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Abstract: Terahertz (THz) detectors, which play a pivotal role in photoelectric conversion, are essential compo-

nents in modern information society. Through chemical vapor deposition (CVD) , large-area PtTe, thin films

were synthesized, allowing for the fabrication of THz detectors with varying channel lengths. Characterization re-

sults demonstrate that the device response is linearly dependent on both bias voltage and incident power, while the

responsivity is inversely proportional to channel length and operational frequency. These findings align with theo-

retical calculations based on the electromagnetic induced well (EIW) mechanism. Notably, EIW-based devices

exhibit a rapid response time of approximately 7. 6 s, with a noise equivalent power (NEP) below 7. 9x10™° W/

Hz"” and a specific detectivity (D*) exceeding 910" cm-Hz"*/W under limited bias conditions. These perfor-

mance metrics surpass those of previously reported semimetallic PtTe,-based detectors.
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Introduction

The investigation of terahertz (THz) radiation appli-
cations has emerged as a highly active and interdisciplin-
ary frontier of rapid development, with numerous funda-
mental discoveries and practical implementations contin-
uously emerging. THz radiation enables the detection
and manipulation of quasiparticles and collective excita-
tions in solids, facilitates the driving of phase transitions
and associated material property modifications, and pro-
vides insights into rotational and vibrational dynamics in
molecular systems'". Owing to its abundant bandwidth,
reduced latency, and enhanced data transmission rates
spanning from Gbps to Thps, the THz band is regarded
as an ideal candidate for next-generation 6G communica-
tions”. Furthermore, the non-ionizing nature of THz
waves coupled with their superior penetration capability
through non-conductive materials (e. g., ceramics and
plastics) enables wide-ranging applications in non-de-
structive testing” , biomedical diagnostics™ >, and food
quality control industries'®’. High-performance photode-
tectors'” , serving as critical transducers converting opti-
cal signals into electrical responses, constitute the essen-
tial foundation for realizing these practical applications.
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In the exploration of photoelectric materials, two-dimen-
sional (2D) materials have garnered significant research
interest due to their tunable bandgaps™®*, ultrahigh car-
rier mobility"'” " with rapid response characteristics,
atomic-scale thickness enabling strong light-matter inter-
actions, and exceptional integration flexibility through
van der Waals (vdW) heterostructuring ',

Among these, transition metal dichalcogenides
(TMDs) have attracted particular attention owing to their
adjustable conductivity and spin-orbit coupling*’. As a
representative transition metal dichalcogenide, PiTe, ex-
hibits unique topological characteristics revealed by an-
gle-resolved photoemission spectroscopy (ARPES) and
first-principles calculations'™. These studies identify a
pair of strongly tilted Dirac cones along the I'-A direc-
tion, confirming PtTe, as a type-II Dirac semimetal. The
topologically non-trivial Z, invariant induces spin-momen-
tum-locked topological surface states, analogous to those
observed in topological insulators. Owing to its excep-
tional chemical stability“sm , mechanical ﬂexibility'lg] ,
thermal robustness , and high electrical conductivity,
PtTe, has attracted extensive research interest. Pioneer-
ing studies by J. B. McManus et al. demonstrated the
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synthesis of PtTe, thin films via solid-phase precursor re-
actions, which exhibited superior electrocatalytic perfor-
mance in hydrogen evolution reaction and oxygen reduc-
tion reaction™. D. Kireev et al. developed ultrathin
electronic tattoos using large-scale synthesized PiTe, lay-
ers for real-time monitoring of human physiological sig-
nals, including cardiac/brain electrical activities, mus-
cular contractions, ocular movements, and body temper-
ature, highlighting its potential in wearable healthcare
and flexible electronics™’. E. Okogbue et al. achieved
centimeter-scale growth of 2D PiTe, on glass substrates,
demonstrating its applications in thermochromic displays
and electrically activated defogging windows through effi-
cient electrothermal 2 Layer-dependent
electronic transitions were revealed by M. -K. Lin et al.
via reflection high-energy electron diffraction (RHEED)
and ARPES analyses, showing a thickness-driven semi-
metal-to-semiconductor transition with a 0.79 eV indi-
rect bandgap in monolayer PtTe,”". Notably, H. Xu et
al. reported giant spin Hall conductivity in semimetallic
PtTe, films originating from the synergistic effects of large
spin-orbit torque (SOT) efficiency and high electrical
conductivily, positioning it as an ideal candidate for low-
power spintronic devices™ .

