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ABSTRACT: Although the detection of light at terahertz (THz)
frequencies is important for a large range of applications, current
detectors typically have several disadvantages in terms of
sensitivity, speed, operating temperature, and spectral range.
Here, we use graphene as a photoactive material to overcome all
of these limitations in one device. We introduce a novel detector
for terahertz radiation that exploits the photothermoelectric
(PTE) effect, based on a design that employs a dual-gated, dipolar
antenna with a gap of ∼100 nm. This narrow-gap antenna
simultaneously creates a pn junction in a graphene channel
located above the antenna and strongly concentrates the incoming radiation at this pn junction, where the photoresponse is
created. We demonstrate that this novel detector has an excellent sensitivity, with a noise-equivalent power of 80 pW/ Hz at
room temperature, a response time below 30 ns (setup-limited), a high dynamic range (linear power dependence over more
than 3 orders of magnitude) and broadband operation (measured range 1.8−4.2 THz, antenna-limited), which fulfills a
combination that is currently missing in the state-of-the-art detectors. Importantly, on the basis of the agreement we obtained
between experiment, analytical model, and numerical simulations, we have reached a solid understanding of how the PTE effect
gives rise to a THz-induced photoresponse, which is very valuable for further detector optimization.
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Photodetectors operating at THz frequencies play an
important role in many applications in the fields of

medicine, security, quality testing, chemical spectroscopy, and
more.1−7 One of the main benefits of THz radiation is its
noninvasive nature and its capability to penetrate most
dielectric materials, which are typically opaque at non-THz
frequencies. For example, in the case of medical imaging and
security applications, THz radiation offers clear advantages
since it is nonionizing due to its low photon energy (in the
meV range) in contrast with conventional X-ray radiation with
a much higher photon energy (in the keV range), leading to
strongly reduced health risks. Furthermore, THz detectors are
expected to play an enabling role for data communication at

THz bit rates.8−10 For many of these applications, the ideal
THz detector would meet the following five requirements: it
should be highly sensitive (i.e., have a low noise-equivalent
power, NEP), operate at room temperature, exhibit a fast
photoresponse, have a high dynamic range (the range between
the lowest and highest measurable incident light power), and
work over a broad range of THz frequencies, in particular
above 1 THz.
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Commercially available room-temperature THz detectors,
for example, pyroelectric detectors and Golay cells, are
reasonably sensitive with an NEP on the order of ∼1 nW/

Hz . However, their response time is very long: 100 and 30
ms, respectively.11,12 Bolometric THz detectors, on the other
hand, can be highly sensitive with an NEP of ∼0.5 pW/ Hz ,
while simultaneously showing a fast operation with a response
time of ∼50 ps. However, these detectors require cryogenic
temperatures (∼4 K) and suffer from a narrow dynamic range
(maximum detectable power ∼0.1 μW).13 Schottky diodes,
although combining high speed (response time in the
picoseconds range) and high sensitivity (NEP of 10−100
pW/ Hz ), have a low frequency cutoff (operation only below
∼1 THz) and a small dynamic range.14,15 Thus, currently there
are no commercially available THz detectors that simulta-
neously meet all five requirements.
Owing to its exceptional optoelectronic properties and

broadband absorption spectrum (from the visible down to the
GHz−THz range), graphene is a highly interesting photoactive
material for detecting light.16−21 During the past couple of
years, there were several experimental demonstrations of

graphene-based photodetection in the GHz−THz range.
These detectors were based on various operating mechanisms.
First of all, there were reports describing plasma wave-assisted
THz detection, typically in the overdamped regime.20,22−25

This scheme has resulted in high sensitivities, with an NEP
below nW/ Hz , but typically this mechanism is reported for
radiation below 1 THz. Second, ballistic graphene rectifiers
were demonstrated with an excellent sensitivity, but only
operated below 1 THz.26 Moreover, a graphene-antenna
coupled bolometer for detecting GHz radiation was shown
with promising values of sensitivity at low temperatures.27

Alternatively, one can exploit the photothermoelectric
(PTE) effect, where absorbed THz light heats up the graphene
electrons,28 subsequently creating an electron-heat-driven
photoresponse if asymmetry is present in the device.29 Such
asymmetry could be created, for example, by using two
different contact metals or by using two adjacent graphene
regions of different doping, e.g., forming a junction. Photo-
detection based on the PTE effect in graphene was first shown
for visible light, where interband absorption of light occurs.30,31

More recently, also photoresponses in the THz frequency

Figure 1. (a) Schematic representation (right; not to scale) of the antenna-integrated pn junction device and a zoom of the central part of the THz
PTE detector (left; to scale), consisting of an “H-shaped” graphene channel, contacted by source and drain electrodes. Underneath the graphene
channel, there are two antenna branches that concentrate the incident THz light around the antenna gap region. The color map superimposed on
the device shows the simulated power profile (|E/E0|

