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Designing infrared transparent electromagnetic shielding films (ITESFs) is challenging because carrier absorption
and carrier transport occur simultaneously. Sandwich structures with Ag inserted into semiconductors can achieve syn-
ergy between transparency and electromagnetic shielding effectiveness, but Ag films alone suffer from island growth and
optical loss. This work presents a sandwich structure using a transmittance-enhancing conductive layer composed of a
wetting layer and Ag (WL/Ag). As a proof of concept, a Bi;Se3/Ti WL/Ag/Bi;Ses film was prepared, achieving a long-
wavelength infrared transmittance of 77% and a conductivity of 5988 S/cm. The electromagnetic shielding effectiveness
reached ~ 22 dB in the X band (8.2-12.4 GHz), meeting the requirement of protecting infrared optoelectronic devices
from electromagnetic interference. High-resolution transmission electron microscopy and theoretical calculations showed
that the Ti wetting layer enhances performance through high surface energy, low nk product values, and admittance match-
ing. We proposed design criteria for wetting layers and identified candidate materials such as Cr. This study provides an
optimization strategy for sandwich structures and introduces high-performance ITESFs for infrared optoelectronic devices.

Keywords: transmittance-enhanced, wetting layer/Ag stacked films, sandwich structure, infrared transparent

electromagnetic shielding film
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1. Introduction

Advanced infrared detection, sensing, and guidance re-
quire optical windows with high electromagnetic shielding
effectiveness SE (> 20 dB) to suppress electromagnetic in-
terference (EMI). Conventional approaches, such as pattern-
ing a metallic mesh, often introduce imaging artifacts and
complicate fabrication. Consequently, developing continuous
infrared-transparent electromagnetic-shielding films (ITESFs)
is urgent.!'=>! For ITESFs thinner than the microwave wave-
length, SE typically increases with electrical conductivity
o (SE=20lg(1+ @6)).[6’9] However, the trade-off be-
tween free-carrier absorption and charge transport limits
long-wavelength infrared transparency and high conductivity.
High-performance ITESFs remain undeveloped.!'%-13]

The dielectric-metal-dielectric (DMD) structure, in which
metal is inserted between semiconductors, effectively com-
bines transparency and conductivity. Traditional DMDs uti-
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lize semiconductors such as ITO, ZnO, WO3, or WZO and
metal conductive layers like Ag or Cu with sub-skin depth
thickness.[!*291 However, these semiconductors exhibit lim-
ited transparency in the long-wave infrared (LWIR: 8—12 pum)
despite high visible-near-infrared transparency. Furthermore,
island growth of Ag, bulk absorption and interface reflection
result in high losses for both conductivity and transmittance.
To suppress Ag island growth, previous studies pre-deposited
wetting layers (WLs) such as Cu, Au, or AL?!-23] Neverthe-
less, researchers often select WLs based solely on wettability
while ignoring the transmission loss caused in specific bands.
Consequently, achieving enhanced infrared transparency and
high conductivity with traditional DMD structures remains
difficult.

In our previous study, BipSes exhibited excellent infrared
transparency.!!') However, its low carrier concentration lim-
its its conductivity. In this work, we construct a DMD struc-
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ture based on the BiySes transparent semiconductor, utilizing
a stacked film composed of a Ti WL and Ag (Ti WL/Ag) as
the conductive layer. Ultimately, the Bi;Se3/Ti WL/Ag/Bi,Ses
film achieves an unprecedented integration of high LWIR
transmittance (77%) and high conductivity (5988 S/cm). The
structure demonstrates an electromagnetic shielding effective-
ness of approximately 22 dB in the X band (8.2-12.4 GHz).
Combined experiments and theoretical calculations clarify the
microscopic mechanism underlying this enhancement of pho-
toelectric properties. Furthermore, we propose design criteria
for this new DMD type and identify candidate materials. This
study provides a materials optimization strategy for sandwich
structures and offers high-performance ITESFs to replace con-
ventional metal grids in infrared detectors.

