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The hot-carrier photothermoelectric (PTE) effect in two-dimensional materials can be used to develop room- License 4.0 (CC BY-NC).
temperature, fast, and sensitive detectors for microwave, terahertz, and far-infrared radiations. Here, we present

a van der Waals semimetal PtSe, terahertz detector and find a giant terahertz PTE response mediated by hot car-

riers at the metal-PtSe, interfaces. The detector demonstrates an excellent zero-bias responsivity of 0.62 ampere

per watt (A/W), a low-noise equivalent power of 19.6 picowatt per square root of hertz (pW/Hz”Z), and a fast

response time of 4.5 nanosecond (ns) at 0.1 terahertz (THz). The metal doping effect and asymmetric terahertz

heating play vital roles in the hot-carrier PTE response at the metal-semimetal interfaces. Moreover, scanning

photocurrent mapping shows that the short-wave zero-bias photoresponse is closely localized to the metal-

semimetal interfaces, further revealing the metal doping effect. The bias-dependent photocurrent indicates that

the short-wave photoresponse still originates from the PTE effect and the photovoltaic response is negligible. Our

results provide important guidance for developing high performance semimetal detectors.

INTRODUCTION

Terahertz (THz) detectors have wide applications in many fields
such as high data-rate communication, real-time imaging, spectros-
copy, and sensing (1-4). The photon energy of the terahertz wave
(0.42 meV@0.1 THz, 42 meV @10 THz) is very close to the room
temperature (T, = 300 K) thermal energy (kT = 26 meV, with kg
the Boltzmann constant), which makes uncooled photon-type de-
tectors in this band extremely challenging. The thermal detectors
are not limited by the bandgap and can achieve room temperature
and wide spectral detection, which has advantages in the terahertz
band. However, the slow response speed and low sensitivity of tradi-
tional thermal detectors limit their application range (5).

Recently, it has been found that the hot-carrier photothermo-
electric (PTE) effect in two-dimensional (2D) materials can over-
come these limitations (6-10). In this case, because of the free carrier
absorption, the terahertz energy is transferred to the electron sub-
system, and because of the weak electron-longitudinal optical (LO)
phonon scattering in the low-energy range, the energy relaxation chan-
nel to the lattice subsystem is blocked. Further, because of the strong
electron-electron scattering, the electron subsystem is thermalized
to form a steady-state distribution with a higher electron tem-
perature. If the electron subsystem is heated locally through free
carrier absorption of terahertz radiation, a temperature gradient
will be formed, and the hot carriers will diffuse from the hot region
to the cold region, generating a fast PTE response (11). Song et al.
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theoretically and Gabor et al. experimentally demonstrated the
hot carrier-mediated intrinsic photoresponse in graphene homo-
junctions, revealing a sixfold photovoltage pattern due to the See-
beck coefficient variations, which distinguishes the PTE effect from
the photovoltaic (PV) effect (12, 13). Cai et al. (6) first demonstrated
an application of graphene hot-carrier PTE effect in terahertz detec-
tion. This device was accomplished by applying dissimilar metals to
form contacts with graphene and achieved a sensitivity exceeding
1100 pW/Hz"? at 2.52 THz. Castilla et al. (7) presented a graphene
terahertz PTE detector by using a split-gate/antenna structure with
a narrow feed gap, which funnels the incident terahertz wave exactly
to the small photoactive area of the detector, leading to a strongly
enhanced terahertz absorption in graphene and an excellent sensitiv-
ity (80 pW/Hz"?). In addition, researchers have greatly improved the
performance of graphene hot-carrier PTE detectors through various
strategies to enhance the light-graphene interaction, such as graphene
plasmonics (14, 15), optical resonant antennas (16), Fabry-Perot
microcavities (17), and metasurfaces (18, 19).

Recently, PtSe,, as a layered 2D transition metal dichalcogenide
(TMDC) material, has become a hot research topic in optoelectron-
ics because of its excellent properties including high carrier mobili-
ty, layer-dependent indirect bandgap (0 ~ 1.2 eV), broadband light
absorption, strong thermoelectric effect, and excellent atmosphere
stability (20-23). These properties make it comparable to other widely
investigated 2D materials like graphene, MoS; and black phospho-
rus (24). Notably, as the layer number increases, PtSe, undergoes a
transition from semiconductor (single layer and double layer) to
semimetal (>three layers) (23). As an electron-dominant thermo-
electric material, semimetal PtSe, has a considerable Seebeck coef-
ficient of about —73 pV/K, and compared with graphene, it has a
lower thermal conductivity, which is beneficial for obtaining a stron-
ger thermoelectric response (25, 26). However, the hot-carrier PTE
effect of semimetal PtSe; and its application in terahertz detection
have not been investigated systemically.
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Here, we realize a room-temperature, zero-bias, fast, and sensi-
tive semimetal PtSe,-terahertz detector integrated with an asym-
metric bow-tie antenna and systematically investigate the hot-carrier
PTE effect of semimetal PtSe,. At the resonant frequency (0.1 THz)
of the antenna, the detector shows an excellent room-temperature and
zero-bias detection performance of a high responsivity of 0.62 A/W,
a low noise equivalent power (NEP) of 19.6 pW/Hz"?, and a fast
response speed of 4.5 ns. On the basis of electrostatic and heat trans-
fer simulations, we construct a hot-carrier PTE response model
for the metal-PtSe;-metal device. In this model, a simplified PTE
response formula is attained by considering the metal-semimetal
interface doping effect and the asymmetric hot-carrier temperature
distribution induced by local terahertz heating. We find that the
PTE effect mediated by hot carriers at the metal-semimetal inter-
faces plays a key role in terahertz response. When the maximum
electron temperature position is overlapped with the depletion edge
of the metal-semimetal interfaces, the PTE response reaches up to
the largest value. Moreover, a bias voltage—dependent terahertz PTE
response is observed, which is contributed to the direct dark-current-
induced Peltier heat flow and the resultant shift of the maximum
electron temperature position. The zero-bias scanning photocurrent
imaging of the PtSe, device under 780-nm interband photoexcita-
tion shows that photocurrents are limited to the metal-semimetal
interfaces. The bias-dependent behavior of the photoresponse con-
firms that the photocurrent still originates from the PTE effect. The

weak PV response at the metal-semimetal interfaces can be attrib-
uted to the narrow depletion-region width, the unique band struc-
ture of electron-hole coexistence on the Fermi surface, and the short
photo-generated carrier lifetime.

RESULTS

The PtSe, crystal has a typical 1T-type hexagonal crystal structure
with a P-3m1 space group, as shown in Fig. 1A. The monolayer PtSe,
consists of three atomic layers stacked in the order Se-Pt-Se, and the
layers are held together by vdWs force to form a layered crystal
structure (20). Because of the weak interlayer vdWs force, PtSe,,
analogous to other TMDCs, can be mechanically exfoliated to PtSe,
flakes with different layers. PtSe, has a layer-dependent band struc-
ture and bandgap (23, 27). The monolayer PtSe; is an indirect semi-
conductor with a bandgap (E; = 1.23 eV). The bandgap of bilayer
PtSe; is reduced to 0.23 eV. For the trilayer or more layers PtSe;,, the
conduction and valence bands overlap indirectly and the material
becomes a semimetal, with the coexistence of electrons and holes on
the Fermi surface. As the layer number increases, the overlap of con-
duction band (CB) bottom and valence band (VB) top tends to
0.87 eV. Figure 1B shows the band structure of multilayer semimetal
PtSe; (28). As shown in the inset of Fig. 1B, the intrinsic semimetal
PtSe, Fermi surface consists of two types of pockets and one hole
pocket, indicating that electrons and holes coexist at the Fermi surface,
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Fig. 1. The properties of semimetal PtSe, and metal-semimetal contact. (A) Schematic crystal structure of PtSe,. (B) Band structure of semimetal PtSe;. The inset is the
top view of the Fermi surfaces in the first Brillouin zone. The green and blue pockets correspond to electron and hole pockets, respectively. (C) The AFM topography of
the sample. h, hours. The thicknesses of the PtSe; flake and Au film are 34 and 60 nm, respectively. (D) The second-order (S,) terahertz near-field scattering image of the
sample. (E) Metal-semimetal contact diagram. (F) Band diagram of metal-semimetal contact in thermal equilibrium. E¢ and E,, represent the Fermi energy and the vacuum
level, respectively. xp corresponds to the width of the depletion region. (G) The simulation result of electron concentration distribution in the metal-semimetal contact

