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1. Introduction

Frequency selective surfaces (FSS) con-
sist of a periodic arrangement of 1D or 
2D metallic structures that drew signifi-
cant attention owing to their frequency 
resonating property. An FSS can reflect 
(band-stop) or transmit (band-pass) the 
incoming EM wave selectively in spe-
cific frequency ranges according to their 
size, shape, thickness, and other param-
eters, which are the identifying features 
of FSS.[1] Metallic and dielectric material 
structures are widely used to design tera-
hertz FSS or filters as they possess high 
mechanical strength, which helps produce 
functionalized designs. Metallic FSSs 
can shield by reflecting or absorbing the 
electromagnetic interference, however, 
which are costly to manufacture as desired 
structures and are being substituted by 
carbon-based materials for electromag-
netic properties at high frequencies with 
suitable cost, lightweight, and corrosion-

free.[2] Generally, Carbon-based materials are sp, sp2, and sp3-
bonded, forming long chains of interconnecting carbon–carbon 
bonds resulting in differing physical and electrical properties.[3] 
Hence, such materials can be classified as semimetals or non-
dielectric materials (such as graphene, graphite, carbon nano-
tubes, carbon nanofibers)[4,5] therefore exhibiting THz optical 
transition, optoelectronic properties, and dielectric properties 
in their nanocomposites by the generation of THz pulses from 
the application of femtosecond laser pulses in magnetic and 
electric fields.[6–11] These carbon-based materials show an excel-
lent EMI shielding performance due to the presence of delocal-
ized π-bond electrons. The freely moving electrons interact with 
the EM wave leading to reflection with maximum return loss 
values at the resonating frequency.[12] The excessive energy of 
EM can damage the surrounding circuits and induce unneces-
sary noise pulse. Liang et al. reported bamboo-like short carbon 
fibers@Fe3O4@phenolic resin and honeycomb-like short 
carbon fibers@Fe3O4@FeO composites as high-performance 
EM wave absorbing materials successfully achieving reflection 
loss −10  dB at 4–18  GHz range.[13] However, the characteriza-
tion of carbon-based materials under the THz regime is still 
not well accounted for in the literature, with very few reports 
on the FSS property of carbon-based materials. Recently, a 
carbon-based FSS absorber fabricated by using 3D-printing 

In recent years, frequency selective surface (FSS)-based two-dimensional (2D) 
and three-dimensional (3D) carbon materials such as carbon nanofibers,  
carbon nanotubes, and carbon-filled filaments are essential tools to design 
millimeter-wave radomes, absorbers, electromagnetic interference (EMI) 
shielding, and antenna reflectors in gigahertz (GHz) regimes. Terahertz (THz) 
technologies are gaining attentions from medical imaging to security surveil-
lance. In this work, a 3D microstructured FSS using carbon-based polyimide as 
a precursor to enhance the resonant frequency at the THz range. Furthermore, 
gold nanoparticles (AuNPs) are embedded on 3D microsturctured carbon-
ized polyimide (3D-CPI) film to improve their FSS property through plasmonic 
effects. From the time domain spectroscopy measurements, 3D-CPI FSS film 
shows band-stop filter properties in the frequency range of 0.5–1.5 THz and 
with a maximum return loss (RL) of 40.5 dB (at the resonant frequency of  
1 THz). The 3D-CPI/AuNPs film demonstrates the highest RL of 43.7 dB at the 
higher excitation resonance frequency ≈1.06 THz due to the interaction of plas-
monic electrons with scattered delocalized electrons in carbon, which induces 
the mechanisms for EMI shielding. The results will open insight into 3D plas-
monic carbon microstructures as an EMI shielding material at THz frequency.
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technology is favored due to easily control the functionalized 
structures and use suitable precursors. Huang et  al. reported 
the review of 3D-printing technology that fabricates complex 
structures using lightweight materials by achieving better EM 
absorption performance.[14] Mi et al. reported 3D printing FSS 
electromagnetic absorber based on conductive carbon-filled fila-
ment obtaining multiple resonances of the reflection coefficient 
at 1–18  GHz range.[15] Jaiswar et  al. studied the inkjet-printed 
FSS based on CNT for ultra-wideband thin microwave absorber 
at 7–50 GHz.[16] Based on the previous studies, we explore the 
behavior of a potential 3D FSS carbon-based material at the ter-
ahertz range. In this work, we design 3D microstructured FSS 
carbon-based materials using polyimides as carbon precursors 
that have advantages with excellent physical properties, which 
after carbonization and graphitization, give a high carbon yield 
and electrical conductivity equivalent to graphitic carbon.[17] 
3D microstructured FSS is fabricated by using the molding 
techniques to easily control the shape of desired structure and 
using the molding techniques can comfortably modify the con-
centration of carbon precursors. Kapton, a well-known com-
mercial polyimide material with repeated units of PMDA/ODA, 
was shown to demonstrate optical properties such as trans-
mission, reflection, and absorption in GHz range without any  

