even lower Gth.

Using a simplified model of PTE detector operation with uniform carrier density across

the p-n junction, we anticipate R = 2S/(A ·Gth) ≃ 30V/W, given Gth = 7× 104W/K.m2,9

a Seebeck coefficient of S = 50µV/K, and dimensions L = 4µm and W = 35µm. Because
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S → 0 at T = 0, the PTE effect diminishes at low temperatures, making graphene an

attractive material for room temperature operation of THz detectors, potentially rivaling

or exceeding existing technologies.30

In this study, we present a sensitive photo-thermal-electric (PTE)-based antenna inte-

grated graphene photodetector (Figure 1) optimized for the sub-millimeter wavelength,

achieving a voltage responsivity (R) of approximately 35 V/W at zero source-drain bias.

This system features a fractional bandwidth of about 150 GHz and a noise equivalent

power (NEP) at room temperature of 300 pW/
√

Hz. The design was refined through

advanced microwave simulations and equivalent circuit modeling, leading to the imple-

mentation of a capacitively coupled dipole antenna system. We investigated two antenna

configurations: narrow and wide dipole antennas, the latter hereafter referred to as the

’patch’ antenna. Our analysis indicated that the dimensions of the antenna strips and the

coupling capacitance significantly influence detection magnitude, resonance frequency,

and operational bandwidth.

The gapped nature of BLG31,32 plays a pivotal role in enhancing the device’s sensitivity

through the Seebeck effect, which behaves differently at the p-n junction compared to

single-layer graphene (SLG). In BLG, the presence of a bandgap at the charge neutrality

point (CNP) of approximately ∆ ≈ 250 meV facilitates effective modulation of carrier

density, enhancing THz frequency responsivity12 through differential Seebeck effects

across the p-n junction. The maximum Seebeck coefficient difference on both sides of

the junction, which scales linearly with the bandgap, arises when the Fermi level crosses

the conduction band in the n-region and the valence band in the p-region, boosting the

photovoltage responsivity.33 The presence of a bandgap not only enhances the Seebeck

coefficient but also reduces the phonon-aided cooling due to a decreased density of

available states for interband electron transitions, which diminishes completely when

h̄ωph = ∆. This reduction in phonon-aided cooling, coupled with a decrease in electronic

heat conductance, leads to stronger localized electron heating (∆Te) hence elevating the
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device’s responsivity (R).

Our device utilizes quasi-free standing bilayer graphene (BLG), produced via ther-

mal decomposition of silicon carbide and hydrogen intercalation34 on a silicon-carbide

substrate. This method not only ensures potentially ultra-low thermal conductance but

also high transparency in the THz frequency range, yielding wafer-scale graphene with

enhanced carrier mobility and density. These conditions are crucial for achieving low

overall resistance, vital for effective impedance matching between graphene and the

receiving antenna.

We opted for BLG over single-layer graphene (SLG) due to the more effective mod-

ulation of carrier density in BLG, which enhances THz frequency responsivity.12 The

design incorporates Au split-gates to electrostatically create a p-n junction within the BLG

channel and to optimize THz signal coupling onto the BLG. By exploiting optical field

enhancement and confinement in the antenna/split gate nano-gap, alongside impedance

matching, we significantly enhance the interaction and optical absorption in the p-n

junction region. This results in a confined electron heat source and elevated responsivity

(R), paving the way for high-performance THz detectors.

Results and discussion

Design and Simulations

To optimize the impedance matching for f = 600 GHz, we build a lumped element

model26 to calculate the input impedance of the THz antenna and estimate the maximum

absorbed power in the BLG based on finite element method (FEM) simulations. The

model presented in Figure 1c resembles the shape of the real dipole antenna. Showing all

the components modeled and described here: the model accounts for the ohmic losses in

the antenna’s arm and the radiation losses (Rohm, Rrad), the self-capacitance CA=ε0LA/(ln LA
WA

)

as well as the kinetic inductance of the gold ribbons Lk = LA
A Re( 1

ω2ε0(1−εAu)
).35 A gap
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capacitance Cgap = ε0 A
d was introduced for coupling the antenna arms at the nano-gap.