region. a.u., arbitrary units.
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and electrons are the major charge carriers. The shape of the hole
pocket resembles an octahedron (colored blue), and there are two
types of electron pockets (colored green): six octahedron electron
pockets located around the K points and six crescent electron pock-
ets located between the D and S points. The zero bandgap of PtSe;,
enables it to absorb broadband electromagnetic radiation. In the
mid- and far-infrared and terahertz bands, light absorption is main-
ly achieved by intraband free-carrier absorption. In the visible and
near-infrared bands, the intraband absorption efficiency is low be-
cause of the large wave vector compensation, and the light absorp-
tion is mainly due to the interband transition (29). Typical Raman
signatures of PtSe; are observed in the corresponding Raman spec-
trum and Raman intensity mapping images (fig. S1), indicating the
good quality of the mechanically exfoliated multilayer PtSe, flakes
(30). The high electrical conductivity of semimetal PtSe, can be re-
vealed by terahertz near-field optical imaging (31-33). We used a
commercial terahertz scattering-type near-field optical microscope
system (Neaspec GmbH) to perform terahertz near-field imaging of
mechanically exfoliated semimetal PtSe; flakes (fig. S2A). Since Au
has a strong terahertz near-field scattering signal, an Au thin-film
electrode is used as a reference for near-field imaging (31). Figure 1
(C and D) shows the simultaneously collected atomic force micro-
scope (AFM) topography and near-field images of the sample, re-
spectively. As shown in Fig. 1D, PtSe, and Au show similar strong
terahertz near-field signals, and there is an obvious contrast to the
weak near-field signals of the SiO, substrate. The strong and homog-
enous terahertz near-field scattering signals of the PtSe; flake reflect
its semimetallic character. The second-order (S;) time-domain near-
field signals at different locations were Fourier transformed to ob-
tain the frequency-domain amplitude spectra of PtSe,, Au, and SiO,
(fig. S2B). It can be seen that the near-field amplitude spectrum of
PtSe, is close to that of Au in a wide frequency range, indicating high
electron concentration and mobility in the PtSe; flake.

For semimetal PtSe, detectors, the simplest device configuration
is the metal-PtSe,-metal structure. Considering that the metal dop-
ing effect will influence the Seebeck coefficient of PtSe; in the con-
tact regions, we first investigate the metal-PtSe, contacts (34-37).
The schematic diagram of metal-semimetal contact is shown in Fig.
1E, where Au, as the electrode material, forms an electrical contact
with PtSe,. Because of the different work functions of Au and PtSe,,
there is a net charge transfer at the metal-semimetal interfaces and
the generation of a built-in electric field, leading to the formation of
a depletion region. Figure 1F shows the band diagram of metal-
semimetal contact in thermal equilibrium. Since the work function
of Au (5.1 eV) is higher than that of semimetal PtSe; (4.82 eV) (38),
electrons are forced to transfer from the semimetal to the metal un-
til the two Fermi energies of Au and PtSe; are aligned. At the metal-
semimetal interface, the charge transfer leads to a built-in electric
field that points from the semimetal channel to the metal electrode,
and the semimetal CB edge E. and VB edge E, will bend upward.
Because of the high electron concentration of PtSe, and the coexis-
tence of electrons and holes at the Fermi surface, analogous to contact
between the metal and heavily doped semiconductor, the metal-
semimetal interface is expected to form a narrow depletion region.
We use the Silvaco-ATLAS software (TCAD package) (39) to simu-
late the carrier concentration distribution and depletion region
width of the Au-PtSe; contact. As shown in Fig. 1G, there is a thin
depletion region (tens of nanometers) on the PtSe; side of the metal-
semimetal interface at zero-bias voltage, which is thin enough for
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direct tunneling of carrier across the barrier, resulting in the forma-
tion of good ohmic contacts. Because of the metal-semimetal inter-
face doping effect, the decrease of electron concentration near the
metal-semimetal interface regions leads to a reduced Seebeck coef-
ficient compared with the undoped channel region (23), thus intro-
ducing a nonuniform distribution of the Seebeck coefficient along
the PtSe, channel.

For 2D material detectors, the optically active area is typically on
the nanoscale or microscale, much smaller than the wavelength of
terahertz wave. The optical antenna can enhance terahertz absorp-
tion and achieve a local illumination through the terahertz field lo-
calization and enhancement. As shown in Fig. 2A, we design an
asymmetric bow-tie antenna integrated semimetal PtSe; terahertz
detector, in which the bow-tie antenna is an optical coupler to
achieve asymmetric local terahertz heating. The structural parame-
ters of the bow-tie antenna are presented in fig. S4A. The electric
field enhancement factor is defined as the ratio of surface-averaged
electric field amplitudes with and without the metal structures. As
depicted in Fig. 2B, the feed gap of the designed bow-tie antenna
shows excellent field enhancement performance with a peak field
enhancement factor of 180 for the fundamental dipole resonance at
0.1 THz. The simulated surface electric field distribution (Fig. 2B) of
the asymmetric bow-tie antenna at 0.1 THz exhibits a strong asym-
metry. Figure 2C shows the optical micrograph of the fabricated
PtSe, device. In this device, mechanically exfoliated PtSe; flakes are
transferred to the channel region of the asymmetric bow-tie anten-
na structure, with the bow-tie antenna and the metal strip electrodes
serving as the source (S) and drain (D), respectively. The AFM im-
age of the fabricated PtSe; device is shown in fig. S4C. The measured
thickness of the PtSe, flake is 72 nm. The electrical measurements
(fig. S4D) show that the current-voltage (I-V) characteristic curve of
the PtSe, device exhibits good linear characteristics and low resis-
tance (123 ohm), indicating the formation of excellent ohmic con-
tact between the Au electrodes and the PtSe, flake.

Since the terahertz field is localized and enhanced in the antenna
feed gap, free carriers near the metal-semimetal interface are heated
by the focused terahertz wave via the intraband free carrier absorp-
tion (Fig. 2D). Because of the low terahertz photon energy, the ener-
gy relaxation channel via electron-LO phonon scattering is blocked,
and the terahertz energy is mainly transferred to the electron sub-
system rather than the lattice subsystem (11). As shown in Fig. 2E,
the electron subsystem of PtSe; is thermalized to form a steady-state
distribution with a higher electron temperature (T,) via the strong
electron-electron scattering, and the lattice temperature (T},) chang-
es very little. Under continuous terahertz illumination, a steady-
state distribution of electron temperature (T,) gradient is established
along the channel. When the terahertz illumination is turned off,
the temperature gradient is destroyed through hot-carrier diffusion
and the most excess energy is dissipated to the metal electrodes.
Considering the imbalance between electron (hot-carrier effect) and
lattice temperatures during terahertz heating, a two-temperature heat
transfer model is used to analyze the hot-carrier temperature distri-
bution of the PtSe, channel under asymmetric terahertz illumination
(fig. S5). The 1D two-temperature heat transfer coupled equations are
(40, 41)

G20z ‘€0 @unr uo ABojouyos | pUe 80Us1DS 10} leybueys 10 AlISIBAIUN T8 BI0'80US 195 MMM//:SANY WO | Papeo lUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

A B@; 240F C
THz wave W 2001
T 160}
s % £
© 120}
g (8]
PtSe,— D S so}
=
b S 4of
[ v K
= SiO,/Si [) " . . L L
iL 000 005 0.10 0.15 020 0.25
Frequency (THz)
THz heatin
D E g : °
E E (AUl PSe, T AU
Quasi-equilibrium 15} 14
Hot carriers 4, — =kt
T>T=To /| e <
1
THz heating | | £
\ 4 o
S ~
Epmem <
VB
4 5 6 7 8 9 10 11O
. 705 0 1705 0
Intraband absorption £(E) £(E) Position (um)