As a photosensitive material, PtTe,-based photode-
tectors and heterostructures have achieved broadband de-
tection spanning visible to THz regimes ™. However,
the underlying THz response mechanisms remain contro-
versial. K. Zhang et al. attributed the THz photores-
ponse to the photothermoelectric (PTE) effect in interdig-
ital antenna-integrated devices™ , while A. Jakhar et al.
proposed dual contributions from photo-galvanic and pho-
ton-drag effects™’. Z. Dong et al. emphasized strong
THz-carrier coupling enabled by tilted Dirac cones near
the Fermi surface”™”, whereas L. Zhang et al. correlated
the photocurrent with topological surface states and sur-
face plasmon polariton (SPP) -induced non-equilibrium
carriers in log-periodic antenna architectures”".

This study demonstrates THz detectors fabricated
from large-area PtTe, thin films grown via chemical vapor
deposition (CVD) , with systematically varied channel
lengths. The observed responsivity dependencies on both
channel length (5-10 wm) and operational frequency
(0.02-0. 173 THz) align with theoretical predictions of
the electromagnetic induced well (EIW) mechanism.
The linear photocurrent-voltage and photocurrent-power
relationships further validate EIW-dominated response
characteristics. Remarkably, EIW-activated devices
achieve ultrafast response times (~7 ws) , with noise
equivalent power (NEP) <10™ W+Hz"® and specific de-
tectivity (D*) >10" e¢m+Hz*’+ W™ under moderate bias
conditions, representing a new benchmark for semimetal-
lic THz detectors.

conversion

1 Experiments

The fabrication process of high-quality PtTe, thin
films is illustrated in Figure la. Chemically vapor-trans-
ported (CVT) PiTe, crystals were employed as the evapo-
ration source, supplemented with elemental tellurium

(Te) as an auxiliary chalcogen precursor. The growth
was conducted in a three-zone chemical vapor deposition
(CVD) furnace under precisely controlled thermal gradi-
ents. Ultra-high purity argon (100 scem) and hydrogen
(20 sccm) served as carrier gases. Precursor materials
were strategically positioned: 0.5 g Te powder in the up-
stream zone (550 °C), 0.1 g PtTe, powder in the central
high-temperature zone (750 ° C) , and sapphire sub-
strates in the downstream zone (600 “C). After 15-min-
ute growth, uniform PiTe, films were obtained on sap-
phire substrates, which were subsequently transferred on-
to Si0,/Si substrates via a polymethyl methacrylate (PM-
MA )-assisted stamping method.

Device fabrication involved ultraviolet (UV) photo-
lithography to define the active sensing area, followed by
selective etching using aqua regia (HCl: HNO, = 3: 1
vol% ) to remove excess material. A secondary lithogra-
phy step patterned the electrode regions, where Cr/Au
(15 nm/70 nm) were deposited via dual-ion beam sput-
tering. The final architecture was achieved through stan-
dard lift-off processing in acetone, completing the metal-
semimetal contact formation.

1 Results and discussions

Atomic force microscopy (AFM) measurements of
the as-grown PtTe, film reveal a thickness of approximate-
ly 12 nm (Figure 1b). The corresponding optical micros-
copy image shown in the inset demonstrates excellent
thickness homogeneity through uniform optical contrast.
The crystal structure of PtTe,, illustrated in Figure lec,
adopts a CdI,-type trigonal (1T) configuration with P3m1
space group (No. 164) , comprising edge-sharing PtTe,
octahedra forming stacked PtTe, layers along the ab-
plane. The lattice parameters were determined as a=b =
4.03 A and ¢ = 5.22 A. Distinct from the Lorentz-invari-
ant type-I Dirac cones in graphene, PtTe, exhibits
Lorentz-violating type-1I Dirac fermions with tilted Dirac
cones " (Figure 1d).