2, where E0 is the incident electric field) at a position 5 nm below the graphene channel. The
black scale bar corresponds to 1.6 μm. (b) Side view of the device design, with the superimposed color map again indicating the normalized power
profile as in panel a. The region where the field is strongly enhanced by the antenna overlaps with the central part of the graphene channel. (c)
Same as panel a, now indicating how the antenna branches serve as local gates by applying voltages VL and VR. Appropriate voltages will create a pn
junction in the central part of the graphene channel, directly above the antenna gap (which is where incident THz light is concentrated by the
antenna). The color map superimposed on the device is a simulation that shows the photoresponse created by local photoexcitation, varying the
position of photoexcitation (see also Supporting Information). The largest photoresponse is created when photoexcitation occurs around the
junction region. The photoresponse then decreases exponentially when moving away on both sides from the junction, with the exponential decay
length given by the cooling length cool . The photoactive area (dashed rectangle) therefore has a length, 2 cool , and a width, w, which is the width of
the central part of the graphene channel. (d) Photocurrent image (log scale) obtained by scanning the detector in the focal plane of a focused laser
beam at 3.4 THz. We use our QCL with an average power of 84.1 μW and a peak irradiance in the center of the focus of 1200 W/m2. The THz
light is polarized parallel to the antenna axis. The observation of the Airy pattern with multiple observable rings indicates an excellent detector
sensitivity.
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regime, where absorption occurs through intraband processes,
were attributed to the PTE effect.32,33 Moreover, several of the
previously mentioned studies exploiting alternative mecha-
nisms also attributed a potentially significant fraction of the
observed THz photoresponse to the photothermoelectric
effect.20−26 Clearly, some controversy exists on which
photoresponse mechanism dominates for graphene excited
by THz light, which has hampered the development of more
optimized detectors. Furthermore, the main challenge for
exploiting the PTE effect for THz detection is the large
mismatch between the large area of the incoming radiation and
the small photoactive area of graphene, where the PTE effect
occurs.32

Here, we solve this issue by introducing an antenna-
integrated THz photodetector, based on a high-mobility, gate-
tunable, hexagonal BN (hBN)-encapsulated graphene, where
the incoming THz light is concentrated such that it overlaps
with the small photoactive area of the graphene. Using the
gate-tunability of the detector, we find that the PTE effect is
the dominant photoresponse mechanism. We support this with
a quantitative comparison of the device response with
numerical simulations and an analytical model of the PTE
photoresponse. We furthermore show that, owing to its novel
device design, our PTE THz photodetector meets all five
requirements of an ideal detector. In addition, it has the
advantage of being based on low-cost materials with scalable
integration capabilities with the well-established CMOS
electronics for low-cost imaging systems.34 Finally, it is very
low in power consumption, as it is a passive device.
In the following, we will first explain how our antenna-

integrated pn junction THz detector works, followed by the
experimental characterization of the detector. Subsequently, we
provide an analytical model of the PTE detector and numerical
simulations of the absorption enhancement of graphene
induced by the antenna and compare these results with the
experiments. Finally, we will compare the THz photodection
performance to the state-of-the-art detectors.
Our THz photodetector is based on a novel design (see

Figure 1a−c), which works as follows. The detector contains a
dipole antenna that is located 12 nm below a graphene
channel. The antenna consists of two branches that are
separated by a very narrow gap, with a size on the order of 100
nm. This antenna gap serves for concentrating the incoming
THz radiation into a very small spot in the graphene channel.
Here, the concentrated field of the antenna leads to
(intraband) absorption and the subsequent creation of hot
carriers.28 Since the creation of a photoresponse from hot
carriers requires a gradient in the Seebeck coefficient, we use
the antenna branches simultaneously as split gates. We apply
appropriate voltages (VL and VR) to the left and right antenna
branch, and through capacitive coupling this creates a pn
junction in the graphene channel. Thus, the antenna
simultaneously creates the photoactive area in the graphene
channel (located around the pn junction, see Figure 1c) and
funnels incident radiation to this photoactive area, due to the
very strong field enhancement of incident THz radiation above
the gap between the two antenna branches (see Figure 1a,b).
Compared to previous antenna-integrated, graphene-based