Fig. 2. The hot-carrier effect of semimetal PtSe, under terahertz illumination. (A) Schematic of the asymmetric bow-tie antenna integrated semimetal PtSe; terahertz
detector. (B) The surface-averaged electric field intensity as a function of frequency in the feed gap of the bow-tie antenna. The terahertz wave is vertically incident to the
device surface, and the polarization is along the antenna arm direction. The inset is the simulated electric field distribution of the asymmetric bow-tie antenna at
0.1 terahertz. (C) Optical micrograph of PtSe; device. (D) Schematic illustration of PtSe, carrier thermalization via intraband free carrier absorption under terahertz excita-
tion. (E) The diagram of the hot-carrier effect of PtSe,. Terahertz radiation-induced electron heating in PtSe; leads to a broader Fermi-Dirac distribution, in comparison
with that without terahertz excitation. (F) Temperature distribution of electron and lattice between source and drain electrodes when the incident terahertz energy is
localized within the 0.5-um-wide region close to the Au electrode edge. AT, and A T, correspond to changes of electron and lattice temperatures, respectively.

oT, ¥, _, c,T.-T, T,-T, definitions and values of each parameter in the two-temperature
= ==V T+— - (2)  heat transfer equations and the numerical results are shown in table
ot C C, T . O

P L S2. Figure 2F shows the temperature distributions of the electron
and lattice along the PtSe, channel, obtained by numerically solving
T—T the two-temperature heat transfer equations. The numerical re-

oT K o2 0 .. .
> = EV T—— (3) sults show that the variation of electron temperature T,is much

T

greater than that of lattice temperature T}, and the electron tempera-

ture exhibits a remarkable asymmetric distribution along the chan-

nel. Because of the rapid energy relaxation of hot carriers through

the metal electrodes, a large electron temperature gradient V T ex-

ists near left the metal-semimetal interface. In particular, the large

heat capacity and thermal conductivity of Au leads to a slight in-
crease of electron temperature at the left metal-semimetal contact.

On the basis of the metal-semimetal interface doping effect and

the two-temperature heat transfer process, we can quantitatively

analyze the hot-carrier PTE response of the PtSe, device under

asymmetric terahertz heating. As shown in Fig. 3A, we assume that

3 the Seebeck coefficient in the doped region is S, and that in the un-

C.= EnekB (4)  doped region is S, The simplified distribution of the Seebeck coef-

ficient in the channel corresponds to the green line in Fig. 3A. The

purple line presents the hot-carrier temperature distribution under

K, = 1 C.vitr (5) local terahertz heating at the metal-PtSe, interface, where T, is the

3 highest electron temperature in the channel, and T,, and T, are

the electron temperatures at the left and right doped region edges of the

where n,, v, and T are the electron concentration, electron Fermi  PtSe, device, respectively. Considering the 1D temperature and See-

velocity, and electron scattering time of PtSe,, respectively. The  beck coefficient as functions of x (0 < x < L, x = 0 at the source and

where T} is the environment temperature (300 K). T, «, T, and C are
temperature, thermal conductivity, heat relaxation time to environ-
ment, and heat capacity for Au electrodes, respectively. T, (T,), k.
(k,), and C, (C,) are temperature, thermal conductivity, and heat
capacity for electron (lattice) subsystem of PtSe,. 7., is the heat re-
laxation time from the electron subsystem to the lattice subsystem.
Qs input terahertz power density. The electron heat capacity C, and
electron thermal conductivity k, of PtSe; are calculated by the fol-
lowing formula (41, 42)
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Fig. 3. The terahertz hot-carrier PTE response of PtSe; device at 300 K. (A) The hot-carrier PTE response model of PtSe; device under asymmetric terahertz heating. The
purple line represents the simplified distribution of Seebeck coefficients and S, and S, correspond to the Seebeck coefficients for the doped and undoped regions, respec-
tively. The purple line corresponds to the electron temperature distribution under asymmetric terahertz heating, where T, is the highest electron temperature in the channel,
and T,,and T, are the electron temperatures at the left and right doped region edges of the PtSe; device, respectively. A T, corresponds the temperature change of Au elec-
trode. (B) Zero-bias terahertz photocurrent spectrum of PtSe; device. The polarization of the terahertz wave is along the bow-tie antenna arm direction. (C) Photocurrent re-
sponsivity spectrum. (D) NEP spectrum. (E) Zero-bias photocurrents spectrum (red) of the PtSe, detector illuminated by the 100-GHz and continuum 100-MHz modulated
terahertz radiation and the background noise spectrum (black). (F) Simulated intrinsic fast hot-carrier PTE response of PtSe,. (G) Power-dependent photoresponse. (H) Perfor-
mance comparison with the reported room temperature terahertz detectors. BP, black phosphorus; FET, field effect transistor; HEMT, high electron mobility transistor.

x = L at the drain, where L is the length of the device channel), the According to Eq. 7, it can be seen that the metal doping effect and
PTE response can be calculated by integrating the local PTE voltage  the position of the local terahertz heating have an important influ-
gradient generated by the temperature gradient [V T,(x)] together ence on the magnitude of the hot-carrier PTE response. If the metal

with a spatially varying Seebeck coefficient [S(x)] (43) doping effect is not considered, the integral PTE response would be
S, AT, Since AT, is very small (Fig. 3A), the PTE response would
Vg = J S(x)VT,(x)dx (6) be extremely weak. When the peak temperature position overlaps

with the depletion edge of the Au-PtSe, interface, T,, = T, the

As shown in Fig. 3A, AT, is the electron temperature difference ~ PTE voltage reaches up to the largest value. Therefore, a strong hot-
between the temperatures at the left and right end of the PtSe, chan-  carrier PTE response can be achieved by introducing asymmetric
nel, and T,, = T, A simplified expression of PTE response is terahertz heating of the device channel, especially by enhancing the
terahertz electric field intensity near the metal-semimetal interface.

To verify the terahertz response performance of the PtSe; detector,

Vore == (81 =) (T = Teo) +$1AT. ™) we systemZically characteriSed thfll) detection parameters, including
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photocurrent, responsivity, NEP, and response speed. As displayed
in Fig. 3B, the PtSe; device exhibits an excellent zero-bias photocur-
rent response in the frequency range of 0.075 to 0.22 THz at room tem-
perature. At the resonant frequency (0.1 THz) of the bow-tie antenna,
the detector shows a peak photocurrent of up to 6.0 pA. According to
the PTE response model we constructed, the bow-tie antenna-induced
asymmetric terahertz heating will drive the PTE current from the
PtSe, channel toward the antenna, which is consistent with the mea-
sured photocurrent polarity. To evaluate the photoelectric conversion
efficiency of the PtSe;, terahertz PTE detector, it is necessary to quan-
tify the responsivity that can be calculated as: Ry =1, / (P xS, )
where I, is the photocurrent, P, is the terahertz power density, and
S, is the effective photoactive area of the detector. Here, we use the
effective receiving area of the antenna as the effective photoactive
area of the detector, that is, S, = 30\% / 8n (44). Figure 3C shows the
zero-bias spectral responsivity of the PtSe, detector calculated accord-
ing to the measured photocurrent and the corresponding effective re-
ceiving power. At 0.1 THz, the peak responsivity of the device exceeds
0.62 A/W. The sensitivity (NEP) can be calculated as NEP =i, /R,
where i, is the noise current. For the zero-bias PTE response, ther-
mal noise is the only intrinsic noise source that can be estimated
using the following formula: i, = 1/4kzT /R, where R is the resis-
tance of the device. Figure S7B shows the measured noise spectra
and the theoretical thermal noise value. Following the aforemen-
tioned analysis, the NEP of the PtSe, terahertz PTE detector can
reach less than 19.6 pW/Hz'"? at room temperature (Fig. 3D). To
better evaluate the performance of the PtSe, device, error analyses
are provided in note S6 and fig. S8, and a relative uncertainty of 3.6%
for responsivity and NEP is derived. For a terahertz detector, re-
sponse speed is important, especially in applications such as fast im-
aging and high-speed communication. Considering the intrinsic
fast hot-carrier PTE response, we measured the terahertz response
time of the PtSe;, detector using a wideband current preamplifier
(Femto DHPCA-100, maximum bandwidth: 200 MHz) and a high-
speed modulated terahertz source (45). The detailed process is de-
scribed in the note S8 and fig. S9. Figure 3E presents the experimental
zero-bias photocurrent spectrum with the illumination of the 100-GHz
and continuum 100-MHz modulated terahertz radiation. The comb
teeth in the range of 0 to 55 MHz can be resolved, and the ampli-
tude fluctuations of comb teeth maybe originate from the interfer-
ence and the air absorption. The 3-dB bandwidth of 35 MHz is
derived from the response spectrum shown in Fig. 3E. The modula-
tion frequency-dependent response of the detector is expressed as