Raman spectroscopy characterization (Figure le)
reveals two prominent phonon modes within 80-200 ¢m~
"+ The peak at ~111 cm™ corresponds to the E, mode aris-
ing from in-plane Te — Pt — Te vibrations, while the ~158
em™! feature originates from out-of-plane A, vibrations of
Te atoms, attributed to displacive excitation of coherent
phonons (DECP) . Figure 1f displays the energy-dis-
persive X-ray spectroscopy (EDS) elemental mapping,
demonstrating homogeneous spatial distributions of plati-
num (Pt) and tellurium (Te). Furthermore, the X-ray
diffraction (XRD) pattern in Figure 1g exhibits sharp dif-
fraction peaks, confirming the well-crystallized nature of
the CVD-grown PtTe, thin film.

The EIW effect represents a novel photoconductive
mechanism™" , enabling high-sensitivity room-tempera-
ture THz detection with incident photon energies far be-
low the material bandgap through subwavelength-chan-
nel-length metal-semiconductor-metal (MSM)  struc-
tures™* . Figure 2a schematically illustrates the EIW
operational principle.

When THz waves illuminate the MSM structure with
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Fig. 1 Material growth and characterization results: (a) Schematic of PtTe, thin-film growth process; (b) Atomic force microscopy
(AFM) characterization of the thin film. Top-left inset: Optical microscopy image (scale bar: 100 um). Top-right inset: 4x4 device ar-
ray fabricated from the as-grown material. ; (¢) Crystal structure of PtTe,; (d) Type-I Dirac cone versus type-II Dirac cone band struc-
tures in platinum telluride (PtTe,) ; (&) Raman spectroscopy analysis; (f) EDS elemental mapping of the film surface; (g) X-ray diffrac-
tion (XRD) pattern of the material
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subwavelength channel length, the Lorentz force drives notes incident power, T, represents carrier lifetime, e =
electron injection from metallic electrodes into the PiTe, 1. 602x10™ C (elementary charge) , d is PtTe, thick-
channel, forming carrier accumulation regions through ness, ¢,= 3x10° m/s (light speed) , €, represents the rela-
potential well modulation. This carrier density redistribu- tive permittivity, and k, = 2mf (free-space wavevec-
tion alters the material conductivity, generating detect- 0

able photocurrent under external bias (V,). The theoreti- tor). The  field  enhancement  factor 7=

cal model predicts the EIW-induced carrier concentra- 77_
tion as: e(w) —
2
An: 48()77PTM (77) k2 X 1 - exp| - )
Seldey. e, e(w)kg -

ity e(w)=1. 13X10§.
d f ( ) -k, 1) Under constant bias V,, the photocurrent relates to
An through :

incorporates Au electrode permittiv-

An V,

Where £,=8. 854x10" F/m (vacuum permittivity), P de- S R @)



4 AN RSP SN g 2 ¢

XX &

0.05 0.10  0.15 0.20

Frequency /THz

0.25 0.30

——7=0.03 THz

o
=

S
~

e
o

Normalized responsivity /a.u.

=
=)

10 20
Channel length /um

Fig. 2 THz detection mechanism and corresponding calculation and simulation results: (a) Operational principle of the electromagnet-

ic induced well (EIW) effect; (b) Responsivity dependence on channel length under EIW mechanism; (c) Frequency-dependent respon-

sivity characteristics; (d) Schematic of device architecture; (e) Electromagnetic simulation results of antenna performance
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Combining Equations (1) and (2) yields the theo-
retical current responsivity :

R :ﬁ _ e EmVyz. (7T

2
; — kg X|1 —exp| —
P W3ezdncoRﬁ )

a

d /e, (Z)z—kg , (3)

where E| denotes free-space electric field. As theoretical-
ly predicted by Equation (3) , the responsivity exhibits
distinct dependencies on both channel length and opera-
tional frequency, as systematically demonstrated in Fig-
ures 2b and 2c, respectively. Quantitative analysis re-
veals an approximately 80% degradation in responsivity
when scaling the channel length from 5 pm to 10 pm un-
der a 0.1 V bias. Concurrently, an approximately 60%
reduction occurs as the frequency increases from 0. 02
THz to 0. 165 THz.