The coupling capacitors CC represent the capacitive coupling between the antenna’s arm

and the BLG, and modeled as an additional sheet inductor. The source of the two circuits

is defined by the open-circuit voltage source26 VA, which is equal to the projection of the

incident field intensity E0 in V/m to the length of the antenna LA (VA = E0 × LA). From

the equivalent circuit in Figure 1c, we define an expression of the field enhancement at

the nano-gap |Egap|2/|E0|2 = ( lA
dgap

)2| Zgap
Zgap+ZA

|2, where the enhancement is proportional

to 1/d2. From this model, it is clear that a small antenna gap is desired. The field at

the center of the nano-gap VA reaches a maximum when the reactance of the equivalent

impedance at the nano-gap Zgap matches the dipole antenna reactance XA = −Xgap.

The gap impedance Zgap comprises the graphene complex impedance ZG. The ohmic

contacts of the source and drain electrodes to the graphene sheet, RC, and the capacitance

between the antenna arms with the graphene layer, CC are included in Zgap. The first

antenna resonance is set by LA and CA with fA = 1/2π
√

LACA. fA ≃ 590 GHz for the

dipole antenna and ≃ 570 GHz for the patch. The antenna operates in an open circuit

at the second resonance, as Xgap creates a minimum of the sum of gap and antenna

impedances. This is shown in Figures 2a,b where the maximum gap field intensity is

correlated to the maximum input resistance. The second resonance frequency for both

dipole and patch occur at 610 GHz and 625 GHz respectively, merging with the first

antenna resonance. Although it is possible to tune the second resonance frequency

by changing the complex impedance of the graphene load26. FEM simulations were

conducted in parallel to confirm the equivalent circuit model. The absorbed power density

in the BLG is computed (Figure 2b) at a wide frequency range where we extract the

antenna enhancement factor at the nano-gap.

As PTE detectors are sensitive in the region where the graphene’s chemical potential

is tuned near the charge neutrality point,10 the impedance seen by the antenna is usually

much higher than for the ungated graphene channel. To simulate the impedance of
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Figure 1: a THz dipole antenna utilizing the PTE effect in BLG as a rectification mechanism.
b presents a schematic illustrating the electrical connections to the antenna, where the
photovoltage (VPTE) is developed between the two antenna arms with the THz field
concentrated at the antenna nanogap. Voltages Vgate1,2 control the carrier densities on
both sides of the gap. c shows the equivalent circuit model for the antenna.

8



the THz detector near the optimal operational point, we use a resistance sheet model36

with an effective layer thickness de f f = 2 nm and impedance at 600 GHz Zsheet(EF =

200 meV) ∼ (1k + j500)Ω/sq, ensuring that the antennas are designed to operate in a

regime where the PTE detector is the most sensitive. Both 3D full wave simulation and

equivalent circuit model converge to a similar antenna enhancement profile for the dipole

and patch antenna. From the FEM simulations, we can extract the antennas area’s effective

area Ae defined as Ae = Pgr/pin (in m2), where Pgr and pin are the power absorbed in the

graphene load and the incident THz power density (in W/m2), respectively. Using both

equivalent circuit models and FEM simulations, the optimised geometrical parameters

for the dipole and patch antennas were extracted and summarized in table 1.

Table 1: Antenna design physical parameters.

Antenna
Dimen-
sions

Channel
Dimen-
sion

Resonance
Freq.

BW Ae/λ2

µm × µm µm × µm GHz GHz
dipole 260×5 5×5 610 320 0.23
Patch 180×36 4.5×36 625 450 0.31

d.c. Characterisations

To establish the optimal operating conditions for our photodetector, we conducted d.c.

electrical characterizations. This involved sweeping the split-gate voltages (Vgate 1, Vgate 2)

while recording the device current IDS and varying the source-drain bias VDS from -5V to

5V. The resistance map of a dipole (patch) antenna p-n junction detector (Figure 3a and b

respectively) displays four regions, each corresponding to different doping levels on either

side of the junction. The map is symmetric, with resistance peaking at approximately

R ≈ 3.5k Ω for the patch antenna and R ≈ 2.2k Ω for the dipole at the charge neutrality

point (CNP), which ranges between 1.8V and 2.2V. This reflects p-doping of the unbiased
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bilayer graphene (BLG) with a carrier concentration of n ≈ 1.7 × 1013 cm−2 and a Fermi

energy of EF ≈ 240 meV relative to the CNP.