R(f) =R,/\/1+ (21tf'cd)2, where f is the modulation frequency
and Ry is the DC responsivity (46, 47). The relation between the
3-dB bandwidth f335 and the detector response time 7,4 is expressed
as 1y = 1/ (2nf,y3) from which t4= 4.5 ns is determined. The fast
response also proves that PtSe; has a strong hot-carrier effect in the
terahertz band. The simulated time evolution of the electron tem-
perature under terahertz illumination in the two-temperature mod-
el identifies the intrinsic fast response of semimetal PtSe, device
(Fig. 3F) due to the hot-carrier effect. Another important character-
istic of the detector is the linear dynamic range. Figure 3G shows
that the photocurrent has a good linear power dependence in a
power range of 2.2 to 55 pW at 0.02 THz. The reason for the linear
photoresponse as a function of light power is the fact that the PtSe;,
PTE detector operates in the weak heating regime, the change in
temperature of the electron system is approximately proportional to
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the receiving light power. To facilitate better performance compari-
sons, we summarize the performance metrics of the reported room
temperature terahertz detectors (Fig. 3H) (48-58).

Figure 4A shows the bias voltage-dependent terahertz response of
the PtSe, device. When the polarities of dark and PTE currents are
opposite, the photocurrent increases with increasing bias voltage.
Conversely, a dark current in the same polarity as the PTE current will
result in a suppression of the photoresponse. The zero-bias photores-
ponse and the bias polarity-dependent variations of photocurrent
completely exclude the bolometric detection mechanism. Under-
standing the bias-dependent photocurrent is helpful for gaining deep-
er insight into the PTE effect near the Au-PtSe;, interface. According
to the temperature distribution evaluated by the two-temperature heat
transfer model (Fig. 2F), we find that if the incident terahertz energy
islocalized into the 0.5-pm-wide region close to the Au electrode edge
(chosen as the origin of coordinate, x = 0 pm), the peak temperature
is located at about x = 0.4 pm. The TCAD simulations show that the
Au-PtSe, depletion width is insensitive to the bias voltage (fig. S3B).
The maximum difference of the Au-PtSe, depletion width is 6 nm
when the bias voltage changes from —0.4 to 0.4 V. Such a small change
in depletion width cannot be responsible for the bias-dependent PTE
response. Since Joule heating of the dark current heats the channel
uniformly, it does not affect the distribution of the electron tempera-
ture gradient. Another reasonable explanation is that the Peltier heat
flux carried by the dark current leads to the change of the temperature
distribution along the PtSe, channel, which results in the bias-
dependent photoresponse. According to the Peltier effect, the current-
carried heat flux density ], can be expressed as (59)

]Q=T><S><] (8)

where ] is the current density. Figure 4B shows the schematic dia-
gram of electron temperature distribution changes caused by the
Peltier effect at positive bias voltage. The Seebeck coeflicient of PtSe,
is negative, and the corresponding Peltier heat flux direction is the
same as the PTE current direction. Because of the equal temperature
of points a and b (the intersection points of the red dashed line and
the temperature distribution curve shown in Fig. 4B), the net Peltier
heat flux is zero for the regions of a and b. However, there is a net
Peltier heat flux from the regions c and b to the region a and ¢, where
¢ corresponds to the peak temperature position. Such a net Peltier
heat flux will lead to the left shift of the peak temperature position.
According to Eq. 7, the PTE response will be enhanced. On the basis
of the same reasoning, the PTE response will be suppressed for the
case of negative bias voltage. The bias voltage-dependent terahertz
response also provides evidence that the metal doping effect plays a
key role in the PTE response.

To gain deeper insights into the photoresponse mechanism, we
use a scanning photocurrent microscope (60) to measure the spa-
tially resolved photocurrents of the PtSe, device at zero-bias voltage
under the 780-nm laser radiation. The zero-bias scanning photocur-
rent image (Fig. 4C) at room temperature shows that the photocur-
rent is mainly located at the metal-semimetal interfaces and has
opposite polarities at the two metal-semimetal interfaces of the de-
vice. The zero-bias photoresponse at the metal-semimetal interfaces
may originate from the PV effect or the PTE effect. For the PV effect,
the electron-hole pairs generated through interband transition are sep-
arated by the built-in electric field (Fig. 4C) near the metal-semimetal
interface to form a PV current from the semimetal to the metal elec-
trode. The PTE effect is another possible detection mechanism. Because

60f11

G20z ‘€0 @unr uo ABojouyos | pUe 80Us1DS 10} leybueys 10 AlISIBAIUN T8 BI0'80US 195 MMM//:SANY WO | Papeo lUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

>

-0.8 1.0
- — _ —~
< -12f ? <
= 10.5 é
c _16l c
[} )
= 10.0 &
3 -2.0} 3
o X
(@) 1-05 5
< 24t @
< 24 a
-2.8 -1.0
Bias voltage (mV)
B <2T:|TeM +«———PTEcurrent C 90 nA
_____________ <«———— Dark current .
Tx) | AL I: <«———— Peltier heat flow |
TeO + ATe : : : : Te2 TeO
T — x
e o b -
n ia c b «— iog
u 1 T Au
Sy So 1S
Positive bias -80nA
Vore 1= ~(81- ) (T - Tup) T+ 5, xAT,
D E %
—~ =30
<
c -
= -60 -
c
L o0
=]
§ -120
D_ch _150 Zero bias Positive bias ~ Negative bias
_180l — Ipy <:IPV(1) <:”PV(T)
. v ’ e  Iore(1) S lere(V)

20 0 20
Voltage (mV)

—40 40

Fig. 4. The bias voltage-dependent terahertz response and scanning photocurrent imaging (780 nm) of the PtSe, device. (A) The bias voltage dependencies of
the photocurrent (red) and dark current (blue). The illustrations correspond to different measurement configurations, and the black and red arrows indicate the direction
of the photocurrent and the dark current, respectively. (B) Mechanisms of bias-dependent terahertz photoresponse. The purple line is the electron temperature distribu-
tion at zero bias under asymmetric terahertz heating, and electron temperatures at different locations in the channel are labeled. The two intersection points a and b of
the red line and the temperature distribution curve represent two equal-temperature positions, and point ¢ labels the position of maximum temperature. The black, red,
and blue arrows represent PTE current, dark current, and Peltier heat flow, respectively. The purple arrow indicates the movement of the highest point of the electron
temperature. (C) Scanning photocurrent image obtained at zero bias under a 780-nm focused laser with a power of about 35 pW. The dashed blue and orange lines cor-
respond to the metal electrode and the multilayer PtSe; flake, respectively. Scale bar, 5 pm. (D) Bias voltage-dependent photocurrent of the metal-semimetal interface
with the device being illuminated by a fixed laser spot located at the metal-semimetal contact edge near the bow-tie antenna. (E) Schematic diagram of bias-dependent
photoresponse at the metal-semimetal interface. The direction of the built-in electric field is directed from the PtSe; channel toward the metal electrode. The black and
red arrows indicate the directions of the PV currents and the PTE currents, respectively.