The metallic electrodes in practical devices serve
dual functionalities: (i) as electrical contact pads for ex-
ternal circuitry interconnection, and (ii) as bow-tie an-
tennas for THz wave coupling enhancement. To decouple
the antenna contribution, electromagnetic simulations
were performed on the structure depicted in Figure 2d.

The simulation results in Figure 2e quantify a 2.5 dBi
gain (G = 1.5) at 0.02 THz, confirming effective elec-
tromagnetic field confinement through electrode engineer-
ing.

DC current-voltage (1-V) characteristics of devices
with 5 wm and 10 pm channel lengths are presented in
Figure 3a. The linear Ohmic behavior confirms superior
metal-semimetal interfaces, essential for photoconduc-
tive detectors, while the low series resistance corrobo-
rates the inherent semimetallic nature of PtTe,. The pho-
toresponse characterization system (Figure 3b) employs
a modulated THz source illuminating the device mounted
on a PCB. Synchronized lock-in amplification with signal
modulation frequency ensures precise detection, where
the photoresponse is amplified by a preamplifier and re-
corded via computer-controlled data acquisition. Real-
time waveform monitoring using an oscilloscope enables
response speed evaluation. Incident power density cali-
bration is achieved through a Golay detector or power me-
ter positioned equivalently.

Responsivity (R,), defined as photocurrent per unit
ph
PG
fied. Here, I, denotes photocurrent, P = PS, (P,:
power density; S,: active area ~ channel area due to

oversize illumination) , and G represents antenna gain.

incident power (R, = ), was systematically quanti-
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Fig. 3 Testing system and device photoelectric response characteristics description: (a) Current-voltage (I-V) characteristics of devic-

es with different channel lengths; (b) Schematic of photoresponse measurement system; (c) Responsivity spectra across 0. 02-0. 04 THz

and 0. 165-0. 173 THz bands at 0. 1 V bias; (d) Bias-dependent responsivity of 10 um-channel devices; (e) Linear photocurrent-bias

voltage characteristics under 0. 025/0. 173 THz illumination; (f) Photocurrent-power linearity under varying biases (inset: 10 pm-chan-

nel data)
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Figure 3c¢ demonstrates frequency-dependent re-
sponsivity in 0.02-0.04 THz and 0.165-0. 173 THz
bands. The 5 pm-channel device achieves peak R, ~
9000 A/W at 0.02-0.04 THz, exhibiting ~77% and ~
82% reductions with channel elongation to 10 pm and
frequency up-conversion to 0. 165-0. 173 THz, respec-
tively - in excellent agreement with EIW theoretical pre-
dictions.

Equation (2) explicitly establishes the linear 7 ,-V,
relationship (7, o< V,), validated by the bias-dependent
photocurrent enhancement with reproducible spectral fea-
tures in Figure 3d. The preserved linearity under both
0. 025 THz and 0. 173 THz illumination across positive/
negative biases (Figure 3e) further confirms this propor-
tionality. Figure 3f illustrates strict linear /,-P depen-
dence for 5 wm-channel devices (10 pwm inset) , where
constant slopes align with EIW theory through An o P
(Equation 1) and /,, o< An (Equation 2). This compre-
hensive consistency unequivocally attributes the photore-
sponse to the EIW mechanism.

