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Dynamically Controllable Terahertz Electromagnetic
Interference Shielding by Small Polaron Responses in Dirac

Semimetal PdTe, Thin Films

Yingyu Guo, Zhongqgiang Chen, Zuanming Jin,* Xuefeng Wang,* Chao Zhang,
Alexey V. Balakin, Alexander P. Shkurinov, Yan Peng,* Yiming Zhu,* and Songlin Zhuang

Terahertz (THz) electromagnetic interference (EMI) shielding materials is
crucial for ensuring THz electromagnetic protection and information
confidentiality technology. Here, it is demonstrated that high electrical
conductivity and strong absorption of THz electromagnetic radiation by
type-1l Dirac semimetal PdTe, film make it a promising material for EMI
shielding. Compared to MXene film, a commonly used metallic 2D material,
the PdTe, film demonstrates a remarkable 40.36% increase in average EMI
shielding efficiency per unit thickness within a broadband THz frequency
range. Furthermore, it is demonstrated that a photoinduced long life-time THz
transparency in Dirac semimetal PdTe, films is attributed to the formation of
small polarons due to the strong electron-phonon coupling. A 15 nm-thick
PdTe, film exhibits a photoinduced change of EMI SE of 1.1 dB, a value
exceeding three times that measured on MXene film with a similar pump
fluence. This work provides insights into the fundamental photocarrier
properties in type-1l Dirac semimetals that are essential for designing

rapidly develop in biomedical imaging,
sensing, and spectroscopy, beyond 5G
wireless communication and intelligent
electronics.>®!  Electromagnetic security
risks in the terahertz frequency range,
such as electromagnetic radiation, interfer-
ence, and information stealing, are worth
raising serious concerns about. In addi-
tion, electromagnetic interference (EMI)
greatly increases the possibility of system
disruption and device damage.®!) Many
metallic thin film materials, such as metal
foils, carbon-based materials, graphene
materials have been used for THz wave
electromagnetic shielding.l'>2°1 However,
the efficiency and bandwidth of EMI shield-
ing for these materials are relatively limited,
as shown in Table 1. In addition, the EMI
shielding cannot be actively controlled.

advanced THz optoelectronic devices.

1. Introduction

The Terahertz (THz) radiation is located between the realms
of electronics and photonics.'™] THz science and technology

Therefore, new materials and strategies

are required to address these challenges.

Over the last two decades, 2D transition

metal dichalcogenides (TMDs) have shown great application
potential in numerous fields, such as optics, electronics, and
optoelectronics.[***2 TMDs with a chemical stoichiometry of
MX,, where M stands for a transition metal from groups
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Table 1. Comparison of THz EMI shielding performance for various materials.

Material Thickness [um] EMI SE [dB] Specific SE [dB pm™] Frequency Range [THz] Refs.
MXene-based Tiy G, T, film 0.025 25 100 0.25-2.25 2]
Zn+ MXene foam 85 51 0.63 0.2-2.0 [13]
MXene waterborne paint 38.3 64.9 1.69 0.2-1.6 [14]
MXene/polyaramid 20 52.7 2.635 0.2-1.6 [15]
polyimide-2D MXene 110 70.4 0.64 0.1-2.0 [16]
MXene/rGO film 148 542 0.366 0.37-2.0 7]
polypyrrole/Ti; C,T, 4 71.4 17.85 0.2-1.6 18]
Wrinkled MXene 0.008 5.6 700 0.2-10.0 [19]
Graphene-based Graphene foam 3000 74 0.025 0.1-1.6 [20]
Cu/graphene 0.160 60.95 380.9 0.1-1.0 [27]
graphene/PMMA 33 60 1.82 0.2-2.0 [22]
Polyvinyl alcohol/GO/Ag 114 3 0.070 0.5-2.5 23]
Carbon-based Kapton-derived Carbon 125 65 0.52 0.22-0.5 [24]
Graphitic carbon microspheres 3.75 27.5 7.33 0.1-1.6 [25]
carbon nanofibers/Nylon 6,6 570 44 0.077 0.2-1.2 [26]
Metal Ag nanocrystals 13 60 48 0.0082-0.0124 [27]
Al foil 8 66 8.25 0.0082-0.0124 28]
Cu mesh 2.5 40.4 16.0 0.0082-0.0124 [29]
Cu foil 0.04 44.55 1113.75 0.1-1.0 [27]
Dirac semimetals PdTe, 0.015 14.00 + 2.93 933.33 + 195.33 0.2-2.0 This work
PdTe, 0.020 19.65 + 4.80 982.50 + 240.00 0.2-2.0