2. Experiment details

Before deposition, high-purity intrinsic silicon wafers
and ZnS substrates (10 mmx 10 mmx0.5 mm) were sequen-
tially cleaned using ultrasonication in deionized water, ace-
tone, and anhydrous ethanol for 15 min. The substrates
were subsequently dried with nitrogen gas to remove resid-
ual surface moisture. Bi;Ses, BixSes/Ag/BirSes, BixSes/Ti
WL/Ag/Bi;Ses; and Bi;Ses/Cr WL/Ag/Bi,Ses films were de-
posited using a multi-target magnetron sputtering system. The
base pressure was maintained at 4 x 10~* Pa, and the working
pressure was 0.5 Pa under an Ar flow of 60 sccm. The target-
to-substrate distance was 22 cm. All targets were pre-sputtered
for 5 min prior to deposition to remove surface oxides. BiySe;
was sputtered with 60 W RF power, while Ti and Ag were
sputtered with 45 W DC power.

Infrared transmission spectra were obtained using a
Bruker VERTEX 80v Fourier transform infrared spectrome-
ter. Electrical properties were measured with a Lake Shore
8400 series Hall effect testing system. Film thickness was
determined using a Veeco Dektak 150 profilometer. In this
study, all thickness of the Bi;Se; layers was uniformly set
to 40 nm and determined by the surface profilometer. 24261
Surface wettability was analyzed with a Kruss DSA30 contact
angle instrument. Surface morphology and chemical compo-
sition were characterized using a Hitachi SU8010 scanning
electron microscope (SEM) equipped with an energy disper-
sive x-ray spectrometer (EDS). Microstructural analysis was
performed using a JEOL JEM-2100F transmission electron
microscope (TEM). Electromagnetic shielding effectiveness
was measured via a KEYSIGHT PNA-L Network Analyzer
(N5234A). Simulation of normalized power loss for various
wetting layer materials was conducted using CST Studio soft-
ware. Volume absorption and interface reflection of the multi-
layer films were calculated by simulating light field loss within
the same software environment.

Based on density functional theory (DFT),*”! first-
principles calculations for structural optimization were per-

formed using the DMol3 code.?®! The exchange—correlation
effect was treated with the Perdew—Burke—Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA).?! Double numerical plus polarization (DNP) ba-
sis sets were used for all atoms.3% To ensure accuracy, the
global orbital cutoff radius in real space was set to 5.3 A. A
vacuum thickness of 23 A was applied perpendicular to the
substrate plane to prevent interaction between adjacent peri-
odic atoms. Brillouin zone integration was sampled using a
6 x 6 x 1 Monkhorst-Pack k-point grid. Geometrical struc-
tures were fully relaxed until energy, displacement, and force
converged to less than 1 x 1073 Ha, 0.005 A, and 0.002 Ha/A,
respectively.

3. Results and discussion

To optimize the combined optical and electrical perfor-
mance, we first systematically investigated the influence of
Bi;Se; thickness on LWIR (8-12 pum) transmittance and elec-
trical conductivity. The results show that a BipSes thickness
of 40 nm yields the best overall performance, maintaining an
LWIR transmittance above 75% with a conductivity of ap-
proximately 304 S/cm. Subsequently, an Ag interlayer was
introduced to construct a Bi;Sesz/Ag/Bi;Se; (BAB) sandwich
structure, as shown in Figs. 1(a) and 1(b). When the Ag thick-
ness increases from 3 nm to 9 nm, both LWIR transmittance
and conductivity exhibit only minor variations. This indicates
that Ag does not form a continuous percolated conductive net-
work within this thickness range. In contrast, increasing the
Ag thickness to 15 nm significantly enhances conductivity;
however, LWIR transmittance decreases markedly because of
increased free-carrier absorption and reflection associated with
the thicker metallic layer. Therefore, this thickness is unsuit-
able for applications requiring high infrared transparency. We
therefore fixed the Ag thickness at 9 nm and introduced the
Ti wetting layer. As shown in Figs. 1(c) and 1(d), a 1 nm
Ti layer fails to provide a significant performance change. At
2 nm, the Ti layer significantly increases conductivity with al-
most no transmittance loss. When the Ti thickness reaches
3 nm, 4 nm, or 5 nm, conductivity improvement is limited,
while transmittance is substantially reduced. We also evalu-
ated the thermal radiation transmission efficiency of BipSes/Ti
(2 nm)/Ag (9 nm)/Bi,Ses (BTAB). As shown in Fig. 1(e), a 7—
13 um camera captured thermal images of a heating platform
through a ZnS substrate and a ZnS/BTAB film at different tem-
peratures. The surface temperature of ZnS/BTAB is 65 °C,
which is basically consistent with 65.7 °C of the ZnS substrate,
indicating that it has a very high LWIR transmittance. Conse-
quently, BTAB achieves optimal LWIR transparent conductive
performance, with 77% transmittance and 5988 S/cm conduc-
tivity. These results indicate that BTAB possesses high LWIR
radiation transmission efficiency with negligible heat loss.
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Fig. 1.