THz detectors,20−27 the advantage of our design is that the
antenna gap is much smaller (100 nm vs several microns),
which means that the THz intensity is greatly enhanced (∼4
orders of magnitude, see Figure 1a). Also, there is no direct
electrical connection between the antenna and the graphene,

which means that there is no need for impedance matching to
ensure the current flow between the antenna and graphene.
The fact that we simultaneously use our antenna for
concentrating light and as a split gate has the advantage that
there is automatically a very good overlap between the region
where the incoming THz light is concentrated and the
photoactive region of the graphene channel (see Figure 1a−c).
Furthermore, we use hBN-encapsulated graphene, which
exhibits a high mobility and low residual doping. This means
that the resistance of the graphene channel will be low, and we
can tune the system relatively close to the Dirac point (point of
lowest carrier density), where the Seebeck coefficient is the
largest. Finally, we pattern the graphene channel into an “H
shape” with a relatively narrow (micron-sized) width. The
narrow width of the central part of the channel leads to an
enhanced photoresponse, as the hot carriers will have a higher
temperature. The wider sides of the graphene channel reduce
the overall device resistance by minimizing contact resistance.
We have fabricated two H-shaped, high-mobility, hBN-

encapsulated graphene devices with a dipolar antenna/gating
structure (see Methods and Supporting Information for details
and optical pictures of the devices). We mainly show the
results obtained from THz photodetector device A and will
mention some results from THz photodetector device B. Both
device A and device B have a width of the central part of the
graphene channel (at the junction) of w = 2 μm, whereas the
gap sizes of the dipolar antennas are 200 and 100 nm,
respectively. The vertical distance between the antenna and
graphene is given by the thickness of the bottom hBN layer,
typically ∼15 nm, and thus small enough to warrant sufficient
overlap between the electric field profile around the antenna
gap and the graphene (see also Figure 1b). The graphene
mobility for both devices is on the order of 20 000 cm2/(V s),
which is a lower bound as it is determined from two-terminal
measurements (see Supporting Information). We characterize
the performance of the THz photodetector devices using two
different setups, both containing a THz laser and optical
components to focus the light at our THz detector. One setup
contains a pulsed quantum cascade laser (QCL), operating at
3.4 THz, and two Picarin (tsupurica) lenses to focus the light;
the other setup contains a continuous wave THz gas laser with
a tunable output frequency and a parabolic mirror to focus the
light (see Methods for details). The THz light is usually
modulated by an optical chopper, and the generated
photocurrent is measured using a preamplifier and/or lock-in
amplifier. We use typical incident THz power in the range of
several microwatts to several milliwatts.
We first scan our photodetector (device A) across the THz

focus using motorized stages (in the QCL setup, see Methods).
The dipolar antenna, with a length of 60 μm, is smaller than
the THz focus (fwhm ∼ 200 μm), allowing us to spatially map
out the intensity of the THz focus through the photocurrent
IPTE. The results show a clear Airy pattern (see Figure 1d),
where we are able to observe several rings of the diffracted
beam pattern. This suggests that our THz photodetector is
very sensitive, considering that these rings contain only a very
small fraction of total incident power of the THz beam (Pin =
84.1 μW).
Before proceeding with quantifying the sensitivity, we first

exploit the gate-tunability to identify the photocurrent
generation mechanism and determine the optimal operating
point of our THz detector, by mapping out the photoresponse
as a function of gate voltages VL and VR (see Figure 2a). We
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perform these measurements with the THz gas laser at 2.52
THz and using device A. The gate voltages independently
control the carrier density (Fermi energy) of the two graphene
regions and therefore the Seebeck coefficients S1 and S2. The
Seebeck coefficient of graphene has a nonmonotonous
dependence on carrier density, where it first increases upon
approaching the Dirac point and then changes sign when
crossing the Dirac point, i.e., when transitioning from hole to
electron doping or vice versa (see Figure 2b). Since the
generated photocurrent IPTE ∝ (S1 − S2), this leads to the
characteristic 6-fold pattern, first shown in ref 31 for visible
light, and explained in Figure 2b. The fact that we also observe
a 6-fold pattern strongly suggests that our THz photoresponse
is dominated by the PTE effect. To further confirm that the
PTE mechanism dominates over alternative photocurrent
mechanisms, such as bolometric and photogating effects, we
measure the photocurrent as a function of bias voltage applied
between the source and drain contacts. The drain current
increases linearly with an applied bias voltage, whereas the
photocurrent remains constant (see Supporting Information),
in contradiction with what is expected for the bolometric and
photogating effects. Thus, these results show that the
photothermoelectric effect is responsible for the observed
THz photoresponse. We find the largest photoresponse in the

pn-junction and np-junction regimes, as expected, relatively
close to the Dirac point.
We now proceed with quantifying the sensitivity of our THz