IV-VII (Mo, Pt or Pd) and X is chalcogen elements (S, Se,
or Te), form a well-known class of layered van der Waals
materials.**) Palladium ditelluride (PdTe,) has been known
as a type Il Dirac semimetal,’®¥’] which has gained in-
creasing attention due to superconductivity,***l low effec-
tive mass,|*? ultrahigh carrier mobility!*}! and strong electron-
phonon (e-ph) coupling.*#*! In addition, PdTe, shows planar
Hall effect,!*®] high thermoelectricity,“’*1 and nonlinear opti-
cal properties.’®l These have demonstrated the potential applica-
tions of PdTe, in saturable absorbers,>**!] photocatalysis,*2! and
THz photodetectors.[>3-¢]

Based on Schelkunof’s theory, the EMI shielding efficiency
(EMI SE) is related to the conductivity of thin films.l’”! PdTe,
thin films exhibit excellent electrical conductivity in the range of
10°-10” S m™!, which is higher than most TMDs and is com-
parable to some conventional metals, suggesting its great poten-
tial as contact materials,*-!l THz absorbers!®?! and EMI shield-
ing materials.[®*-%] THz time-domain spectroscopy (THz-TDS)
is one of the preferred methods for investigating the intrinsic
carrier transport of materials and their applications in the THz
frequency range. The interaction of THz light with type II Dirac
semimetal can not only gain new important scientific insights
into how these materials behave, but also possibilities of new de-
vices and applications.!®7-73]

In this letter, we demonstrate that topological semimetal PdTe,
can be used as an efficient material for THz EMI shielding. THz
time-domain spectroscopy is used to demonstrate the high con-
ductivity of PdTe, in THz frequency range experimentally. The
real and imaginary parts of the THz conductivity of PdTe, thin
films were fitted by the Drude-Smith (DS) model, which deter-
mines the key optoelectronic parameters, such as electron den-
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sity, electronic localization factor, and electron relaxation time.
We demonstrate that the highly conductive PdTe, semimetal thin
film has significant THz EMI shielding properties, which scales
with the film thickness, and can reach as high as ~ 24.28 dB at
1.78 THz for a 20-nm-thick PdTe, film, corresponding to the spe-
cific EMI SE per unit thickness of 1214.00 dB um™!. Importantly,
we use a time-resolved THz spectroscopy to investigate the pho-
toinduced ultrafast carrier dynamics of PdTe, thin films at room
temperature. The photoexcitation by an optical pulse (1.55 eV) re-
sults in a negative conductivity in PdTe, for hundreds of picosec-
onds. The long relaxation bleaching THz electromagnetic inter-
ference shielding is attributed to the formation of small polarons
due to the strong electron-phonon coupling, which is confirmed
by pump-fluence and film-thickness dependent measurements.
This behavior can be used to control over the THz EMI shielding
dynamically, extending a wide bandwidth from 0.2 to 2.0 THz.
Finally, we discuss the possible physical mechanism for the on-
demand transparency of THz transmitted signals. Our work not
only unveils critical experimental insights into electronic and op-
tical properties of Dirac semimetal PdTe,, but also provides prac-
tical applications of type II Dirac semimetals in photoactive THz
photonics.

2. Results and Discussion

As shown in Figure 1a, PdTe, crystallizes in the CdI, (D3 ) struc-
ture with the P-3m1 space group formed by inserting a hexago-
nally packed layer of Pd atoms between every other layer of hexag-
onal close-packed Te atoms.l”#7%! In this work, large-area PdTe,
thin films (5 mm X 5 mm) were fabricated by the one-step pulsed
laser deposition (PLD) technique without post annealing.l”’-7°]
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Figure 1. a) Schematic illustration of the THz-TDS spectroscopy on the semimetal PdTe, film. The enlarged images show the crystal structure of
semimetal PdTe, at the ab and bc side views, respectively. b) Time-resolved THz electric field transmitted through the bare substrate and PdTe, films
with different thicknesses grown on sapphire substrate. ¢) The THz signal transmitted in the frequency domain. d) The complex THz conductivity (red
circles: real component; blue squares: imaginary component). The lines are Drude-Smith fits of the experimental data. e) THz EMI SE and THz absorption

of PdTe, films with different thicknesses for ~0.2-2.0 THz.