of the energy band overlap of semimetal PtSe,, photoexcited non-  voltage is applied, the photoresponse is enhanced. On the contrary,

equilibrium electrons and holes rapidly form a hot-carrier distribu-
tion through carrier-carrier scattering. On the basis of the proposed
PTE response model of the PtSe; device, the carrier heating near the
metal-semimetal interfaces will lead to a strong PTE response. Ac-
cording to the simplified expression of the PTE response (Eq. 7), the
PTE response and the PV response near the metal-semimetal inter-
faces have the same polarity and need to be further distinguished.
Figure 4D shows the bias voltage-dependent photocurrent near
the metal-semimetal interfaces. We find that when a positive bias

Caietal, Sci. Adv. 11, eadv0768 (2025) 14 May 2025

a negative bias voltage results in the suppression of photoresponse.
The bias-dependent photoresponse for the 780-nm laser illumina-
tion is consistent with that for the terahertz illumination (Fig. 4A).
As shown in Fig. 4E, considering that the applied positive electric
field leads to the weakening of the built-in electric field at the metal-
semimetal interface, the corresponding PV response should be
reduced, which is contradicted with the experimental results. In
addition, when the positive bias voltage is applied, the polarity of the
bolometric photocurrent is opposite to the measured photocurrent
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polarity; thus, the bolometric effect should be excluded. Therefore,
we can conclude that in the optical frequency band, the photores-
ponse near the metal-semimetal interfaces originates from the PTE
effect. The negligible PV response at the metal-semimetal interfaces
can be attributed to the following reasons: (i) the thin depletion re-
gion of the metal-semimetal interface, (ii) the unique band struc-
ture of electron-hole coexistence on the Fermi surface, and (iii) the
short lifetime of photoexcited carriers. The fact that the photocur-
rent is very close to metal-semimetal contact further indicates the
metal-doping effect on the PTE photoresponse. In addition, we
measured the zero-bias PTE responses with visible to near-infrared
local illuminations (six frequency points) at the Au-PtSe; interface,
and the results are shown in fig. S11. The trend of responsivity with
respect to wavelength shown in fig. S11C is in accordance with that
of the reported absorption spectrum (61). The experimental results
shown in fig. S11 clearly indicate the wideband PTE detection ability
of PtSe,. All the above results show that the hot-carrier PTE effect at
the metal-semimetal interfaces dominates the wideband photocur-
rent generation of PtSe, device from visible to terahertz band.
Beyond its outstanding detection capabilities in the terahertz range,
the PtSe; detector also demonstrates potential for terahertz communi-
cation applications. As depicted in Fig. 5A. We demonstrate a terahertz
communication system, comprising binary data input, optical signal
acquisition and conversion, and data output. The letters “USST” are
first converted into a binary data stream (ASCII code) and encoded

onto a timing-modulated square wave signal from a function signal
generator (AFG3022C), where the high level represents “1” and the low
level represents “0,” with 0 used as a separator between each letter (Fig.
5B). The encoded square wave signal is used to modulate a microwave
source (SMA100B), and the modulated microwave drives the frequen-
cy multiplier to generate 100-GHz radiation. Then, the 100-GHz mod-
ulated terahertz radiation carrying the encoded information is radiated
into free space through a horn antenna. Our PtSe, detector served as
the signal receiver, converting the terahertz signal into a photocurrent
signal, which is then amplified by a current amplifier (SR570) and
displayed on an oscilloscope. Last, the transmitted information was
processed. As shown in Fig. 5C, the fidelity of the output signal curve
compared to the input signal highlights the potential of the device in
terahertz communication.

DISCUSSION

In conclusion, we systematically explore the hot-carrier PTE effect
of semimetal PtSe, and its application in terahertz detection. On the
basis of the metal-semimetal interface doping effect and the two-
temperature heat transfer model, we construct a PTE response model
and reveal a giant terahertz PTE response mediated by hot carriers
at the metal-semimetal interfaces. In the terahertz band, the PtSe,
PTE detector shows a high zero-bias responsivity of 0.62 A/W, alow
NEP of 19.6 pW/Hz"2, and a fast response time of 4.5 ns. Because of

A
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Fig. 5. Terahertz communication demonstration of the PtSe; detector at a carrier frequency of 100 GHz. (A) Schematic diagram of the terahertz communication
setup at a carrier frequency of 100 GHz. (B) Normalized modulation voltage waveform with ASCII code information, where zero voltage represents “0” and the high level
represents “1”" (C) Time-dependent photocurrent response of the PtSe;, detector receiving the encoded information.
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the difference between Au and PtSe; work functions, the doping ef-
fect at the metal-semimetal interface causes the change of the See-
beck coefficient, which is crucial to the PTE effect. Through TCAD
simulation, we reveal the influence of metal doping effect and obtain
the doping width. In the terahertz band, the electromagnetic energy
is mainly transferred to the electron subsystem rather than the lat-
tice subsystem due to weak electron-LO phonon interaction. By
solving the two-temperature heat transfer equation under asymmetric
terahertz heating, we reveal the intrinsic hot-carrier effect of PtSe,.
The large heat capacity and thermal conductivity of Au result in a
large electron temperature gradient near the metal-PtSe; interface.
Considering the electron temperature and Seebeck coefficient dis-
tributions in the PtSe, channel, we obtain the expression of the tera-
hertz hot-carrier PTE response of the PtSe, detector. We find that
the hot-carrier PTE effect at the metal-semimetal interfaces plays
an important role in the terahertz response. The fast PTE response
proves that PtSe; detector has a strong hot-carrier effect in the tera-
hertz band. The two-temperature heat transfer simulations also
identify that the intrinsic fast response of semimetal PtSe, device is
due to the hot-carrier effect. In addition, the bias-dependent tera-
hertz response reveals a hot-carrier PTE response associated with
Peltier heat transport. Scanning photocurrent image shows that the
zero-bias photocurrent of short-wave interband absorption is lim-
ited to the metal-semimetal interfaces. Because of the rapid spatial
variation of carrier density at the metal-PtSe; interfaces, the pres-
ence of the built-in electric field and the change in the Seebeck coef-
ficient lead to the coexistence of PV and PTE responses. In the
visible spectral region, we theoretically proved that the PTE and PV
responses near the metal-semimetal interface would show opposite
bias-dependent behaviors. According to the bias-dependent behav-
ior of the photoresponse, it is concluded that the zero-bias response
at the metal-semimetal interfaces still originates from the PTE ef-
fect. Because of the narrow depletion-region width, the unique band
structure of electron-hole coexistence on the Fermi surface, and the
short photo-generated carrier lifetime, the PV response at the metal-
semimetal interfaces is weak. In addition, our study provides a
guideline for finding previously unknown material systems beyond
graphene and PtSe,. For an advanced material system, we believe
that the following five requirements need to be considered: Good
thermoelectric properties such as high Seebeck coefficient and
low thermal conductivity, large light absorption coefficient, strong
hot-carrier effect, broadband response, high environmental stabili-
ty, and low cost of material growth. These findings promote the un-
derstanding of the hot-carrier PTE effect of semimetal PtSe,, which
is very valuable for further detector optimization and application.

MATERIALS AND METHODS

Device fabrication

High-quality PtSe, single crystals were grown by the flux zone
method. Firstly, the planar metal asymmetric bow-tie coupling an-
tenna structure was defined by electron beam lithography on a high-
resistance intrinsic silicon substrate (p > 20,000 ohm-m) with a
thermally grown oxide layer SiO, (300 nm). Subsequently, a thermal
evaporator was used to deposit Cr/Au (15/45 nm) film, after which
a lift-off process was performed to obtain the desired electrodes. The
PtSe, flakes were exfoliated from a bulk crystal using scotch tape
and then transferred onto the prefabricated metal electrode channel

Caietal, Sci. Adv. 11, eadv0768 (2025) 14 May 2025

region based on the asymmetric bow-tie coupling antenna structure
to form electrical contact by using a “PDMS transfer” technique.