photodetector. First, we identify the largest responsivity
 I P/PTE diff= at the optimal gate configuration for device A.
We note that the responsivity that we use is the responsivity
normalized by the power in a diffraction-limited spot with NA
= 1. In some of the literature, a responsivity is provided that is
normalized by the amount of power that is actually incident in
the experiment Pin. However, in the case where the wavelength
is larger than the photodetector device, this number does
depend not only on the device performance but also on how
well the THz light is focused. Alternatively, one can use the
responsivity normalized to the power that is absorbed in the
actual graphene channel or in the photoactive area, which
would yield an artificially high number,32 as it is impossible to
focus the THz light in such a small area. Here we choose the
responsivity normalized by the incident power in a diffraction-
limited spot because this is arguably the most technologically
relevant number (as this represents what will be reached when
combining the detector with an optimized focusing system,
such as using a silicon hemispherical lens23−25), and it is the
convention that is most commonly used in the literature on
THz photodetection (see also Table 1). We calculate the

Figure 2. (a) Photoresponse as a function of voltages applied to the two antenna branches/gates, with radiation at 2.52 THz. We use our THz gas
laser with an average incident power of Pin = 5 mW and a peak irradiance in the center of the focus of 1.8 × 104 W/m2. The THz light is polarized
parallel to the antenna axis. The 6-fold pattern as in refs 29 and 31 indicates that the photoresponse is generated through the PTE effect. The
photoresponse is the photocurrent normalized by the power in a diffraction-limited spot, i.e., the responsivity . The maximum responsivity occurs
in the pn and np regions. (b) Line cut at the location of the dashed line in panel a, showing a double sign change (red dots and line; left vertical
axis) as a function of carrier density (controlled through gate voltage VL). The blue line represents the Seebeck coefficient (calculated from the
experimentally obtained graphene mobility, see Supporting Information; right vertical axis). The double sign change occurs due to the
nonmonotonous dependence of the Seebeck coefficient on carrier density: for a constant Seebeck coefficient in one region (dashed horizontal line),
the Seebeck coefficient of the other region is first higher, then lower, and then again higher, giving rise to two sign changes, as indeed observed
experimentally. (c) The extracted Johnson noise current, calculated from the resistance that was measured simultaneously with the result in panel a.
(d) The noise-equivalent power (NEP), extracted from the results in panels a and c, normalized to a diffraction-limited spot. The white cross
indicates the gate configuration that corresponds to the lowest NEP: the left (right) gate at 0.20 V (−0.72 V), corresponding to an electron density
of 7.5 × 1011 cm−2, EF = +100 meV (hole density of 3.6 × 1011 cm−2, EF = −70 meV).
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power in a diffraction-limited spot using Pdiff = Pin × Adiff/Afocus,
where Pin is the measured total incident THz power, Adiff is the
calculated area of a diffraction-limited spot, and Afocus is the
measured area of the focused THz beam. Typically, we have
Adiff/Afocus ≈ 1/60 (corresponding to a NA of ∼0.13 for our
focusing system based on a parabolic mirror, see Methods for
details). From Figure 2a, we extract a maximum responsivity of
 = 14 mA/W (32 V/W). For device B, we find a maximum
responsivity value of  = 25 mA/W (105 V/W) (see Methods
and Supporting Information). In both cases, the THz light
frequency was at 2.52 THz (corresponding to a wavelength of
119 μm, 84 cm−1).
Using the extracted responsivity, we now determine the

sensitivity of the detector. For this, we note that our detector
operates without bias, which means that it is limited by the
Johnson or thermal noise, with noise spectral density

I k T
Rnoise

4 B= . Here, kB is the Boltzmann constant, T is the

temperature of operation and R the resistance. We show the
Johnson noise current of device A as a function of the two
gates voltages in Figure 2c, calculated from the measured
resistance R. We measure the resistance simultaneously with
the photoresponse in Figure 2a, which we use to determine the
responsivity . As expected, we see that a higher noise current
occurs for lower resistance values (away from the Dirac point),
whereas we obtain lower noise values closer to the Dirac point,
where the graphene resistance is higher. The photodetection
sensitivity is given by INEP /noise= , which we show as a
function of the two gate voltages in Figure 2d. The lowest
values for the NEP occur at the pn and np regions close to the
Dirac point, where the responsivity is highest and the noise is
lowest. The lowest value of the NEP map was 200 pW/ Hz
for device A and 80 pW/ Hz for device B (see Methods and
Supporting Information).
An important characteristic of an ideal THz detector is the

linear dynamic range, i.e. the range for which the photo-
response is linear. To assess this, we measure the photocurrent
vs Pdiff for four different THz frequencies (see Figure 3a). We
vary the THz power over more than 3 orders of magnitude
(using the THz gas laser setup), and fit the data with a simple
power law IPTE ∝ Pdiff