The total resistance R consists of channel resistance (Rch) and contact resistance

(RC). Rch includes a fixed contribution from ungated BLG regions and a gate-dependent

contribution from channel segments beneath the split gates. The observed gate-dependent

variability in R in Figure 3a and b indicates that Rch is the predominant factor, aligning

with our low contact resistivity (<40 Ω.µm) for epitaxial BLG, based on channel geometry

and sheet resistance measurements from independent reference samples.

Figure 2: a Input resistance and reactance of the antenna are calculated from the equivalent
circuit model when matched to a BLG p-n junction at 600GHz. In the impedance matching
condition, the antenna’s maximum absorbed power occurs near the resonance frequency,
which is also verified using FEM simulations, plotted concurrently in b.

To evaluate the performance of the graphene thermoelectric detector, we conducted

d.c. measurements to determine the Joule heating responsivity (Figure 3c and d). A d.c.

bias voltage was applied to heat the sample, and the thermoelectric current was measured

by comparing electric currents under forward and reverse biases. The peak responsivity

in Rd.c. occurs at low carrier densities, where Joule heating is maximal and the Seebeck

coefficient is high. The measured noise voltage (NV) with no terahertz excitation for both

detector types is shown in Figure 3e and f. NV arises from intrinsic device noise and
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amplifier noise, which are uncorrelated and combined in quadrature. Within the response

bandwidth, intrinsic device noise is primarily due to thermal fluctuations and Johnson-

Nyquist noise. The thermal fluctuation noise is given by NVth =
√

4 kBT2Gth, where T

is the average bridge temperature, estimated at 22 pV/
√

Hz for a Gth of 104 W K−1 m−2.

The Johnson-Nyquist noise contribution is NVJN =
√

4kBTR, calculated at 7.5 nV/
√

Hz

at the CNP (R = 3.6 kΩ) for the patch antenna and 6.0 nV/
√

Hz (R = 2.2 kΩ) for the

dipole antenna. Experimental noise closely matches theoretical predictions, suggesting

that detector performance is Johnson-Nyquist noise-limited. From Rd.c. and measured

NV, we derive an electrical NEP of 30 pW/
√

Hz for the patch antenna and 7.5 pW/
√

Hz

for the dipole antenna, comparable to the sensitivities of conventional bolometers.37

Figure 3: Transport characterizations of dipole antenna ( a,c,e) and patch (b,d,f) PTE
detectors at room temperature. a and b show resistance maps as a function of the
voltage applied to two top gates, revealing four distinct regions corresponding to different
doping configurations: p-n, p-p, n-p, and n-n. c and d depict direct current (d.c.)
transport responsivity, measured in volts per watt (V/W), against gate voltage without
THz excitation. e and f present a noise voltage map as a function of the gate voltage, with
no terahertz excitation present.
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Optical and Spectral Characterisations

To record the terahertz (THz) responsivity of our photodetector, we aligned a continuous-

wave (CW), transverse-electric (TE) polarized THz source with an aspherical lens. The

photo-voltage (VPTE) was measured between the source and drain electrodes across the

unbiased channel (VDS = 0V). Measurements were taken by varying the split-gate voltages

(Vgate 1, Vgate 2) and employing a lock-in amplifier with internal modulation (square wave,

ON-OFF) of the THz source at 1 kHz. The largest photo-response occurred in the central

p-n and n-p junction regimes close to the Dirac point, where the antenna’s nanogap

optimally channels the THz radiation.

To compute the THz responsivity (RTHz), we estimated the optical power received by

the bilayer graphene (BLG) based on the power intensity at the lens focus spot, defined

as Intensity = Pin/SA, where Pin is the total measured incident power and SA is the lens

focus spot area. The absorbed power by the BLG, Pabs, is then calculated as Intensity× Ae,

with Ae being the effective aperture area determined through finite element method (FEM)

simulations (Table 2). We observed maximum responsivities of about 15 V/W for the

narrow dipole antenna and 35 V/W for the patch antenna (Figure 4a,b).