resonance frequencies by Venkatachalam et  al.[18] To under-
stand the interaction between the chemical bonds, Zhang et al. 
studied the carbon-based materials for their THz transmis-
sion properties.[19] We also compare the THz-FSS properties in 
planar carbonized polyimide films (CPI-planar) and 3D micro-
structured carbonized polyimide (3D-CPI) films to enhance 
the resonance frequency, and these when embedded with Au 
nanoparticles, increase the enhancement of the resonance fre-
quency via the plasmonic effect. Thus, we design and demon-
strate effective 3D pyramidal microstructured carbon films as 
an effective terahertz frequency selective surface (Band Stop 
Filter) with maximum return loss in the range of 0.5–1.1 THz.

2. Results and Discussion

Figure 1a illustrates the design, fabrication, and conversion 
of 3D microstructured FSS polyimide (PI) film into metallic 
carbon (CPI) film after carbonization at 1600 °C. Gold nano-
particles (AuNPs) are deposited onto the carbonized 3D micro-
structured CPI film to experience the plasmonic effect and 
enhance FSS performance. A sequentially controlled tempera-
ture profile is required to achieve the metallic conduction in 

Adv. Optical Mater. 2022, 10, 2102178

Figure 1. a) Schematic illustration of the 3D microstructured FSS i) PI film (Scale: 150 µm), ii) CPI film (Scale: 100 µm), iii) CPI/AuNPs film (scale: 
100 µm). b) Temperature profile of carbonization was performed in the vacuum tube furnace (GLS-1800X). c) Mechanism involved in carbonization 
of microstructured polyimide film with temperature. d) Electrical conductivity of 3D-CPI films and 3D-CPI/AuNPs films at different carbonization tem-
peratures (800, 1000, 1200, 1400 , and 1600 °C).
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the insulating polyimide film through the process of carboni-
zation and graphitization, as shown in Figure  1b. The mecha-
nism involved in the conversion of pristine 3D microstructured 
polyimide film into a metallic 3D carbonized polyimide film is 
shown in Figure  1c, where the polyimide (PI) film consists of 
imide monomers undergoes the processes of dehydrogenation, 
deoxygenation, denitrogenation, carbonization, and graphitiza-
tion. To fabricate the pristine 3D microstructured polyimide 
film into 3D graphitic carbon microstructured film, a sequen-
tial time-controlled temperature profile of 800, 1000, 1200, 1400, 
and 1600 °C was optimized. The carbonization temperature-
dependent electrical conductivity of 3D-CPI film and 3D-CPI/
AuNPs film was used to estimate the efficiency of the carboni-
zation/graphitization process as shown in Figure 1d, where the 
electrical conductivity rises with increasing temperature. Also, 
the gold deposited 3D-CPI/AuNPs film shows a higher elec-
trical conductivity than 3D-CPI film all over the temperature 
range.

The conductivity of pristine PI film is known to be insulating 
under ambient conditions, the carbonization process from 800 
to 1600 °C causes a rise in the conductivity from the order of 
101 to 102 S cm–1. Additionally, the deposition of AuNPs onto 3D 
CPI film causes a further rise in their electrical conductivity, as 
shown in Table S1 (Supporting Information). The carbonization 
and graphitization processes show that the graphitized film pos-
sesses a higher crystalline orientation of repeating units, leading 
to higher electrical conductivity and mobility. Furthermore,  

increasing sp2 carbon atoms (pi bonds) at higher temperatures 
creates a monocyclic carbon ring, which increases the free-
electron mobility in the carbon ring without any barriers and 
simultaneously improves electronic conductivity in agreement 
with the results of FTIR and XPS in the below discussion.[20–22]

The fabricated 3D pyramidal microstructured CPI and CPI/
AuNPs FSS films were characterized by scanning electron 
microscopy (SEM) and the elemental distribution of carbon 
and gold elements was analyzed by energy dispersive X-ray as 
shown in Figure 2a. The Raman spectra were obtained using 
the Raman Spectrometer to characterize the electron–phonon 
interaction and ascertain the sp3, sp2- hybridization using an 
excitation laser wavelength of 514  nm. Figure  2b shows the 
Raman spectroscopy of 3D microstructured FSS CPI films at 
different carbonization temperatures profiles, exhibiting a weak 
D-band at 1350 cm–1 arising from a defect in the sp2 carbon 
structure. The weak G-band at around 1580 cm–1 is formed 
by the stretching CC bond in graphitic materials, which is 
common in all sp2-hybridization carbon types. The 2D band 
around 2750 cm–1 is the second-order scattering of the D band. 
The intensity ratio from the 2D-band to the G-band (I2D/IG) is 
associated with the graphene layer. The peak intensity ratio of 
ID/IG can determine the disorder of the degree of graphitiza-
tion corresponding to the proportion of sp3-hybridized carbon 
atoms in sp2 conjugated carbon structures. However, the 
intensity ratio of ID/IG decreases with the increasing amount 
of ordered graphitic carbon, and we note that the higher 