γ . We obtain for device A at 2.5 THz a
value of γ = 1.1 ± 0.2 and for device B γ = 1.1 ± 0.15 (95%
confidence intervals). This shows that the photoresponse
depends linearly on the THz power over a range of more than
3 orders of magnitude. The reason for the linear photo-
response as a function of power is the fact that the
photodetector operates in the weak heating regime, where
ΔT ≪ Tambient; i.e., the change in temperature of the electronic
system is smaller than the ambient temperature Tambient. When

Table 1. Comparison of Graphene-Based THz Photodetectors

reference mechanism NEP (pW/ Hz ) normalization area, Anorm
a speed (ns) frequency range (THz)

this work PTE 80 λ2/π <30 1.8−4.25
32 PTE 1100 ∼λ2/3350 0.11 2.5
33 PTE 350 ∼λ2/450 9000 0.08−0.3
24 rectification 130 none 0.4
22 plasma waves 2000 λ2/4 0.29−0.38
25 PTE/plasma waves 600 noneb 0.13−0.45
26 ballistic rectification 34 λ2/4π 0.07−0.69

aThe normalization area, Anorm, refers to the area to which the incident power was normalized: Pnorm = Pin × Anorm/Afocus. In our work, for example,
we use the power in a diffraction-limited spot Pdiff = Pin × Adiff/Afocus; i.e., we use Anorm = Adiff = λ2/π. bWhereas the incident power was not
normalized to any area, a correction of the incident power was applied to account for losses occurring in the focusing system.

Figure 3. (a) Photocurrent as a function of THz laser power (in a
diffraction-limited spot) Pdiff in log−log scale. All round data points
correspond to device A, whereas the light blue squares correspond to
device B. The lines through the experimental data points are fits
according to IPTE ∝ Pdiff

γ . The obtained exponent is close to 1 for all
data sets. For device A, these data correspond to a gate configuration
of VL = 0 V and VR = −0.67 V, corresponding to an electron (hole)
density of 4.2 × 1011 (−2.7 × 1011) cm−2. (b) Responsivity  as a
function of THz wavelength (red dots, left vertical axis), with the
same (suboptimal) gate configuration as in panel a. The black line
(right vertical axis) shows the calculated antenna-induced absorption
enhancement in the graphene channel. The red dashed line illustrates
the trend of the experimental points. (c) Results of the pulsed laser
experiment, where the photocurrent was amplified by a fast current
preamplifer (Femto) and the data were acquired with a fast
oscilloscope. The inset shows how the photovoltage VPTE follows
the switching of the pulsed laser. The red and blue (plotted with an
offset) open dots show the obtained photovoltage in a small time
window marked in the inset, with the black line giving the result of
exponential fits with time scales of 40 (24) ns for the red (blue) curve.
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ΔT approaches Tambient, we expect a sublinear dependence of
photocurrent on power, with an exponent that tends to γ = 0.5.
In regard to the range of frequencies where our detectors

operate, we note that this is only limited by the antenna
structure. The reason behind the spectrally ultrabroad
photoresponse of graphene is the efficient heating of the
electrons, which occurs irrespective of the wavelength of the
incident light, i.e., whether intraband or interband light
absorption occurs.28,35 We characterize the spectral response
of our detector by measuring the responsivity, while varying
the frequency from 1.83 to 4.25 THz (see Figure 3b). We
observe a trend where the responsivity peaks around 3 THz.
This corresponds reasonably well with the antenna being
optimized for a frequency of 2 THz using full wave simulations
(see Methods and Figure 3b). The discrepancy likely comes
from the fact that a simplified structure was simulated, which
did not include all of the metallic parts that are contained in
the actual device. Importantly, these results confirm that the
spectral range where the THz detector operates is currently
limited only by the antenna. Thus, using more spectrally broad
antennas or a combination of antennas one could extend the
spectral range of our photodetector, covering the spectrum all
of the way from the ultraviolet, through the visible and infrared
to the terahertz.
In the following, we discuss the speed of our PTE THz

photodetector. We show the temporal response in Figure 3c,
where we rapidly switch the THz light on (white) and off
(yellow) using our pulsed THz QCL (see Methods). We
observe that the photoresponse of our detector VPTE closely
follows the laser switching behavior. We quantify the detector
speed by fitting the VPTE rise and fall dynamics (see also
Supporting Information) with simple exponential equations,
and obtain an exponential (1/e) response time of 32 ± 11 ns,
corresponding to a bandwidth of ∼5 MHz. In this measure-
ment, the speed is most likely limited by the measurement
electronics, namely, by the 3.5 MHz bandwidth of the current
preamplifier, rather than by the PTE THz detector itself.
Indeed, the intrinsic speed of the detector is expected to be
significantly higher, since ultimately the intrinsic response time
is limited by the RC time of the detector. Performing this
calculation (see Methods), we obtain a rise time of 56 ps,
corresponding to a detection rate of 6 GHz for our device with
a mobility of 20 000 cm2/(V s). For a device with a mobility of
100 000 cm2/(V s) (see Supporting Information), we find 9 ps,
corresponding to 40 GHz. Thus, extremely fast THz
photodetection with switching times in the picosecond range
are attainable.
We now discuss more of the underlying physics of the PTE