The shape and magnitude of both d.c. transport and optical responsivity indicate that

signals originate from distinct p-n junctions within the device. Remarkably, the magnitude

of Rd.c. exceeds RTHz by more than an order of magnitude, a trend also noted for the

narrow dipole antenna. While we have observed significant improvements, there remains

considerable potential for optimizing the quasi-optical coupling between the antenna

and the lens. The response spectra of both the dipole and patch antennas are displayed

in Figure 4c, with gate voltages optimized to maximize photovoltage responses at the

p-n junctions (black cross in the photo-voltage maps). The presence of ripples ( fripples= 5

GHz), potentially due to the uncoated high-resistivity silicon (HR-Si) lens affecting power

coupling efficiency, is noted in the measurements (Supporting Information).

Filtered spectra reveal a clear enhancement of responsivity at the antenna’s resonance
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frequency, aligning well with the targeted frequency of 600 GHz. The spectrum’s depen-

dence of the optimization of gate voltages near the CNP, where RTHz peaks, underscores

the critical role of antenna design. The responsivity spectral bandwidth correlates with

the l/d ratio,38 where l and d are the length and width of the antenna, respectively. For

the dipole antenna (l/d = 26), the fractional bandwidth ∆ f / f0, where ∆ f is the −3dB

bandwidth of the antenna resonance and f0 the resonance frequency, is about 15.8%, and

for the patch antenna (l/d = 2.6), it increases to 28.2%

Using the extracted responsivity, we evaluated the sensitivity of the detector against

the frequency of the impinging THz field (Figure 4d). By dividing the thermal noise

voltage variance per 1 Hz of bandwidth by the responsivity, the noise equivalent power

(NEP) was calculated as approximately 300 pW/
√

Hz for the patch and 400 pW/
√

Hz

for the dipole antenna at their resonant frequencies at 300K (see Figure3 in Supporting

Information). Both NEP and responsivity spectrum measurements verify that the spectral

ranges where the THz detectors operate are significantly enhanced by the matched

antennas compared with a control detector, which has an antenna matched at 2500 GHz,

well outside the studied frequency range.

In this study, we demonstrated the capabilities of quasi-free standing bilayer graphene

(BLG) on silicon carbide (SiC) in developing antenna-enhanced graphene photodetectors.

Our detectors achieved an external responsivity of approximately 35 V/W, a noise

equivalent power (NEP) of about 300 pW/Hz1/2 at 300 K, and a −3dB spectral width of

approximately 150 GHz. These results were made possible by the integration of a terahertz

(THz) antenna, which was impedance-matched to a BLG p-n junction, optimizing the

light-BLG interaction and creating a confined electron heat-source that predominately

generates a photo-thermal-electric (PTE) signal.

Our modeling of the detector architecture allowed us to maximize the absorption

and RTHz at a specified frequency, while also providing the flexibility to adjust the

detector’s operational bandwidth. The notable improvement in NEP can be attributed to
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Figure 4: Responsivity maps and NEP spectra for patch and dipole antennas demon-
strating PTE. a and b show THz responsivity maps for the patch and dipole antennas,
respectively, each featuring a six-fold symmetry characteristic of the photo-thermal elec-
tric effect. c displays the antenna-enhanced responsivity spectra. For both NEP and RTHz
spectra, the used set of gate voltages is indicated in the responsivity maps in a and b
with circles. d illustrates the antenna-optimised NEP in W/Hz1/2 for both dipole and
patch antenna detectors, measured at optimal gate voltage configurations. Concurrent
plots of the calculated antenna enhancement from the circuit model are provided for both
types of antennas, alongside the NEP and responsivity of an unmatched antenna PTE
detector (control).
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Table 2: Comparison of Antenna Coupled Graphene photo-detector and to other room-
temperature THz sensors with various detection mechanisms.

Detection
Mecha-
nism

Resonance
Freq.