The as-grown films were characterized using atomic force mi-
croscopy (AFM), Raman microscopy and X-ray diffraction (XRD)
to confirm the high quality and surface morphology (Sections S1
and S2, Supporting Information). The polycrystalline film is
continuous over a large area. The conductivity of PdTe, thin
films was investigated by broadband THz-TDS in a transmission
configuration,!®81l as depicted in Figure la, see Experimental
Section.

Figure 1b shows the time-resolved THz electric field trans-
mitted through PdTe, films grown on the sapphire substrate
E t) and through the bare substrate E ;... (t). We

sample + substrate(
plot E, t) for different thicknesses of PdTe, films. It

sample + substrate(
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can be seen that the THz transmittance decreases as the thick-
ness of the film increases. The corresponding frequency-domain
spectra via Fourier transform of 5, 7, 10, 15, and 20 nm thick
PdTe, are presented in Figure lc. By comparing the amplitude
and the phase of the THz pulses transmitted through the sub-
strate and the PdTe, films on substrates, the complex THz con-
ductivities &(w) of the semimetal PdTe, films are calculated by
the Tinkham equation, 828!

rTi

n+1
) n+1+72y6(wd

sample + substrate (a)) _

E

1)

substrate (
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where Z, = 377 Q is the impedance of the free space, n = 3.07
is the refractive index of the sapphire substrate in the THz fre-
quency range (Section S3, Supporting Information) and d is the
thickness of the PdTe, film. Figure 1d illustrates the real and
imaginary parts of THz conductivity spectra for PdTe, films with
thicknesses of 5, 10, 15, and 20 nm. It was observed that at low
frequencies the real part of conductivity is suppressed, and that
the imaginary part of conductivity is negative. The Drude—Smith
model can be applied to the measured complex THz conductivity
spectral®+%°]

§ (@) = —2C (1+ ¢ ) )

1-iwr 1-iwr

where o is the DC conductivity, 7 is the momentum scattering
time. The DS model describes the backscattering or the localiza-
tion of mobile charge transport in a disordered medium or the
medium on a dielectric substrate. ¢ is a phenomenological pa-
rameter, changing within the —1 < ¢ < 0. ¢= -1 and 0 represent-
ing the carrier’'s momentum is completely backscattering over
the short distances and fully randomized, respectively.[#%7] The
experimental results can be fitted by the DS model very well. The
charge transport parameters are summarized in Section S4 (Sup-
porting Information). For a 20-nm-thick semimetal PdTe, film,
6pc & 5.68 x10* S cm™, 7 ~ 29.9 fs, and c~ —0.65 can be ex-
tracted, which indicate that the carriers are localized or coupled
with the lattice deformations occurring collision events.[®8] The
intrinsic charge mobility 4 depends on two quantities, effective
mass m* and scattering time 7, 4 = = ~ 175 cm?/(V - s), where
e is the elementary charge and m* = 0.3 m, with m, the rest elec-
tron mass.l3%7#! Furthermore, the density of electron N can be
calculated, N = ””eg—:” ~ 1.84 x 10 cm™.

Figure 1e shows the efficiency of THz EMI SE, owing to the
high mobile carrier density and conductivity, defined as:(***!]

G)

Esam e + substrate (w)
EMI SE = -zolog<%)

Esubstrate (CO)

The EMI SE of the semimetal PdTe, thin film increases with
its thickness (Figure 1e; Section S5, Supporting Information). We
find that EMI SE can reach up to #19.65 + 4.80 dB (averaged over
frequency range of 0.2-2.0 THz) for a 20-nm semimetal PdTe,
film, which meets the requirement of THz EMI shielding ma-
terials. In order to more objectively evaluate the performance,
the specific shielding efficiency (tﬁ?ﬁ:i) values for PdTe, films
with different thicknesses can be used to compared with that of
other THz EMI shielding materials, as shown in Table 1. Noted
that the averaged % of 20 nm-thick semimetal PdTe, film
in this work can reaéﬁ]elsfp to 982.50 + 240.00 dB um=! over fre-
quency range of 0.2-2.0 THz, which is better than the reported
materials. The value is higher than 100 dB um~! of the MX-
ene film('2l and 700 dB pm™! of the MXene films with wrinkle
microstructures.!*¥]