THz photoresponse measurements

The I-V characteristic curve of the device was measured by a semi-
conductor parameter analyzer (Keithley, 4200A-SCS). For terahertz
photoresponse measurements, the linearly polarized radiation at 75
to 110 and 140 to 220 GHz was generated from a 6X frequency mul-
tiplier and an 8% frequency multiplier driven by a microwave source
(SMA, 100B). The radiation wave was modulated by a square wave-
form at the frequency of 1 kHz. The output power of the terahertz
radiation was calibrated using a pyroelectric meter (Vector, H410).
The power density at 75 to 110 and 140 to 220 GHz were 1 and
0.5 mW/cm?, respectively. Photoresponse signal was recorded by a
lock-in amplifier (Stanford, SR830) and an oscilloscope (Tektronix,
MS02024B) after a low-noise current preamplifier (Stanford, SR570).
All measurements were carried out at room temperature and in the
atmospheric environment.

Scanning photocurrent measurements

The photocurrent scanning imaging experiment of the PtSe, device
is performed using a homemade scanning photocurrent imaging
system. A fiber laser (Menlo, C-Fiber 780) is used as the light source
to generate a 780-nm radiation, and a focused laser spot with a di-
ameter of 2.5 pm is formed through a confocal optical system. The
2D step movement is achieved by an electrically controlled 2D
translation stage, and the current values of the device under focused
spot irradiation were recorded at each step point by the current
source meter at the same time. The photocurrent of the device at
each step point is defined as the difference between the current at laser
irradiation and the dark current. After scanning the entire device
area, the 2D photocurrent mapping was acquired by extracting the
photocurrent value of each step point.

Supplementary Materials
This PDF file includes:

Supplementary notes S1 to S8
Figs.S1to S11

Tables S1 and S2

References

REFERENCES AND NOTES

1. A.Y.Pawar, D. D. Sonawane, K. B. Erande, D. V. Derle, Terahertz technology and its
applications. Drug Invent. Today 5, 157-163 (2013).

2. Y.Peng, J. Huang, J. Luo, Z. Yang, L. Wang, X. Wu, X. Zang, C. Yu, M. Gu, Q. Hy, X. Zhang,

Y. Zhu, S. Zhuang, Three-step one-way model in terahertz biomedical detection. PhotoniX
2,12(2021).

3. T.Nagatsuma, G. Ducournau, C. C. Renaud, Advances in terahertz communications
accelerated by photonics. Nat. Photonics 10, 371-379 (2016).

4. X.Zang, B.Yao, L. Chen, J. Xie, X. Guo, A.V. Balakin, A. P. Shkurinov, S. Zhuang,
Metasurfaces for manipulating terahertz waves. Light Adv. Manuf. 2, 148-172 (2021).

5. A.Rogalski, Progress in performance development of room temperature direct terahertz
detectors. J. Infrared Millim. Terahertz Waves 43, 709-727 (2022).

6. X.Cai, A. B. Sushkov, R. J. Suess, M. M. Jadidi, G. S. Jenkins, L. O. Nyakiti, R. L. Myers-Ward,
S. Li, J. Yan, D. K. Gaskill, T. E. Murphy, H. D. Drew, M. S. Fuhrer, Sensitive room-temperature
terahertz detection via the photothermoelectric effect in graphene. Nat. Nanotechnol. 9,
814-819 (2014).

7. S.Castilla, B. Terrés, M. Autore, L. Viti, J. Li, A. Y. Nikitin, |. Vangelidis, K. Watanabe,

T. Taniguchi, E. Lidorikis, M. S. Vitiello, R. Hillenbrand, K.-J. Tielrooij, F. H. L. Koppens, Fast
and sensitive terahertz detection using an antenna-integrated graphene pn junction.
Nano Lett. 19, 2765-2773 (2019).

8. X.Lu, L.Sun, P.Jiang, X. Bao, Progress of photodetectors based on the

photothermoelectric effect. Adv. Mater. 31, 1902044 (2019).

90of 11

G20z ‘€0 @unr uo ABojouyos | pUe 80Us1DS 10} leybueys 10 AlISIBAIUN T8 BI0'80US 195 MMM//:SANY WO | Papeo lUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Caietal., Sci. Adv. 11, eadv0768 (2025)

. M. Dai, X. Zhang, Q. J. Wang, 2D materials for photothermoelectric detectors:

Mechanisms, materials, and devices. Adv. Funct. Mater. 34, 2312872 (2024).

. D.Sun, G. Aivazian, A. M. Jones, J. S. Ross, W. Yao, D. Cobden, X. Xu, Ultrafast hot-carrier-

dominated photocurrent in graphene. Nat. Nanotechnol. 7, 114-118 (2012).

. M. Massicotte, G. Soavi, A. Principi, K.-J. Tielrooij, Hot carriers in graphene - fundamentals

and applications. Nanoscale 13, 8376-8411 (2021).

. J.C.W.Song, M. S. Rudner, C. M. Marcus, L. S. Levitov, Hot carrier transport and

photocurrent response in graphene. Nano Lett. 11, 4688-4692 (2011).

. N.M. Gabor, J. C.W. Song, Q. Ma, N. L. Nair, T. Taychatanapat, K. Watanabe, T. Taniguchi,

L. S. Levitov, P. Jarillo-Herrero, Hot carrier-assisted intrinsic photoresponse in graphene.
Science 334, 648-652 (2011).

. X. Cai, A. B. Sushkov, M. M. Jadidi, L. O. Nyakiti, R. L. Myers-Ward, D. K. Gaskill, T. E. Murphy,

M. S. Fuhrer, H. D. Drew, Plasmon-enhanced terahertz photodetection in graphene. Nano
Lett. 15,4295-4302 (2015).

. D. A.Bandurin, D. Svintsov, |. Gayduchenko, S. G. Xu, A. Principi, M. Moskotin, |. Tretyakov,

D. Yagodkin, S. Zhukov, T. Taniguchi, K. Watanabe, . V. Grigorieva, M. Polini,
G. N. Goltsman, A. K. Geim, G. Fedorov, Resonant terahertz detection using graphene
plasmons. Nat. Commun. 9, 5392 (2018).

. J.Zhang, M. Cai, X. Zheng, D. Li, S. Ma, X. Li, J. Fu, Y. Yuan, L. Chen, X. Guo, Y. Zhu,

S. Zhuang, Ultrasensitive terahertz response mediated by split ring antenna induced
giant resonant field enhancement. APL Photonics 9, 066105 (2024).

. Y.Yao, M. Cai, J. Fu, S. Hou, Y. Cai, F. He, X. Guo, Y. Zhu, Configurable microcavity-enhanced

graphene photothermoelectric terahertz detectors. Photonics Res. 12, 2300-2310 (2024).

.M. Chen, Y.Wang, Z. Zhao, Monolithic metamaterial-integrated graphene terahertz

photodetector with wavelength and polarization selectivity. ACS Nano 16, 17263-17273
(2022).

. S. M. Koepfli, M. Baumann, Y. Koyaz, R. Gadola, A. Gingor, K. Keller, Y. Horst, S. Nashashibi,

R. Schwanninger, M. Doderer, E. Passerini, Y. Fedoryshyn, J. Leuthold, Metamaterial
graphene photodetector with bandwidth exceeding 500 gigahertz. Science 380,
1169-1174 (2023).

X.Yu, P.Yu, D. Wu, B. Singh, Q. Zeng, H. Lin, W. Zhou, J. Lin, K. Suenaga, Z. Liu, Q. J. Wang,
Atomically thin noble metal dichalcogenide: A broadband mid-infrared semiconductor.
Nat. Commun. 9, 1545 (2018).

Y. Zhao, J. Qiao, Z. Yu, P. Yu, K. Xu, S. P. Lau, W. Zhou, Z. Liu, X. Wang, W. Ji, Y. Chai,
High-electron-mobility and air-stable 2D layered PtSe, FETs. Adv. Mater. 29, 1604230
(2017).