IRTHz,max Ae Sim-
ulation

Fractional
BW

NEP ref

(GHz) (V/W) µm2 (GHz) pW/
√

Hz
PTE 634 15 0.23λ2 15.8% 400 this

work
PTE 600 35 0.31λ2 28.2% 300
PTE 325 30 0.1λ2 4.6% 51 24

PTE 2800 ≈6 n.c. 12.5% ∼ 1000 10

PTE 1800 30 0.31λ2 n.c. 51 9

PTE 600 15 n.c. n.c. 515 22

CMOS 650 70k n.c. n.c. 300 39

InGaAs
Diodes

650 13 n.c. n.c. 200 40

MEMS
bolometer

250-3000 n.c. n.c. 500 37

the enhanced responsivity, a direct consequence of our precise antenna design. Moreover,

the high Rd.c. observed suggests that quasi-free standing BLG on SiC is a promising

material for the future development of scalable THz sensors capable of operating at room

temperature. These findings not only underscore the potential of graphene-based devices

in THz applications but also open avenues for further innovations in optoelectronic

sensing technologies.
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Methods

Device Fabrication

High-quality quasi-free standing epitaxial graphene (QFS EG) is synthesized via Si

sublimation followed by hydrogen intercalation on a 4-inch diameter, semi-insulating
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(0001) 0.1◦ off-axis 6H–SiC wafer, using an Aixtron/Epigress VP508 horizontal hot-

wall reactor. After dicing into 8, mm × 8, mm pieces, graphene channels are patterned

using electron beam lithography with a 400 nm thick layer of PMMA (poly(methyl

methacrylate), Micro Chem Corp.), followed by etching with inductively coupled plasma.

The gate dielectric, consisting of SiO2, typically measures 120 nm in thickness and is

deposited by electron beam evaporation. The antenna arms are fabricated via electron

beam lithography (EBL) and a lift-off process using Cr/Au (5/80 nm). The gaps for

the dipolar antennas measure 200 nm and 400 nm for the dipole and patch antennas,

respectively. The detector chip is then mounted onto the back of a custom-made, high-

resistivity silicon hemi-aspherical lens using cyanoacrylate glue. For all devices presented

in this document, the graphene mobility is approximately 3500 cm2/V.s with a carrier

density of n ≈ 1.7 × 1013 cm−2.

d.c. Characterization

DC measurements were performed by wire bonding the source-drain channel and the

two split gates to a read-out PCB board. A resistance map of each device was obtained

by recording the I-V characteristics of the channel and sweeping the voltages applied

to the split gates. The channel resistance was derived from a linear regression of the

I-V curve. The DC heating responsivity shown in Figure 2b was measured using a

Keithley 2400 source measure unit to minimize voltage noise. We applied DC voltages

of equal magnitude but opposite directions across the source and drain contacts and

measured the currents in both cases. When the bias voltage’s sign was switched, the

bias current reversed direction, while the thermoelectric current maintained its direction.

The rectification current (the difference in current under forward and reverse bias)

multiplied by the sample resistance yielded the thermoelectric voltage. This voltage was

then normalized by the electric heating power, enabling the extraction of thermoelectric

voltage responsivity.
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Noise Measurements: Noise measurements were carried out using a lock-in amplifier

(EGG 7280) set at a reference frequency of 1 kHz. The gain of the lock-in amplifier

was excluded from the quoted noise spectral density, the photovoltage, and the voltage

responsivity reported.

The DC thermoelectric responsivity was characterized by applying a DC voltage

(±V) across the graphene channel and measuring the resulting currents I1 = I + Ithermal

and I2 = I − Ithermal, where I is the current from the bias voltage, and Ithermal is the

thermoelectric current. The DC responsivity, IRd.c., was then calculated as IRd.c. =
Ithermal

I2

(V/W).

The responsivity, I!RTHz, was measured at 605 GHz for the patch and 625 GHz for the

dipole, defined as the voltage change across the graphene channel per unit of absorbed

signal power Pabs, expressed in V/W. Pabs is determined using the antenna capture

cross-section Ae = 0.31λ2 for the patch antenna and the incident power density Pin, with

Pabs = Ae × Pin.

THz Detection.

The static photo response was characterized using a tunable terahertz source (VDI-AMC).

The terahertz wave, generated from an input microwave signal, has its frequency ( fmw)

tunable from 9.00 GHz to 14.27 GHz. This input is power-modulated into a square-

wave pattern at 10 dBm. The output terahertz frequency is an integer multiple of the

input microwave frequency, determined by the frequency multipliers within the terahertz

source: fTHz = N × fmw, where N = 56. The total output power of the terahertz source

remains constant at less than 300µW across the frequency range of study.