It should be noted that the measured THz EMI SE of conduc-
tive PdTe, films is the result of a combination of reflection and
absorption losses experienced by the THz electromagnetic radia-
tion. The absorption A = 4g/(1 + 2g)?, where g= R/ Z,, R is the
square resistance of the film and Z is the free space impedance
of 377 Q. According to the R of PdTe, films (Supplementary
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Section S6 and Figure S6, Supporting Information), we calculate
the THz transmittance, reflection, and absorption of PdTe, films
with different thicknesses (Section S6 and Figure S7, Support-
ing Information). The sheet resistance of 5-nm-thick sample is
~126.72 + 16.96 Q sq~', which is closer to half of the free space
resistance (Z,/2 = 188.5 Q sq7!). As shown in Figure 1le, the 5-
nm-thick film has an average absorption of 47.80 + 1.4% over the
0.2-2.0 THz range, approaching the theoretical absorption limit
0f'50%. As the thickness of the film increases from 5 to 20 nm, the
average absorption gradually decreases from 47.80% + 1.4% to
8.71% + 1.9%, while the reflection increases from 36.07% + 4.0%
t0 91.07% + 2.0% in the broadband THz range. By optimization
the thickness of the PdTe, improves the impedance matching of
the thin film and finally approaches the maximum EMI SE in the
broadband THz frequency range.

In the following, we carried out Optical-Pump THz-Probe
(OPTP) measurements to examine the ultrafast manipulation
of THz EMI SE by laser excitation, as shown in Figure 2a. In
Figure 2b, it is worth comparing the typical dynamics of photo-
induced THz peak amplitude transmittance (—AT/T,) through
different materials, including Si, chemical vapor deposition
(CVD)-grown doped graphene, Bi,Se,, PdTe, as a function of
pump-to-probe time delay At. The —AT/T) is related to the pho-

Ling, AT ,
——=t—. Thus, the observed negative

0
AT/T, indicates an increase of the photoconductivity of the sam-

ple. Both sign and dynamics of the photoconductivity are deter-
mined by the photoinduced carriers’ distribution in matters with
different band structures, as shown in the inset of Figure 2b. A
positive THz photoconductivity response with a very long life-
time is found in Si wafer, as the nature of its indirect band-gap.[*?!
Owing to the zero-band gap and linear energy-momentum char-
acteristics at the Dirac point, the dynamical trace Ao (At) of CVD-
grown graphene exhibits a sub-picosecond decrease followed by a
several picoseconds mono-exponential decay.?*! In contrast, aris-
ing from the coexistence of Dirac-like surface states and the bulk
band, the THz photoconductivity of topological insulator Bi,Se,
shows an initial rapid increase and then becomes negative, which
can be attributed to the photocarriers transferred from the bulk
state to the surface-state.**%] Notably, the transient THz pho-
toconductivity in Dirac semimetal PdTe, film shows a distinc-
tive feature. After photoexcitation, the 800 nm laser pulses en-
hance the transmission of the THz pulse propagating through
the PdTe, film. The recover evolution exhibits a longer time scale
on the order of hundreds of picoseconds.

Figure 2c shows the photo-modulation THz frequency-
resolved AEMI SE measured at different delay times after photo-
excitation. It can be seen that AEMI SE is negative, which means
that the EMI SE is decreased over bandwidth of the THz radiation
(0.2-2.0 THz). The suppression of EMI SE is a consequent result
of the photo-induced decrease in the real part of the complex con-
ductivity. For a fixed pump fluence of 0.85 mJ] cm™2, as the delay
time Atincreased, the value of AEMI SE is gradually approaching
to zero. For a fixed delay time at At =5 ps, the negative AEMI SE
increases with increasing pump fluence, as shown in Figure 2d.
The maximum negative AEMI SE observed reaches —1.1 dB @ 2
THz at 1.13 m] cm™2, a value already exceeding three times that
of AEMI SE ~ —0.35 dB @ 2 THz measured on Ti,C, T, film with
a pump fluence of 0.95 mJ cm~2.[12]