Y. Gong, Z. Lin, Y.-X. Chen, Q. Khan, C. Wang, B. Zhang, G. Nie, N. Xie, D. Li, Two-
dimensional platinum diselenide: Synthesis, emerging applications, and future
challenges. Nanomicro Lett. 12, 174 (2020).

H. Moon, J. Bang, S. Hong, G. Kim, J. W. Roh, J. Kim, W. Lee, Strong thermopower
enhancement and tunable power factor via semimetal to semiconductor transition in a
transition-metal dichalcogenide. ACS Nano 13, 13317-13324 (2019).

F. H. L. Koppens, T. Mueller, P. Avouris, A. C. Ferrari, M. S. Vitiello, M. Polini, Photodetectors
based on graphene, other two-dimensional materials and hybrid systems. Nat.
Nanotechnol. 9, 780-793 (2014).

G.-S. Kim, N.-W. Park, M.-S. Kang, J. W. Choi, W.-Y. Lee, S.-K. Lee, In-plane Seebeck
coefficients of thickness-modulated 2D PtSe; thin films. J. Phys. Chem. C 126, 4150-4156
(2022).

N.-W. Park, H. Lee, J.-W. Choi, H. Shin, M.-S. Kang, S.-H. Kim, J.-M. Cho, M.-J. Kim, G.-S. Kim,
S.-K. Lee, Temperature-dependent thermal transport of polycrystalline van der Waals
semimetallic PtSe; films. J. Phys. Chem. C 127, 13556-13561 (2023).

R. A.B.Villaos, C. P. Crisostomo, Z.-Q. Huang, S.-M. Huang, A. A. B. Padama, M. A. Albao,
H. Lin, F.-C. Chuang, Thickness dependent electronic properties of Pt dichalcogenides.
NPJ 2D Mater. Appl. 3, 1-8 (2019).

H.Yang, M. Schmidt, V. Suiss, M. Chan, F. F. Balakirev, R. D. McDonald, S. S. P. Parkin,

C. Felser, B. Yan, P. J. W. Moll, Quantum oscillations in the type-Il Dirac semi-metal
candidate PtSe,. New J. Phys. 20, 043008 (2018).

L.Wang, S. Zhang, N. McEvoy, Y. Sun, J. Huang, Y. Xie, N. Dong, X. Zhang, . M. Kislyakov,
J.-M. Nunzi, L. Zhang, J. Wang, Nonlinear optical signatures of the transition from
semiconductor to semimetal in PtSe,. Laser Photon. Rev. 13, 1900052 (2019).

K. Zhang, M. Yan, H. Zhang, H. Huang, M. Arita, Z. Sun, W. Duan, Y. Wu, S. Zhou,
Experimental evidence for type-Il Dirac semimetal in PtSe,. Phys. Rev. B 96, 125102
(2017).

J. Zhang, X. Chen, S. Mills, T. Ciavatti, Z. Yao, R. Mescall, H. Hu, V. Semenenko, Z. Fei, H. Li,
V. Perebeinos, H. Tao, Q. Dai, X. Du, M. Liu, Terahertz nanoimaging of graphene. ACS
Photonics 5, 2645-2651 (2018).

S. Schéffer, C. O. Ogolla, Y. Loth, T. Haeger, C. Kreusel, M. Runkel, T. Ried|, B. Butz,

A. K. Wigger, P. H. Bolivar, Imaging the terahertz nanoscale conductivity of polycrystalline
CsPbBr3Perovskite thin films. Nano Lett. 23, 2074-2080 (2023).

C. C. Homes, M. N. Ali, R. J. Cava, Optical properties of the perfectly compensated
semimetal WTe,. Phys. Rev. B 92, 161109 (2015).

14 May 2025

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

G. Giovannetti, P. A. Khomyakov, G. Brocks, V. M. Karpan, J. van den Brink, P. J. Kelly,
Doping graphene with metal contacts. Phys. Rev. Lett. 101, 026803 (2008).

W. Guo, Z. Dong, Y. Xu, C. Liu, D. Wei, L. Zhang, X. Shi, C. Guo, H. Xu, G. Chen, L. Wang,

K. Zhang, X. Chen, W. Lu, Sensitive terahertz detection and imaging driven by the
photothermoelectric effect in ultrashort-channel black phosphorus devices. Adv. Sci. 7,
1902699 (2020).

T. Mueller, F. Xia, M. Freitag, J. Tsang, P. Avouris, Role of contacts in graphene transistors: A
scanning photocurrent study. Phys. Rev. B 79, 245430 (2009).

R. Nouchi, T. Saito, K. Tanigaki, Determination of carrier type doped from metal contacts
to graphene by channel-length-dependent shift of charge neutrality points. Appl. Phys.
Express 4,035101 (2011).

B. Biswal, S. B. Mishra, R. Yadav, S. Poudyal, R. Rajarapu, P. K. Barman, K. R. Pandurang,

M. Mandal, R. P. Singh, B. R. K. Nanda, A. Misra, Work function of van der Waals topological
semimetals: Experiment and theory. Appl. Phys. Lett. 120,093101 (2022).

M. Belarbi, M. Beghdad, A. Mekemeche, Simulation and optimization of n-type
interdigitated back contact silicon heterojunction (IBC-SiHJ) solar cell structure using
Silvaco Tcad Atlas. Sol. Energy 127, 206-215 (2016).

J. Pettine, P. Padmanabhan, T. Shi, L. Gingras, L. McClintock, C.-C. Chang, K. W. C. Kwock,
L.Yuan, Y. Huang, J. Nogan, J. K. Baldwin, P. Adel, R. Holzwarth, A. K. Azad, F. Ronning,

A. ). Taylor, R. P. Prasankumar, S.-Z. Lin, H.-T. Chen, Light-driven nanoscale vectorial
currents. Nature 626, 984-989 (2024).

B. Rethfeld, D. S. lvanov, M. E. Garcia, S. I. Anisimov, Modelling ultrafast laser ablation.

J. Phys. D Appl. Phys. 50, 193001 (2017).

J.K.Chen, D.Y.Tzou, J. E. Beraun, A semiclassical two-temperature model for ultrafast
laser heating. Int. J. Heat Mass Transf. 49, 307-316 (2006).

M. Dai, C. Wang, M. Ye, S. Zhu, S. Han, F. Sun, W. Chen, Y. Jin, Y. Chua, Q. J. Wang,
High-performance, polarization-sensitive, long-wave infrared photodetection via
photothermoelectric effect with asymmetric van der Waals contacts. ACS Nano 16,
295-305 (2022).

. W. L. Stutzman, G. A. Thiele, Antenna Theory and Design (John Wiley & Sons, 2012).
45.

B. Dong, J. Jia, L. Tao, G. Li, Z. Li, C. Huang, J. Shi, H. Wang, Z. Tang, J. Zhang, S. Pan, N. Chi,
Photonic-based W-band integrated sensing and communication system with flexible
time-frequency division multiplexed waveforms for fiber-wireless network. J. Lightwave
Technol. 42,1281-1295 (2024).

F.Wang, T. Zhang, R. Xie, Z. Wang, W. Hu, How to characterize figures of merit of
two-dimensional photodetectors. Nat. Commun. 14, 2224 (2023).

M. Long, P. Wang, H. Fang, W. Hu, Progress, challenges, and opportunities for 2D material
based photodetectors. Adv. Funct. Mater. 29, 1803807 (2019).

W. Guo, L. Wang, X. Chen, C. Liu, W.Tang, C. Guo, J. Wang, W. Lu, Graphene-based
broadband terahertz detector integrated with a square-spiral antenna. Opt. Lett. 43,
1647-1650 (2018).

Z.Dong, W.Yu, L. Zhang, H. Mu, L. Xie, J. Li, Y. Zhang, L. Huang, X. He, L. Wang, S. Lin,

K. Zhang, Highly efficient, ultrabroad PdSe, phototransistors from visible to terahertz
driven by mutiphysical mechanism. ACS Nano 15, 20403-20413 (2021).