The temporal response characteristics under 0.1 V
DC bias were captured via oscilloscopic measurements
(Figure 4a). The rise time (7,) and fall time (7,), de-

fined as the durations required for the signal to transition

between 10%-90% and 90%-10% of the maximum
steady-state value respectively, were determined as 7, =
7.56 ws and 7, = 7. 74 pws. The 3 dB bandwidth illustrat-
ed in Figure 4b further corroborates the rapid response,
with microsecond-scale dynamics significantly outper-
forming commercial detectors including Golay cells, py-
roelectric sensors, and uncooled bolometers. This ultra-
fast performance underscores the device’s potential for re-
al-time imaging applications in security screening, ther-
mography, and non-destructive evaluation. Detector sen-
sitivity is typically quantified by the noise equivalent
power (NEP) , defined as the input power required to
achieve unity signal-to-noise ratio (SNR = 1) within 1

Hz bandwidth: NEP = Il{" , where lower NEP values indi-

i

cate superior sensitivity. The dominant noise compo-
nents comprise: flicker (1/f) noise: negligible at modu-
lation frequencies >1 kHz, Johnson-Nyquist noise: i, =

n
4K, T . . .
RB ,shot noise: i,, = ./ 2el,. The resultant noise cur-

rent follows: i, = /i; + i.. As shown in Figure 4c, the
device achieves NEP ~1O “W-Hz """ at 0. 1 V bias, with

slight improvement at higher biases. More comprehen-
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Fig. 4 Device performance based on EIW effect at room temperature: (a) Temporal response characteristics measured by oscilloscope;

(b) Modulation frequency-dependent photoresponse roll-off; (c) Bias-voltage evolution of noise equivalent power (NEP) at different

frequencies; (d) Specific detectivity (D*) versus bias voltage at different frequencies
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performance across active areas. The bias-dependent
specific detectivity D*, as depicted in Figure 4d,
achieves at room temperature. This performance not only

sively, the specific detectivity: D" = normalizes

surpasses commercial room-temperature thermal detec-
tors (e. g., golay cell and pyroelectric sensors) by 2-3

orders of magnitude, but also exceeds the state-of-the-art
PiTe,-based detectors reported to date. A comprehensive
comparison of PtTe, detectors employing different opera-
tional mechanisms is systematically summarized in Table
1, demonstrating 1-2 orders of magnitude enhancement
in both responsivity and detectivity metrics compared to
previously reported configurations.

F1 S5HAMPtTe, ImNFAIIERE LR
Table 1 Performance comparison with other PtTe, detectors
Mechanism frequency  Responsivity NEP D References
PTE 0.12-0.3 THz  ~125 mA/W 60 pW/Hz"’ - 28]
Photo galvanic effect & photon drag effect 0.1-1.5 THz 27.6 AIW ~5. 8 pW/Hz"* ~5.3%10° cm+Hz" /W (9]
Free carrier absorption 0.02-0. 3 THz 1.98 A/W ~47 pW/HZ"? - 301
Asymmetrical coupling of the electrons with the THz 0. 12 THz 3.8 A/W - - f2e]
EIW 0.02-0.173 THz ~ ~10°A/W 7.9 fW/HZ"? 9% 10" em-Hz"*/W  This Work
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3 Conclusions

Large-area high-quality PtTe > films were synthe-
sized using a three-zone chemical vapor deposition
(CVD) system, and THz detectors with varying channel
lengths were fabricated through wet etching and standard
photolithography  processes.  Characterization results
demonstrate linear positive correlations between the de-
vice response and both bias voltage and incident power,
alongside negative correlations between responsivity and
channel length/operational frequency. These characteris-
tics are attributed to the electromagnetic-induced poten-
tial well (EIW) mechanism. The EIW-based detectors
exhibit a rapid response time of ~7. 6 ws, enabling real-
time THz imaging. Under limited bias conditions, the de-
vices achieve optimal noise equivalent power (NEP) of
7.9x10™" W/Hz"® and specific detectivity (D*) of 9x10"
cm-Hz"* /W, representing the highest performance re-
ported to date for PtTe,-based detectors. The demonstrat-
ed scalability of large-area film synthesis provides a via-
ble pathway for commercial applications of semimetal-
based THz detectors.
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(1. LR B 24P, g 200444
2. I E BB FIBE R YIPIIIT AT AR 2R S R 4 A SR A, R 200083)
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W/HZ, AR 3 D*48 F 9x10" em« Hz/W , 6T B 87 B 48 &y £ T 3 4 B PiTe, B4R 22
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