toconductivity Ac =

© 2024 Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AIIER1D 3dedtdde au Aq pausenob ae il VO ‘85N JO 3N oy Akeiqi8UlUO 8|1 LD (SUONIPUOD-PUE-SWBIALID"AB | 1M Afed 18Ul [Uo//:Sty) SUORIPUOD pue SWLB 18U 89S *[rZ02/0/20] Uo AriqiTauliuo Alim * AseAlun eybueys - uir Buluuenz Aq 62207202 WiPe/Z00T OT/I0p/uod™A8| 1w Afe.q 1ul|uo//sdiy wouy papeojumod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Esample+ substrate

>
_'
(b) 1.5
= 1.0t
= Silicon (x0.2)
< 0.5}
et Bi,Se
& 00 e
g Graphene
£ -05
2
1.0t PdTe, (15 nm)
2 0 2 4 6 8 10
Delay time (ps)
(c) 0.0
0.2t
m
D041 ,:x:x:x:x:x:x:x: ¥
(LE-O 6 oo .::‘:\: .\.~.\.\ \sz:x"
=-08} l ._-\.‘I\.\ \.7.’.
: —v— 250 ps .
<40 17A7 150 ps “u-m®
—e— 50 ps
42} 1-= 5 ps

02 06 10 14 18
Frequency (THz)

www.afm-journal.de

Silicon

>

(d) 0.0
-0.2} e R
=5 /
S-04} o000 g, "
~ -0 A/A;A\ A .\./.\
W06 aady "Abas, ¢
(@] . VV-v-vy A
S-.08F V" Vvy ta
=Y —m— 0.28 mJcm? N e hk
_ —e— 0.56 mJ/cm? V.
<1071 |72 085 muiem? v
12} Vv 1.13mJlcm?

02 06 10 14 18
Frequency (THz)

Figure 2. a) Schematic of the OPTP experiment for PdTe, films. b) The photo-modulation of transmitted THz peak electric field for Si, Bi,Se;, CVD-
graphene, and PdTe, (15 nm). AT = T-T, denotes the change of THz transmission, T and T are defined as the THz peak amplitude in the presence
and absence of optical pumping, respectively. The right inset: the band structure schematics of Si, Bi,Se;, CVD-graphene, and PdTe,. c) Photoinduced
changes in THz EMI SE at different delay times At excited with a pump fluence of 0.85 m) cm™2. d) Photoinduced changes in THz EMI SE at At =5 ps

excited with different pump fluences.

We now turn to the dynamics of the observed decrease of EMI
SE and the transient increase in the THz pulse transmission un-
der various pump fluences, as shown in Figure 3a. After the op-
tical excitation, the photoinduced THz transmission rise gradu-
ally, and then decays over hundreds of picoseconds. As reported
previously, the THz photoconductivity in type-II Dirac semimetal
PtTe, shows an abrupt increase initially, and changes to nega-
tive in a sub-picosecond time scale, followed by a long recovery
process that lasted a few nanoseconds.®®! Thus, we fit the exper-
imental data to a biexponential decay function phenomenologi-
cally, including an absorption term, a bleaching decaying term
and a constant term,

+C 4)

Adv. Funct. Mater. 2024, 2407749
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where H(t) is the Heaviside step function, 7, and 7, are de-
cay time constants, A and B are the corresponding ampli-
tudes for photo-induced absorption and bleaching components.
C represents the offset with long decay time, which cannot
be accurately determined from the data. The fitting results are
summarized in Figure 3d,e (Section S7, Supporting Information
for details).

Taking the 15-nm PdTe, film as an example, the solid line in
Figure 3b is fit of the experimental data using the Equation (4).
The blue dotted cure shows the photo-induced absorption pro-
cess, which consists of an initial rapid drop of AT(At)/T, and
a fast relaxation process with 7; of ~0.92 + 0.06 ps. The red
dashed curve represents the photo-induced bleaching compo-
nent, which consists of an initial rapid increase of AT(At)/T,
and a slow relaxation process with 7, of x529.45 + 8.55 ps.