detector, using a simple analytical model that provides the
rationale behind our detector design. Owing to the difference
in Seebeck coefficients at the pn junction, a local photo-
thermoelectric voltage is created, which leads to the flow of a
photocurrent between the source and drain contacts that are
connected to the graphene channel. The PTE photocurrent is
then given by29

I
S S T

R
( )

PTE
1 2=

− Δ
(1)

where S1 and S2 are the Seebeck coefficients (also called
thermopower) of the two regions of the graphene channel that
are independently controlled by the gates/antenna branches,
ΔT is the temperature increase of the electronic system
induced by THz radiation, and R is the total electrical

resistance, accounting for the graphene and contact resistances.
It is worth mentioning that the photocurrent is generated
under zero applied source-drain bias voltage, resulting in a very
low detector noise (Johnson noise) and extremely low power
consumption.
Graphene is an ideal material to exploit the PTE effect for

THz detection because the term (S1 − S2)ΔT can be large and
R is typically small, in particular for high-quality, hBN-
encapsulated graphene. The Seebeck coefficient of graphene is
intrinsically quite large, on the order of 100 μV/K,36 and S1
and S2 are independently tunable through the gates, meaning
that (S1 − S2) can be maximized. Furthermore, ΔT can be
large in graphene (up to several thousand K) because of
efficient heating of the electrons after absorbing THz light, due
to strong electron−electron interactions and because the hot
carriers are relatively weakly coupled to the crystal lattice.28

Our photodetector design maximizes the PTE THz
photoresponse, particularly by maximizing ΔT and minimizing
R. From a simple heat equation, the temperature increase ΔT
(averaged over all charge carriers in the photoactive area) is
given by

T
P

A
abs

active cool
Δ ≈

Γ (2)

where Pabs is the amount of THz power that is absorbed in the
active area of the graphene channel and Γcool is the heat
conductivity that describes the coupling of the heated electron
systems to its environment. The photoactive area is given by
A w2active cool= × , where cool is the hot-carrier cooling
length, which can be seen as the length scale over which hot
carriers can diffuse before cooling down to the equilibrium
temperature (typically 0.5−1 μm at room temper-
ature,29,31,35,37,38 see also Figure 1c). In the case of hBN-
encapsulated graphene, Γcool is the out-of-plane, interfacial heat
conductivity, in this case dominated by coupling of hot carriers
to hyperbolic hBN phonons.37 We optimize ΔT by maximizing
Pabs and minimizing Aactive. We maximize the amount of
absorbed THz power, Pabs, by using a dipole antenna with a
narrow gap, which focuses the incoming THz light down to the
small (compared to the THz wavelength) graphene photo-
active region. We further maximize ΔT by using a narrow
channel width, w, of 2 μm. Basically, when the area where the
incident power is absorbed is small, the amount of electrons
that will share the heat is smaller, and therefore, the increase in
temperature of the electronic system, ΔT, is larger.
In order to further increase the responsivity, we reduce the

overall resistance R of the device and optimize the shape of the
graphene channel. We achieve a low R by using high-quality
hBN-encapsulated graphene (see Figure 1b).39,40 This method
enables mobility values as high as 100 000 cm2/(V s) at room
temperature and low levels of intrinsic doping (see Supporting
Information). We furthermore pattern the graphene channel in
an H shape (see Figure 1a), in order to reduce the overall
device resistance R. This shape is crucial because it has a small
width, w, in the central part of the channel, ensuring a small
Aactive and thus large ΔT, while having a larger width toward
the contacts, minimizing the graphene sheet resistance.
Furthermore, the large interface with the source and drain
contacts minimizes the contribution of contact resistance to
the overall resistance R. We assess the validity of the analytical
model of eqs 1 and 2, by comparing the results with numerical
simulations of the PTE photocurrent generated in different
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graphene geometries (see Supporting Information). We find
agreement between the analytical and numerical results,
showing the validity of our analytical approach. Importantly,
the analytical model gives us insights into the physics that
determines the detector response, thus allowing for optimiza-
tion strategies. The advantage of the numerical simulations is
that they are also valid for nonrectangular graphene shapes.
Our detector design is the result of these analytical and
numerical simulations.
On the basis of the analytical model for the PTE response,