Frequency (GHz)

(a) Mid- to long-wave infrared transmittance (with error band) and (b) conductivity (with error bar) of Bi;Sesz/Ag/Bi;Ses samples with

different Ag layer thicknesses (numbers represent the thickness of the Ag layers, in units of nm). (c) Mid- to long-wave infrared transmittance (with
error band) and (d) conductivity (with error bar) of Bi;Ses/Ti WL/Ag/Bi;Se; samples with different Ti wetting layer thicknesses (numbers represent
the thickness of the Ti layers, in units of nm). (¢) Thermal images of the heating platform through ZnS (up) and BTAB/ZnS (down). (f) Self-built
electromagnetic shielding effectiveness (SE) test system. (g) The measured (with error band) SE of BTAB.

Finally, to verify the actual electromagnetic shielding per-
formance of BTAB, we measured its electromagnetic shield-
ing effectiveness (SE) in the X band (8.2-12.4 GHz) using a
vector network analyzer. As shown in Figs. 1(e) and 1(f), the
SE of BTAB is approximately 22 dB, which meets the require-
ment of protecting infrared optoelectronic devices from elec-
tromagnetic interference.3'=* Additionally, BTAB offers the
advantages of a continuous film, overcoming the limitations
of conventional metal grids such as poor imaging quality and
complex processing.3>! Consequently, BTAB demonstrates
significant potential for use as an ITESF.

To investigate the effect of Ti introduction on the structure
and conductivity of BAB, we performed experimental charac-
terizations and theoretical calculations. Cohesive energy was
determined using first-principles calculations based on den-
sity functional theory (DFT). Surface morphology was ob-
served via scanning electron microscopy (SEM), and the con-
tact angle was characterized to assess wettability. As shown in
Figs. 2(a)-2(d), 69 nm Ag films exhibit typical island growth
without a Ti wetting layer. This morphology indicates poor
wettability of Ag on pure BirSe3 and a preference for three-
dimensional island formation. As the thickness increases to

1215 nm, the Ag surface gradually smoothens as islands merge
to form a continuous film. In contrast, introducing a Ti wetting
layer achieves a continuous and uniform surface morphology
at an Ag thickness of only 9 nm. This result demonstrates that
Ti promotes two-dimensional layer-by-layer growth of the Ag
film. AFM images shown in Figs. 2(e)-2(h) also demonstrate
that in the presence of Ti WL, the surface root roughness of
Ag films decreases gradually from 4.01 nm to 0.72 nm, indi-
cating that the introduction of Ti WL is more conducive to the
layered growth of Ag films.

To further verify the enhancement of wettability by Ti, we
conducted contact angle tests on samples of Ag (9 nm)/Bi,Ses,
Ag (9 nm)/Ti (1 nm)/BiySes, Ag (9 nm)/Ti (2 nm)/BiySes, and
Ag (9 nm)/Ti (4 nm)/BiySes. The results show that the contact
angle increases from 85.9° (without Ti) to 93.6° (with 4 nm
Ti). This change indicates that the Ti interlayer reconstructs
the interfacial energy of the system. The balance between the
solid—vapor interfacial energy (}sv) and the solid—liquid inter-
facial energy () has shifted, resulting in an increase in the
surface diffusion length of Ag adatoms, enabling them to mi-
grate more freely to find low-energy lattice sites rather than
being pinned at the initial nucleation sites. This enhanced mo-
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bility is crucial for suppressing 3D island coalescence and fos-
tering the development of a continuous, layered Ag film at a
lower thickness.