The photovoltage response to the incident terahertz radiation was measured using

a voltage pre-amplifier (SR 560), followed by a lock-in amplifier. Photovoltage maps

were obtained by maintaining zero current between the source and drain electrodes

while sweeping the voltages applied to the split gates. The modulation frequency of the
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terahertz source is adjustable from a few tens of Hz to 10 kHz, with a fixed duty cycle of

50%.

Circuit Model Derivation

The capacitively coupled dipole antennas are described using a circuit model composed

of lumped elements that account for ohmic losses Rohm, radiation losses Rrad,1 and the

capacitance and inductance of the antenna arms. The inductance LA is divided into two

components: the Faraday inductance LF,1,2 which is solely dependent on geometrical

parameters, and the kinetic inductance Lkin,3 defined by the imaginary part of the

material’s resistivity:

ZA = Rohm + Rrad + j
(

ω(LF + Lkin)−
1

ωCA

)
(1)

Lkin = Im(ρ(ω))
l
A

(2)

The antenna’s capacitance CA is calculated using the fringe field capacitance model4

and is defined as CA = ϵALA × ln(LA/WA). An additional capacitance, resulting from

the capacitive coupling of the antenna arms at the central nano-gap, is described by a

parallel plate capacitance model:

Cgap = ε0εgap
A
d

(3)

Alongside the capacitive and inductive components, resistive elements in the model

represent ohmic and radiation losses. The resistances are defined as follows:

Rohm = Re(ρ(ω))
l
A

(4)

Rrad =
2π

3
Z0

(
l
λ

)2

nA (5)

4



Here, nA denotes the refractive index of the surrounding medium of the antenna.

These elements are integrated into a series oscillating circuit, as depicted in Figure 1a

of the main text. The graphene bi-layer is represented in Figure 1a with RGr and LGr.

The loaded input impedance of the antenna with bilayer graphene (BLG) is obtained as

follows:

Zin = ZA ∥ Zgap = ZA ∥ (ZGr ∥ Cgap) (6)

The accompanying table details the equivalent circuit parameters used in the model.

Table 1: Equivalent circuit parameters.

Dipole Patch
Cgap 0.022 fF 0.08 fF
LA 0.24 pH 0.1 pH
CA 0.34 fF 0.87 fF
CC 2.66 pF 19.1 pF
LGr 2.65 nH 0.33nH
RGr 1000 Ω 160 Ω

Field Enhancement

The field enhancement at the gap of the dipole antenna can be calculated:5

Egap

E0
=

lA

dgap
.

Zgap

Zgap + ZA
=

lA

dgap
.

Zgap

Rgap + j.Xgap + RA + j.XA
(7)

where lA and dgap are the effective length of the antenna and the antenna’s gap length,

respectively. Equation 7 describes the field enhancement at the nano-gap with Egap and

E0 the electric field at the nano-gap and the incident electric field, respectively. The

field enhancement is maximized when the sum of the gap impedance and the antenna

impedance is minimized. This minimum is obtained when XA = −Xgap, when the gap

reactance and the antenna reactance are cancelling out. In this condition, the antenna

exhibits an open-circuit resonance. By loading the antenna with an appropriate graphene
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sheet and 2 loading capacitors, the matching condition can be met.

To compare the circuit model results with the FEM simulations, we calculate for

the electric field intensity in the nano-gap and extract the absorbed power in the BLG

(Figure 1d. in the main text). The graphene sheet is modeled as a resistance sheet model

given in Ω/square which allows for high accuracy and fast computation times. The

contact resistance was introduced in the real part of the impedance of the graphene and

no special attention has been paid at for the meshing at the contacts. The antenna is

placed on a semi-infinite silicon-carbide substrate and is excited by a TE-polarized plane

wave, impinging the antenna from the silicon-carbide side. The simulation domain is

enclosed in all directions with perfectly matched layer, which ensure that the antenna

is only excited by the incoming plane wave. The calculated input impedance for the

dipole and patch antenna and the absorbed power spectra are shown in Figure 1c and

Figure 1d respectively. With this model and the results of the full-wave simulations, the

functionality of the circuit model can be verified.