we now examine our experimental results quantitatively. We
have measured a photocurrent of IPTE = 1.14 μA (device A, 2.5
THz) for an incident power of Pin = 5 mW (focused to a spot
size Afocus, see Methods). Using eq 1 with (S1 − S2) = 160 μV/
K (estimated from ref 41) and R = 2.3 kΩ (measured), we find
an experimental temperature increase of ∼16 K (confirming
the weak heating regime). Then using eq 2 with interfacial heat
conductivity Γcool = 7 × 104 W/m2K (determined in ref 37),
cooling length cool = 510 nm (from the mobility and interfacial
heat conductivity, see Supporting Information), and channel
width w = 2 μm (measured), we find the absorbed power (in
the active area of the graphene channel) to be Pabs = 2.3 μW.
We compare this value with the absorbed power we find from
numerical simulations of the antenna-graphene structure, using
the same irradiance as in the experiment (see Methods). These
simulations give an absorbed power (in the entire graphene
channel) of Pabs,sim = 7 μW (at 2.5 THz). This number is close
to the number we obtained experimentally, adding credibility
to our assignment of the PTE as the dominant photoresponse
mechanism and to the validity of our analytical model. We
ascribe the lower experimental value (by a factor ∼3) to a
nonoptimal performance of the actual antenna in the
photodetector device, most likely due to the presence of
metallic regions around the antenna (see Supporting
Information). Furthermore, the simulations consider the
absorption in the entire graphene sheet, rather than only in
the photoactive area of the graphene channel. Notably, we
point out that, without the antenna, the amount of incident
THz light from a diffraction-limited spot that would be
absorbed in the photoactive area of the graphene channel
would be more than 3 orders of magnitude lower, highlighting
the importance of the antenna integration. We illustrate this in
Figure 3b, where we show the antenna-induced absorption

enhancement, defined as G
P

P
abs,sim,antenna

abs,sim
= . These simulations

show that the antenna enhances the graphene absorption by
more than 3 orders of magnitude.
Finally, we compare the performance of our photodetector

with other graphene-based THz photodetectors in the
literature. We first compare with other detectors where the
photodetection mechanism was explicitly ascribed to the PTE
effect (see Table 1). Since not every report used the same
power normalization procedure for the responsivity and NEP,
we mention explicitly the normalization procedure that was
used. We note that our THz detector is 2−4 orders of
magnitude more sensitive than any other THz PTE photo-
detector (if the same normalization procedure would be
applied). We attribute this to our novel design with the
antenna/gating structure, the optimal graphene channel
geometry, and the use of high-mobility hBN-encapsulated
graphene. Furthermore, the sensitivity that we obtain is very
similar to, or better than, the most sensitive graphene-based
THz detectors reported in the literature.24,26 The operation of

those detectors, however, has only been shown for frequencies
below 1 THz, and no response times have been measured.
Additionally, it is important to point out that the Drude optical
conductivity, and therefore absorption in graphene, is higher in
the GHz range than in THz;42,43 hence, a direct comparison
with detectors operating below 1 THz is not straightforward
since we do not normalize the detector responsivity by the
graphene absorption.
In conclusion, we have demonstrated a novel THz

photodetector, which is dominated by the photothermoelectric
effect. It operates at room temperature, is highly sensitive and
very fast, has a wide dynamic range, and operates over a broad
range of THz frequencies. We have optimized the PTE THz
detector by using a split-gate/antenna structure with a narrow
gap, which funnels the incident THz light exactly at the small
photoactive area of the detector, leading to a strongly
enhanced THz absorption in graphene. This structure
simultaneously allows for tuning the detector to the optimal
gating configuration, where a pn junction is created in the
graphene channel. Furthermore, we have used an H-shaped,
high-quality, hBN-encapsulated graphene channel with a
narrow width, in order to have a small photoactive area, thus
achieving a large THz-induced change in temperature, and a
low overall device resistance.
Given the qualitative and quantitative understanding we

have developed of the performance of our detector, we identify
strategies for further improving its performance. Most
importantly, by optimizing the antenna, a higher absorption
and therefore lower NEP can be achieved. Additionally, by
using a more broadband antenna, the detector will be sensitive
for a larger range of THz frequencies. The sensitivity can be
further enhanced by having a lower thermal conductivity, Γcool.
This could be achieved by exploring alternative encapsulation
materials, rather than hBN, e.g., a transition metal
dichalcogenide (TMD) material, and by operating at a lower
temperature. We estimate that it will be possible to reach an
NEP in the low pW/ Hz regime. We expect that the unique
combination of high sensitivity and fast operation means that
these THz PTE detectors will play an important role in a large
spectrum of applications.