Fig. 2. (a)—(d) SEM images of Ag thicknesses of 6 nm, 9 nm, 12 nm
and 15 nm without (up) and with (down) Ti wetting layer. (e)—(h) AFM
images of Ag thicknesses of 6 nm, 9 nm, 12 nm and 15 nm with Ti
wetting layer. (i)—(1) Contact angle images for Ag thicknesses of 6 nm,
9 nm, 12 nm and 15 nm in the presence of Ti wetting layers. (m) DFT
calculation model of cohesive energy for Ag (up) and Ti WL/Ag (down)
on Bi;Se; surface.

In combination with SEM surface morphology analysis,
the insertion of Ti effectively alters the interfacial energy. This
alteration is closely related to the transformation of Ag film
growth from three-dimensional island formation to continu-
ous layer-by-layer growth. Furthermore, DFT calculations
elucidate the differential growth mechanisms from an energy
perspective. As shown in Fig. 2(m), the cohesive energy of
Ag on Ti is approximately —0.49 eV/atom, which is energeti-
cally more favourable compared to +0.46 eV/atom on Bi,Ses.
This provides a physical explanation for the suppression of is-
land growth and the transition to a continuous layer-by-layer
growth mode. These findings support the conclusion that Ti
reduces the diffusion energy barrier for Ag adatoms. Con-
sequently, Ag atoms undergo planar diffusion and migration,
yielding a more continuous and smoother film.

Cross-sectional high-resolution transmission electron mi-
croscopy (HRTEM) in Figs. 3(a)-3(c) reveals that the Ag
film grown on the BiySes/Ti WL surface exhibits high two-
dimensional continuity and crystal orientation matching. As
shown in Figs. 3(b) and 3(c), the lattice fringes of the Bi,Ses
thin film are clearly discernible. The measured interplanar
spacings are 3.18 A and 2.11 A, corresponding to the (015) and
(110) crystal planes of the standard Bi,Ses reference (JCPDS
No. 33-0214). These results indicate high crystal quality and
the expected structural phase. Furthermore, continuous and
distinct lattice fringes near the BirSes;/Ti WL interface pro-
vide microscopic evidence that the Ti WL promotes the tran-
sition of Ag growth from an island-like to a continuous layer-
by-layer mode. A smooth and structurally continuous inter-
face reduces interfacial scattering and contact resistance, fa-
cilitating the formation of an efficient conductive channel.
Consequently, the wetting effect of Ti reduces the percola-

tion threshold thickness of the Ag film, resulting in a flat sur-
face and enhanced conductive paths that significantly increase
conductivity.?®) When the Ti WL is too thin (1 nm), it pro-
vides insufficient wettability, causing Ag to grow in island
mode with low conductivity. Conversely, excessive Ti WL
thickness (35 nm) leads to significant bulk absorption, sub-
stantially reducing overall transmittance. 374!

D Ry
~_ -~  Ti—Ag layer

Fig. 3. (a) Cross-sectional HRTEM images of BTAB. (b)—(c) Zoom-in
images of the selected areas with corresponding colors in (a).

1.0

= -—---
Ag Ag Ag Ag Ag
Ti g Cu Au

Normalized loss power

0
Fig. 4. Light field loss images of WL/Ag obtained by CST simulation,
red indicates high loss, blue indicates low loss.

To study the effect of Ti on the transparency of the BAB
structure, we simulated the bulk absorption and interface re-
flection of the multilayer films with and without a metal WL.
Light field loss was simulated using CST Studio software. The
results indicate that Ti absorbs significantly less LWIR light
than Ag or traditional WL metals, such as Cu, Au, and Al,
at equivalent thicknesses. The transparency of Ti is compara-
ble to the BipSes substrate, which exhibits high LWIR trans-
parency. According to

d
A:47rnk/ E(2)|*dz/|Eo|* A, (1)
0

the lower absorption of Ti can be attributed to its compara-
tively lower nk product value,*'*?! with nkr; = 80.8, nkay =
754.5, nkcy = 527.3, nkay = 988.5, and nka) = 1846.4. The
approximate reflectivity (R) of the entire multilayer film can
be calculated from

R= ‘r0+2j:1r‘ye—i2(81+52+..,+5s o

When only Ag is present, interface reflectivity is 7.7%. When
the WL is Cu, Al, or Au, reflectivity values are 5.9%, 10.3%,

) 2
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and 17.1%, respectively. Notably, reflectivity is only 1.4%
when the WL is Ti. Compared to other metals, Ti effectively
weakens interface reflectivity. This effect is attributable to the
minimal difference between r, + r3 and ry + 71 + r4 (approxi-
mately 2.2%), indicating that Ti achieves admittance matching
with Ag and Bi,Ses.!