© 2024 Wiley-VCH GmbH
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0
absorption and bleaching components fitted by Equation (4) with different pump fluences. e) Relaxation time of absorption and bleaching components

as functions of pump fluences. f) lllustration of the photocarrier’s relaxation

It can be found that the bleaching term (negative photocon-
ductivity) dominates the overall transient THz transmission
dynamics. The absorption term (positive photoconductivity)
slows down the rising process of the photoinduced THz peak
transmission.
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process in type-1l Dirac semimetal PdTe, film.

The THz conductivity response of semimetal PdTe, to an ul-
trafast optical excitation is different from that of semiconductors.
In semiconductors, the photoexcitation increases the carrier den-
sity in conduction band, and consequently, results in a positive
photoconductivity.[’®%’] In contrast, for the case of highly doped

© 2024 Wiley-VCH GmbH
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or gated graphene, the redistribution of energy from photoex-
cited electron-hole pairs to initially unexcited free electrons, lead-
ing to heating either through direct conversion of excess energy
into electronic heat or its dissipation into optical phonons.[!
The resulting reduction in conductivity recovers with a time con-
stant of ~#2-6.8 ps, several orders of magnitude faster than that
observed in PdTe,. Note that, the pump-induced conductivity
dynamics of Dirac semimetal PdTe, also shows a clear differ-
ence from that in Cd;As,. The positive THz photoconductiv-
ity of Cd,As, relaxes through a single exponential decay with a
time constant of ~6.0 ps, which is dominated by the electron-
hole recombination.[*] Since the semimetal film shows high car-
rier concentration, the formation of the exciton can be largely
shielded by background free carriers. Thus, we ruled out the pos-
sibility of exciton formation in PdTe,.['%] Furthermore, the THz
generation from single-layer PdTe, is ~500 times smaller than
the transmitted THz pulse T,. Therefore, the observed photo-
modulation of electromagnetic shielding effects in the PdTe, can
rule out the contribution from the photoinduced THz emission.

Notably, Ac is determined by the photo-induced changes of
carrier density (An) and carrier mobility (Au = %), Ac = An X
U X e+n X Au X e, where e is elementary g}large, At is the
photo-induced change of carrier scattering rate. After photoex-
citation, the initial rapid photo-induced absorption (blue dashed
line) is caused by the nonequilibrium carriers created by inter-
band excitation, as shown in Figure 3f. The nonthermal carri-
ers in the semimetal PdTe, will immediately thermalize within
dozens of femtoseconds. During thermalization, the nonthermal
carriers are scattered toward to the lowest conduction and va-
lence bands, and ultimately all of them are converted into hot
carriers with a statistical Fermi-Dirac distribution. Due to the
strong and short-range electron-phonon (e-ph) coupling, the hot
carriers would couple with the lattice vibrations of PdTe,, forms
small polarons. The small polaron formation leads to a signifi-
cant reduction in carrier mobility due to the phonon “dressing” of
carriers,®8 which results in the positive AT(At)/T, signal. There-
fore, the photoinduced absorption term corresponds to the hot
electrons’ behavior. While, the photoinduced bleaching term can
be assigned to the photo-induced small polaron dynamics in the
semimetal PdTe, film.

The formation of polarons after photoexcitation is further sup-
ported by the pump fluence dependent measurements. Figure 3c
plots the AT(At)/T, measured at delay times of At = 5, 50, 150,
and 250 ps with respect to the pump fluence. The THz transmis-
sions are almost linearly dependent on the optical pump fluence.
Increasing the pump fluence induces a higher electron tempera-
ture in semimetal PdTe, film, more phonon modes can be excited
during the hot carrier cooling process via e-ph coupling. Conse-
quently, phonons can couple with more carriers at higher pump
fluences, which causes the enhancement of THz transmission
to be more pronounced. In Figure 3d, the amplitude of absorp-
tion and bleaching terms are comparable, increase almost lin-
early with the pump fluence. While, the time constant for pho-
toinduced absorption process is ~0.71-3.49 ps, which is much
shorter compared to that of photoinduced bleaching term with
hundreds of picoseconds, as shown in Figure 3e. Noted that, in
contrast to the previously reported PtTe,, PdTe, displays domi-
nating negative photoconductivity signals. According to the fit-
ting results, the thermalization of photocarriers occurs simul-
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taneously with the process of formation of small polarons due
to e-ph coupling, while the formation of small polarons domi-
nates. This demonstrates that PdTe, has a stronger e-ph coupling
strength.[*?l The photoinduced small polaron is composed of hot
photoinduced carrier and cold lattice. The hundreds of picosec-
onds can be assigned to the polaron cooling process occurring
via transferring the excess energy to the deformed lattice and
electron-hole recombination, as shown in Figure 3f.