Quasi-optical Coupling

An efficient solution to focus the incoming THz signal onto the graphene photodetector is

the use of lenses in materials with similar refractive index as the detector’s substrate. We

use high resistivity silicon (HR-Si) which as a refractive index of nSi = 3.40 in the THz

frequency range, which is slightly higher than the SiC refractive index of the detector’s

substrate (nSiC = 2.90). Attaching a lens on the antenna substrate will increase the

antenna gain on the dielectric side. The detector’s substrate is glued to the flat side of

the hemispherical lens using low viscosity cyanoacrylate glue. The cyanoacrylate glue

doesn´t have any absorption features in the THz frequency range that we are interest in

(400 GHz to 1100 GHz). The dielectric lens optimized design is hyper-hemi-aspherical

with an extension length L on the plane side. At the crossing of two different optical

or electromagnetic approach, the effect of the lens on the incoming signal can be seen
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through the ray optic formulation: the THz incoming signal is concentrated/focused on

the antenna: it is mandatory that the antenna is carefully placed at the focus point of

the lens to get an optimal coupling, a precision of few dozen µm is required. Raytracing

techniques (using commercially available Zemax software) are used to compute the

characteristic of the integrated lens antenna on dielectric as shown in Fig. S3. The

optimization of the extension length L, the asphericity is then optimized by simulation in

order to obtain the required focus size.

Figure 1: a) Profile of the hyper-hemispherical HR-Si lens of radius R and extension length
L under consideration with ray-tracing simulation (Zemax). R, L and the asphericity
parameter have been optimized with a merit function. The light blue plain rectangle
represents the graphene-mixer device in SiC glued on the back of the planar side of the
lens. The planar gold patch/dipole antenna lays on the opposite side. The figure S3b)
shows the spot image of a circular collimated Gaussian beam impinging on the convex
side of the lens on the planar antenna plane. The size of the image spot fits entirely on
the antenna effective aperture.

Affective Aperture Area

Another crucial parameter for optimizing the quasi-optical coupling between the imping-

ing THz signal and the graphene detector is the effective aperture (Ae) of the dipole
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receiving antenna. The effective aperture represents the surface area through which

power is radiated or received, playing a pivotal role in determining the waist dimension

of the incoming Gaussian beam that needs to be coupled to the antenna. The effective

aperture of an antenna can be expressed as:

Ae =
Pt (power absorbed in graphene)

Pi (incident power density)
(8)

Where the incident power density Pi is calculated as Pi = E2

2ηSiC
, with E = 1 and

ηSiC = 377
3.1 . This results in Pi = 4.1 × 10−3 W/m2. The aperture efficiency of an antenna

determines the amplitude of power received, which depends on both the energy dis-

tribution radiated by the source and the beam pattern of the receiving antenna. For

an extended energy source, and particularly when the angular dispersion of the beam

exceeds the main lobe of the antenna, the coupling efficiency of the incoming beam to the

antenna must be carefully optimized. In this study, due to limitations in computational

resources and for simplification, the effects of the lens were omitted in the Finite Element

Method (FEM) simulations.

Table 2: FEM Simulations results for a narrow dipole antenna (WA = 5 µm) and ZGr
taken at EF = 300 meV

Antenna
Length

Resonance
Freq.

Transmitted
Power (Pt)

Ae/λ2

µm THz pW µm2

85 0.85 1.65 0.34
120 0.65 2.93 0.34
130 0.6 3.26 0.318
140 0.55 3.67 0.47
170 0.48 4.89 0.49
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Figure 2: FEM simulations of dipole antennas with varying the antenna arm’s length. As
the antenna’s arms shrink, the effective aperture area of the antenna diminishes leading
to a smaller power absorption amplitude at resonance.