To customize ITESFs for diverse application scenar-
ios, we identified candidate materials for the wetting layer.
High surface energy originates from the high density of un-
paired d-orbital electrons in the metal surface layer. %41 Con-
sequently, we screened transition metals with unpaired d-
electrons from the fourth to sixth periods (groups IIIB-VIII).
Metals with higher surface energy than Ti, such as Cr, Fe,
Ni, and Nb, were selected as candidate WLs, as shown in
Figs. 5(a) and 5(b).[#?!

We calculated the nk product values of these candidate
WL materials for Bi,Ses-based DMD structures to evaluate
the performance of different WL/Ag combinations. The re-
sults are shown in Fig. 5(c). Ti, Cr, Fe, Ni, W, and Os all

satisfy the criteria of nk < 500 and reflectivity < 10%. To
validate this theoretical prediction, we fabricated BCAB sam-
ples using Cr as the wetting layer and performed a compara-
tive analysis with BTAB and BAB samples. The results are
presented in Fig. 5(d) and the inset. The LWIR transparent
conductive properties of the BCAB sample (Tiwir ~ 86%,
0 =~ 2380 S/cm, FoM = 1.67 x 10’3) are comparable to those
of the optimal BTAB sample (Tywir ~ 77%, 0 ~ 5988 S/cm,
FoM = 1.74 x 10~3). The higher transmittance of BCAB com-
pared to BTAB aligns with our theoretical prediction of low
reflection (admittance matching), despite slightly lower con-
ductivity. Nevertheless, the conductivity of BCAB is signifi-
cantly higher than that of the BAB sample without a wetting
layer (Tiwir ~ 84%, 6 ~ 679 S/cm, FoM = 1.54 x 10~3). This
observation is consistent with the theoretical expectation that
Cr, with its high surface energy, promotes Ag layer-by-layer
growth. Overall, these results confirm the accuracy of our the-

oretical predictions and material screening criteria.

mB IVB VB VIB viB vm
@ 2E2[E2EL[E] : L0
39 40 [41 | 42 | 43 44 [45 | 46 (c) BisSes i 90
Y zc |[Nb | Mo| T Ru|Rn| Pd Cr
HEEAEEEE ) Xre X80
_ o |*xNi o
& ; ° [
[(b) W Nb g 60
21 < o * Mo £ 50
- . N rad
=g o " Os 500 @®Rh  E 4ol
% o Ta 2% |
‘5 Ry ol * W § 30 5 5can BTAB BAB 10T
£ 2rgE i - - BR-FT - Pt Os & 20f—B/T(2 nm)/A(9 nm)/B
© Zr d * s 10— B/C(2 nm)/A(9 nm)/B
g1 oL . 1 Ir B/AOm/E
= 0.1 1 10 3 4 5 6 7 8 9 10 11 12
@ Reflectivity (%) Wavelength (um)

Fig. 5. Elemental composition of candidate WL materials and (b) surface energy. (c) nk product values of candidate WL materials and reflection
of BiSes-based DMDs. (d) Mid- to long-wave infrared transmittance (3—12 wm, with error band) of BCAB, BTAB and BAB samples. The
illustration shows a comparison of the transmittance and conductivity properties of BCAB, BTAB and BAB samples.

4. Summary

In summary, the introduction of a Ti WL/Ag stacked layer
into BiySe; achieves a sandwich-structured film with opti-
mal LWIR transparent conductive performance (Tywir =~ 77%,
o ~ 5988 S/cm) and an electromagnetic shielding effective-
ness of 22 dB in the X band. This enhanced performance re-
sults from the high surface energy of Ti, which promotes the
layer-by-layer growth of Ag and increases conductivity. Addi-
tionally, the low nk product of Ti and its admittance matching
with the multilayer structure reduce bulk absorption and in-
terface reflection, thereby improving transparency. Based on
these findings, we identified candidate conductive layer mate-
rials, including Cr, Fe, Ni, W and Os WL/Ag. These continu-
ous ITESFs are expected to replace conventional metal grids,
addressing the limitations of poor imaging quality and com-

plex fabrication processes.
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