In order to further shed more light on applications, we have
carried out thickness dependent measurements with same opti-
cal excitation fluence at room temperature. Figure 4a shows the
photoinduced AT(At)/T, for 5, 7, 10, 15, and 20 nm, which are
fitted by Equation (4). As shown in Figure 4b, when the thick-
ness increases from 5 to 15 nm, the positive AT(At)/T, increase
from 2.0% to 8.4%, and then decreases to 3.7% for the 20 nm
thick sample, which is consistent with that found in PtTe,.[8®!
The extracted r, varies from ~249.7 + 3.9 ps for 5 nm sample to
~407.0 + 6.3 ps for 15 nm sample, and up to ~#2437.8 + 182.1 ps
for 20 nm sample (Section S8, Supporting Information for de-
tails). It is noticeable that the longer relaxation time observed
in the thicker film, which demonstrates that polaron dissocia-
tion process becomes slower in the thicker film with stronger e-
ph coupling. The thicker film has better crystalline as supported
by the Raman and XRD results. More defects are present in the
thinner film, which accelerates charge carrier recombination in
semimetal PdTe,.

Figure 4c shows the photoinduced negative THz conductiv-
ity spectra in the frequency range of 0.2-2.0 THz at pump-
probe delay time of 5 ps. Ac(w) is fitted by a DS model char-
acterizing the local properties of the carriers Ao p- ~ 4.69 X
10> S cm™' (Section S9, Supporting Information for de-
tails). Different from the intrinsic THz conductivity disper-
sion mentioned above, the pump-induced conductivity spec-
tra do not coincide with the DS model exactly, indicat-
ing the feature of strong localization of photocarriers after
photoexcitation, which further confirms small polaron formation
in PdTe, film.

As mentioned above, the THz photoconductivity dynamics can
be modulated via e-ph coupling by changing the thickness of
PdTe, films. Accordingly, the dynamics of AT(At)/T, for differ-
ent thickness samples can further be used to modulate the pho-
toinduced AEMI SE. In order to clearly compare the photoin-
duced AEMI SE of the semimetal PdTe,, Figure 4d,e shows the
AEMI SE for 5, 7, 10, and 15 nm films measured at delay times
of 5 and 150 ps, respectively. It can be found that photoinduced
AEMI SE at At =5 ps change from —0.70 dB @ 15 nm, — 0.43 dB
@ 10 nm, —0.26 dB @7 nm to —0.19 dB @ 5 nm measured at
1.0 THz. While, for At= 150 ps, the AEMI SE decreases to be
—0.44dB @ 15nm, — 0.31dB @ 10 nm, —0.16 dB @ 7 nm, and
—0.09 dB @ 5 nm measured at 1.0 THz.

3. Conclusion

In conclusion, we have fabricated the large-area PdTe, thin films
on sapphire substrates by the PLD. We have applied a combina-
tion of THz TDS and OPTP measurements to investigate the op-
toelectronic properties of PdTe, thin films. It has been demon-
strated that PdTe, films have high THz conductivity and ex-
hibit highly efficient EMI shielding properties in the THz range.

© 2024 Wiley-VCH GmbH
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Figure 4. a) The photoinduced transient THz transmission of the PdTe, with different thicknesses, using excitation of 800 nm and a pump fluence of
0.85 m) cm~2. The AT (t) /T, are shifted on the y-axis for clarity. b) Peak values of AT(t)/T, and relaxation times of bleaching components as a function of
film thickness. c) Photo-induced THz complex conductivity and the DS model fit of 15 nm PdTe,. The red circles: real part of the THz photoconductivity,
the blue circles: imaginary part of the THz photoconductivity, the solid lines: DS model fit. The thickness dependences of the AEMI SE for two delay

times of d) 5 ps and e) 150 ps.