Figure 3: Noise equivalent power map as a function of the gate’s voltage for a) the patch
antenna and b) the dipole antenna obtained from the measurements of IRTHz and noise
voltage from Figure 2 and 3 in the main text.
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Figure 4: Raman spectra from the quasi-free standing BLG with a broadened 2D peak
due to the addition of an EG layer upon release of the buffer layer. The SiC substrate
contributions were subtracted.
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Figure 5: Variation of total resistance (Rtot) as a function of gate voltage deviation from the
Dirac point (Vgate −VDirac), alongside fitting results from Kim et al. (2009).6 The graphene
channel, initially p-type, requires a gate voltage of approximately VDirac = 2.2, V to align
with the charge neutrality point (CNP). Through fitting the channel resistance curve,
we extracted the carrier mobility in the gated graphene channel as µ = 450, cm2/(V · s)
and the intrinsic carrier density as n0 ≈ 3.0 × 1012, cm−2. The contact resistance is
estimated to be about RC ≈ 200, Ω, using the fit function R = RC +

Nsq
1/n2eµ

, where

n =
√

n2
0 + n2

gate(Vgate). Discrepancies between the fitted and experimental data are
partially attributed to the mobile charge within the SiO2. The observed asymmetry
between electron and hole branches around the CNP is likely due to differences in their
scattering cross-section near charged impurities. The degradation of mobility in the gated
graphene channel, compared to as-grown bilayer graphene, is potentially caused by the
dry etching process, oxide layer formation, and other fabrication steps.
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Figure 6: Electro-optical characterization of a control dipole antenna PTE detector de-
signed to have a maximum responsivity at 2.5THz. The control dipole spectra is displayed
on Fig.4 of the main text: a) Resistance map as a function of the voltage applied to two
top gates. b) Noise voltage map as a function of the gate’s voltage with no terahertz
excitation. c) THz PTE voltage map versus the gate’s voltage bias at 605 GHz.
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Figure 7: Patch Antenna Spectrum showing the two steps of frequency filtering (photo-
thermal voltage readout in function of the frequency). The raw spectrum is displayed in
light grey and shows of a rapid Fabry-Perot oscillations (f=5GHz) which correspond to
the total internal reflections of the 10mm thick Si lens. The first level of filtering reveals
slow oscillations (f=45 GHz) whose origin is possibly from plasmonic oscillations on the
read-out circuitry. The filtered spectrum is displayed in red.
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Figure 8: Dipole Antenna Spectrum: photo-thermal voltage readout in function of the
frequency for an optimised set of gate voltage (Vgate,1, Vgate,2). We used the same filtering
steps as for the patch (Figure 7)and dipole antenna spectra.
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Responsivity Spectra at 5K

The responsivity enhancement of the antenna seems to be independent to the operating

temperature. As the detector is cooled down to 5K, we observe a similar enhancement in

the IRTHz as at room temperature but with them maximum absorption shifted to higher

frequencies (∆ f = 67 GHz). IRTHz and spectra at 300K and 5K are measured at zero bias

voltage, for a set of gate voltage indicated by the yellow bullet in the insets. A change

of the Fermi energy at 5K of the BLG has a direct impact on the graphene’s complex

conductivity, resulting in a decrease of the kinetic inductance of the BLG sheet. The

matching condition (XA = −Xgap) occurs at a different frequency. The drastically different

photo-voltage response map taken at 5K (Figure 9b) could be attributed to the decrease

at low temperature of the BLG thermal conductance Gthto the SiC substrate, affecting

the thermal dissipation of hot electrons in the channel.7 The length scale for heat flow to

the contacts is the thermal healing length lH ≃ √
κWAh/Gth, where WA is the graphene

channel width, h the spacing between layers and κ the thermal conductivity. A decrease

in Gth would increase the healing length lH, enhancing cooling at the graphene/metal

contact interfaces. An electronic temperature gradient, generated by the impinging THz

field, would occur only near the graphene/metal p-n junctions. In this situation, the

recorded PTE voltage at 5K only originates from the graphene/metal contact underneath

the gate voltage 2 (which shows a tunability of the chemical potential, y-axis in Figure ??b

) while the second graphene/metal contact is grounded for the experiment, therefore not

displaying any PTE responses. The splitting of the resonance frequency at 5K originating

from the shift in the kinetic inductance in the BLG could be further exploited to generate

frequency-tunable sensing platforms.
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Figure 9: A patch antenna BLG detector response spectrum (a) is recorded at room
temperature and at 5K. b) and c) display the photo-voltage maps of the device taken at
5K and 300K respectively. The yellow bullets show at which gate voltage sets the spectra
were recorded.
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