N. Daghestani, K. Parow-Souchon, D. Pardo, H. Liu, N. Brewster, M. Frogley, G. Cinque,

B. Alderman, P. G. Huggard, Room temperature ultrafast InGaAs Schottky diode based
detectors for terahertz spectroscopy. Infrared Phys. Technol. 99, 240-247 (2019).

R.Tauk, F. Teppe, S. Boubanga, D. Coquillat, W. Knap, Y. M. Meziani, C. Gallon, F. Boeuf,

T. Skotnicki, C. Fenouillet-Beranger, D. K. Maude, S. Rumyantsev, M. S. Shur, Plasma wave
detection of terahertz radiation by silicon field effects transistors: Responsivity and noise
equivalent power. Appl. Phys. Lett. 89, 253511 (2006).

A. Zak, M. A. Andersson, M. Bauer, J. Matukas, A. Lisauskas, H. G. Roskos, J. Stake, Antenna-
integrated 0.6 THz FET direct detectors based on CVD graphene. Nano Lett. 14,
5834-5838 (2014).

A. Scheuring, P.Thoma, J. Day, K. II'in, J. Hanisch, B. Holzapfel, M. Siegel, Thin Pr-Ba-Cu-O
film antenna-coupled THz bolometers for room temperature operation. IEEE Trans.
Terahertz Sci. Technol. 3, 103-109 (2013).

D. A. Bandurin, I. Gayduchenko, Y. Cao, M. Moskotin, A. Principi, I. V. Grigorieva,

G. Goltsman, G. Fedorov, D. Svintsov, Dual origin of room temperature sub-terahertz
photoresponse in graphene field effect transistors. Appl. Phys. Lett. 112, 141101 (2018).
A. A. Generalov, M. A. Andersson, X. Yang, A. Vorobiey, J. Stake, A 400-GHz graphene FET
detector. IEEE Trans. Terahertz Sci. Technol. 7, 614-616 (2017).

G. Auton, D. B. But, J. Zhang, E. Hill, D. Coquillat, C. Consejo, P. Nouvel, W. Knap, L. Varani,
F.Teppe, J. Torres, A. Song, Terahertz detection and imaging using graphene ballistic
rectifiers. Nano Lett. 17, 7015-7020 (2017).

M.W.Ryu, J. S. Lee, K. S. Kim, K. Park, J.-R. Yang, S.-T. Han, K. R. Kim, High-performance
plasmonic THz detector based on asymmetric FET with vertically integrated antenna in
CMOS technology. IEEE Trans. Electron Devices 63, 1742-1748 (2016).

J.Sun, W. Feng, Q. Ding, Y. Zhu, Z. Zhang, X. Li, H. Qin, J. Zhang, X. Li, Y. Shangguan, L. Jin,
Y. Sun, V. V. Popov, Smaller antenna-gate gap for higher sensitivity of GaN/AlGaN HEMT
terahertz detectors. Appl. Phys. Lett. 116, 161109 (2020).

100f 11

G20z ‘€0 @unr uo ABojouyos | pUe 80Us1DS 10} leybueys 10 AlISIBAIUN T8 BI0'80US 195 MMM//:SANY WO | Papeo lUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

59. C. Goupil, W. Seifert, K. Zabrocki, E. Miiller, G. J. Snyder, Thermodynamics of
thermoelectric phenomena and applications. Entropy 13, 1481-1517 (2011).

60. Q.Ma, R. Krishna Kumar, S.-Y. Xu, F. H. L. Koppens, J. C. W. Song, Photocurrent as a
multiphysics diagnostic of quantum materials. Nat. Rev. Phys. 5, 170-184 (2023).

61. J.He, X. Zhu, W. Liu, E. Hu, J. Wang, R. Zhang, Versatile band structure and electron—
phonon coupling in layered PtSe; with strong interlayer interaction. Nano Res. 15,
6613-6619 (2022).

62. W.F. Smith, Experimental Physics: Principles and Practice for the Laboratory (CRC Press,
2020).

63. G.A.Ermolaey, K.V.Voronin, M. K. Tatmyshevskiy, A. B. Mazitov, A. S. Slavich,

D. I. Yakubovsky, A. P. Tselin, M. S. Mironov, R. |. Romanov, A. M. Markeeyv, I. A. Kruglov,
S. M. Novikov, A. A. Vyshnevyy, A. V. Arsenin, V. S. Volkov, Broadband optical properties of
atomically thin PtS; and PtSe,. Nanomaterials 11,3269 (2021).

64. A.Kandemir, B. Akbali, Z. Kahraman, S. V. Badalov, M. Ozcan, F. lyikanat, H. Sahin,
Structural, electronic and phononic properties of PtSe,: From monolayer to bulk.
Semicond. Sci. Technol. 33, 085002 (2018).

65. H.Zhang, H. Li, F. Wang, X. Song, Z. Xu, D. Wei, J. Zhang, Z. Dai, Y.Ren, Y. Ye, X. Ren, J. Yao,
PtSe; field-effect phototransistor with positive and negative photoconductivity. ACS
Appl. Electron. Mater. 4,5177-5183 (2022).

66. H.L.Zhuang, R. G. Hennig, Computational search for single-layer transition-metal
dichalcogenide photocatalysts. J. Phys. Chem. C 117, 20440-20445 (2013).

67. W.-Y.Lee, M.-S. Kang, G.-S. Kim, J. W. Choi, N.-W. Park, Y. Sim, Y.-H. Kim, M.-J. Seong,
Y-G.Yoon, E. Saitoh, S.-K. Lee, Interface-induced Seebeck effect in PtSe,/PtSe; van der
Waals homostructures. ACS Nano 16, 3404-3416 (2022).

Caietal, Sci. Adv. 11, eadv0768 (2025) 14 May 2025

68. X.Chen,Y.Chen, M. Yan, M. Qiu, Nanosecond photothermal effects in plasmonic
nanostructures. ACS Nano 6, 2550-2557 (2012).

Acknowledgments

Funding: X.G. acknowledges the support from the National Key Research and Development
Program of China (2023YFF0719200) and the National Natural Science Foundation of China
(61731020 and 62201349). Y.Z. acknowledges the support from the National Natural Science
Foundation of China (61988102), the 111 Project (D18014), the Key project supported by
Science and Technology Commission Shanghai Municipality (YDZX20193100004960),

and the General Administration of Customs Project (2020hk251). Author

contributions: Conceptualization: X.G,, M.C,, and Y.Z. Methodology: X.G., M.C,, LH,, J.F, JuZ, Y.L,
Y.Z,PL,B.D, X.Z, and S.C. Software: M.C,, LH., Sh.Z, Y.C, Y.Y, Y.Z, Ji.Z, X.Z., and S.C. Validation:
M.C., G.Y. Y.C, X.Z,, and S.C. Formal analysis: X.G., M.C,, and S.C. Investigation: X.G., M.C,, G.Y.,
and Ji.Z. Resources: X.G.,, M.C,, and G.Y. Data curation: X.G., M.C,, and Ji.Z. Writing—original draft:
M.C. Writing—review and editing: X.G., M.C,, Y.Y., and S.C. Visualization: X.G., M.C., Y.Y,, and S.C.
Supervision: X.G., M.C,, and So.Z. Project administration: X.G., So.Z., and S.C. Funding
acquisition: X.G., So.Z., and S.C. Competing interests: The authors declare that they have no
competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 4 December 2024
Accepted 9 April 2025
Published 14 May 2025
10.1126/sciadv.adv0768

110f 11

G20z ‘€0 @unr uo ABojouyos | pUe 80Us1DS 10} leybueys 10 AlISIBAIUN T8 BI0'80US 195 MMM//:SANY WO | Papeo lUMOQ



	Giant room-temperature terahertz photothermoelectric response mediated by hot carriers at the metal-semimetal interfaces
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Device fabrication
	THz photoresponse measurements
	Scanning photocurrent measurements

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