Methods. Sample Fabrication. First, we patterned the
antenna/gate structure on a transparent SiO2 (Infrasil)
substrate using electron beam lithography followed by
evaporation of titanium (2 nm)/gold (30 nm). The antenna
gap was 200 nm (100 nm) for device A (B). We then released
an hBN/graphene/hBN stack onto the antenna/gate structure.
The stack elements (top and bottom hBN and graphene) were
mechanically cleaved and exfoliated onto freshly cleaned Si/
SiO2 substrates. The full stack was prepared by the van der
Waals assembly technique39,40 and released onto the antenna/
gate structure. This was followed by a patterning source and
drain electrodes, using electron beam lithography with a
PMMA 950 K resist film and exposing it to a plasma of CHF3/
O2 gases for partially etching the stack. Consequently, we
evaporate side contacts of chromium (5 nm)/gold (60 nm)
and lift off in acetone as described in ref 39. Finally, the
encapsulated graphene was etched into the H shape using a
plasma of CHF3/O2 gases. From gate-dependent measure-
ments (varying VL and VR simultaneously) on device A, we
extract a mobility > 20 000 cm2/(V s) and a contact resistance
of 126 Ω (3.8 kΩ μm) (see Supporting Information).

Measurements. In one setup (used to obtained the data
shown in all figures except for Figures 1d and 3c), we used a
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continuous wave THz beam from a gas laser (FIRL 100 from
Edinburgh Instruments), providing a maximum output power
in the range of a few tens of milliwatts and frequencies of 1.83,
2.52, 3.11, and 4.25 THz. The device position was scanned
using a motorized xyz-stage. The THz laser was modulated at
266 Hz using an optical chopper, and the photocurrent was
measured using a lock-in amplifier (Stanford). We verified that
the output THz beam was strongly polarized (only 2% of
residual unpolarized light) and mounted the detector with the
antenna axis parallel to the polarization. The THz light was
focused using a gold parabolic mirror with a focal distance of 5
cm. The THz power was measured using a pyroelectric THz
detector from Gentec-EO placed at the sample position. The
second setup (used for Figure 1d and 3c) contained a pulsed
QCL at 3.4 THz, with an expected rise time < 1 ns.
Responsivity Calculation. For the responsivity

 I P/PTE diff= , we extracted the PTE photocurrent IPTE from
the output signal of the lock-in amplifier VLIA using

I V
GPTE

2 2
4 LIA= π ,20,22 where G is the gain factor in V/A

(given by the lock-in amplifier). The power in a diffraction-
limited beam is given by Pdiff = Pin × Adiff/Afocus, where the ratio

A A/
w

w wdiff focus
x y

0,diff
2

0, 0,
= where w0,diff is the diffraction limited spot,

and w0,x and w0,y are the experimental spot sizes. In order to
obtain w0,x and w0,y, we use our observation that the
photoresponse is linear in laser power and measured the
photocurrent while scanning the device in the x- and y-
directions. The photocurrent is then described by Gaussian

distributions e x w2 / x
2

0,
2

∝ − and e y w2 / y
2

0,
2

∝ − , where w0,x and w0,y are,
respectively, the obtained spot sizes (related to the standard
deviation via σ = w0/2 and to the fwhm via fwhm =

w2ln(2) 0). For device A at 2.5 THz, we obtained w0,x =
263.3 μm and w0,y = 331.2 μm. For the diffraction-limited spot,

we took w0,diff = λ
π
, with λ as the THz laser wavelength. The

diffraction-limited area is thus taken as Adiff = πw0,diff
2 = λ2/π.

Antenna Simulations. The full wave simulations were
performed in Comsol. The frequency-dependent permittivity
of hBN was taken from ref 44. The optical conductivity of
graphene was calculated employing the local random phase
approximation at T = 300 K with a scattering time of 100 fs. In
the simulations, for simplicity, the Fermi energy of the
graphene sheet was spatially constant. A plane wave source
was used for illumination, where the incident power was
normalized to give the same irradiance as the experiment.
Speed Calculations. The electrically limited operation

frequency of the detector is related to the RC-time constant
τ = RC, with R as the total graphene resistance (including
contact resistance) and with C as the total graphene
capacitance. The operating speed is then given by the rate f
= (2πτ)−1. The rise time τrise is the measure of the
photodetector response speed to a stepped light input signal.
It is the time required for the photodetector to increase its
output signal from 10% to 90% of the final steady state output
level. The rise time is calculated as τrise = τ × ln(9) = (2πf)−1 ×
ln(9) = 0.35/f.
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