Their shielding efficiency can be reduced on demand for hun-
dred picoseconds-long time scale by ultrashort optical pulses.
The functionality is dependent on the pump fluence and the
film thickness. Our findings make PdTe, a promising material
for THz EMI shielding where the dynamical control over the SE
is required, which would open on-demand THz communication
channels. The optically gated THz transparency may be required
for sensitive THz detectors. The PdTe, thin films further add
to attractiveness of this emergent class of Dirac semimetals for
the practical applications in THz technology and EMI shielding
applications.

4. Experimental Section

Fabrication of PdTe, Films: The large-area PdTe, films (5 mm x 5 mm)
were fabricated by the one-step pulsed laser deposition technique with-

Adv. Funct. Mater. 2024, 2407749 2407749

out post annealing. It has the advantages of better flatness, high depo-
sition rates, and relatively low growth temperatures, all of these make it
well applicable for depositing 2D materials. In addition, the thickness of
the films can be controlled by changing the number of laser pulses. The
target was prepared by heating mixed palladium (99.99%) and tellurium
(99.99%) powders with a stoichiometric ratio of 1:2.5 at 950 °C for a week.
The basic pressure of the PLD vacuum chamber was ~2.9 x 10~7 mbar,
and the distance between the substrate and target was ~5 cm. The sap-
phire substrate with the size of 5 x 5 mm? was heated to 200 °C at a speed
of 2°C min~". The large-area PdTe, film was deposited onto the sapphire
substrate at a speed of 0.16 nm min~" by using a 248-nm KrF excimer laser
beam with an average fluence of 1) cm~2 and a repetition rate of 1 Hz. The
as-grown films were characterized using atomic force microscopy, Raman
microscopy, and X-ray diffraction to confirm the high quality of the films
(See Sections S1 and S2, Supporting Information for details). Two pro-
nounced phonon modes at 75.53 cm™! (Eg) and 132,51 cm™! (Aqg) are
observed for all films, which correspond to the in-plane and out-of-plane
Te atom vibration modes, respectively. The film deposited on the sapphire
substrate is continuous and uniform, without any cracks and ripples.

(8 of 11) © 2024 Wiley-VCH GmbH
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THz Time-Domain Spectroscopy (THz TDS): A standard ZnTe crystal-
based THz TDS was used to measure the THz transmission spectrum.
THz TDS is a contactless experimental technique that enables determina-
tion of the complex optical conductivity of an electronic material without
involving the Kramers—Kronig transformation.[#] The femtosecond laser
pulse (central wavelength 800 nm, repetition frequency 1 kHz, pulse width
120 fs) was split into two beams. The generation beam was modulated
by an optical chopper and focused on a 1 mm thick <110> ZnTe crys-
tal. The emitted THz beam was focused by parabolic mirrors and trans-
mitted through the PdTe, films grown on sapphire substrates. The de-
tection laser beam was used to record the THz waveform coherently by
free space electrooptical sampling in a T mm thick <110> ZnTe crystal.
The temporal THz fields transmitted through the PdTe, films on the sap-
phire substrate were recorded by using a scanning delay line. The sam-
pling window is 14 ps, which offers the frequency resolution of 0.0714
THz.

Optical-Pump THz-Probe Spectroscopy (OPTP): The photo-induced
carrier dynamics of the PdTe, films were investigated by OPTP spec-
troscopy, in a traditional normal-incidence transmission configuration.
The THz generation and detection have been mentioned above. For the
optical excitation, linearly polarized 120 fs laser pulse was used with cen-
tral wavelength of 800 nm. The laser pulse illuminates on the sample
at normal incidence with a beam diameter of &5 mm, which was larger
than the focused THz beam spot size of ~#3 mm in diameter at the sam-
ple point, for homogenous photoexcitation. Details of the OPTP setup
can be found in Ref. [81]. By using OPTP setup, the ultrafast optoelec-
tronic properties of semimetal PdTe, films can be measured. The THz
pulse measures the electronic transitions around the Fermi level of sam-
ple. All measurements were performed at room temperature and were
purged with dry air to avoid water vapor absorption. No obvious pho-
todegradation or thermal damage was found during a 12 h experimental
period.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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