Adv. Optical Mater. 2022, 10, 2102178

Figure 2. a) SEM images of 3D-CPI/AuNPs FSS film. b) Raman spectra and c) FT-IR spectra of 3D-CPI FSS films at different carbonized temperatures 
(800, 1000, 1200, 1400, and 1600 °C).
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temperature can cause more defects in the sp2 carbon than at 
lower temperatures.[23]

Our results show that the intensity ratio of ID/IG increases 
with increasing temperature (0.88, 0.90, 0.93, 1.09, and 0.91) 
due to the increasing defects and crystallinity from thermal 
treatment. The crystalline size (La) is determined by first-order 
Raman scattering using the formula:

I

I

C

L
D

G a

λ( )=  (1)

where La is the in-plane crystallite size, C (2.4 × 10−10 λ4) is a fit-
ting constant, λ is the wavelength of the laser source (514 nm) 
and ID/IG is the intensity ratio between D and G bands.[24] The 
crystallite size La (19.0, 18.6, 18.0, 15.4, and 18.4) is gradually 
smaller with increasing temperature (800–1600 °C). Consid-
ering La as an average inter-defect distance, we can assume that 
the higher the number of defects, the higher the D peak inten-
sity that can cause the smaller La. The FTIR and XPS results 
support the fact that it assists dehydrogenation, deoxygenation, 
and denitrogenation and improves sp2 hybridization.[25] The 
chemical structures of 3D microstructured FSS carbonized PI 
films at 800, 1000, 1200, 1400, and 1600 °C were measured by 
FT-IR spectroscopy as shown in Figure  2c. The peaks at 720, 
1365, 1778, and 1717 cm–1 observed in pure polyimide film, corre-
spond to CO bending during the formation of the imide ring 
during the preparation of PI, CN stretching, CO asymmetric 
stretching, and symmetric stretching, respectively. In addition, 
the peak at 1618 cm–1 is identified to be CN (carbonyl) groups, 
and the peak at 1046 cm–1 is attributed to COC stretching 
vibrations of the CO groups. The absorption bands arising at 
1633 cm–1 and 1506 cm–1 are assigned to the CC and CC 
stretching vibrations of the aromatic ring. The CO bending 
the formation of imide ring, CO (symmetric and asymmetric 
stretching), the amines CN and CN, gradually disappear 
due to the dehydrogenation, deoxygenation, and denitrogena-
tion with increasing temperature.[26,27]

The surface composition of 3D microstructured CPI FSS 
film was studied with the XPS technique using Al Kα radiation 
(hν  = 1486.7  eV), pass energy of 143.05  eV for survey spectra. 
An overview of XPS spectra of 3D microstructured FSS carbon-
ized PI films at 800, 1000, 1200, 1400, and 1600 °C are displayed 
in Figure 3a. The surveyed spectra consist of C1s, O1s, and 
N1s, which represent the final composition of the sample. In 
the surveyed spectra, the nitrogen content decreases with the 
increasing temperature order of 800–1600 °C. Figure 3b shows 
the deconvolution of O1s XPS spectra of 3D microstructured 
FSS CPI films at 800, 1000, 1200, 1400, and 1600 °C, respectively.

The oxygen double-bonded to the aromatic carbon, CO 
denotes peak I with a binding energy of 530.7 ± 0.2 eV, the de-
convoluted O1s peak II represents the O(CO*)C (aromatic) 
corresponding to the binding energy 531.8 ± 0.3 eV and OCO 
or COC (aromatic) denotes peak III corresponding to the 
binding energy of 532  ± 1  eV at different carbonization tem-
peratures 800, 1000, 1200, 1400, and 1600 °C, respectively.[28–30] 
The deconvolution of N1s XPS spectra of 3D microstructured 
FSS CPI films at different carbonization temperatures of 
800, 1000, and 1200 °C is shown in Figure  3c. The nitrogen 
bonds are not observed for the carbonization at 1400 and  
1600 °C unless the detected small signal of nitrogen bonds 

overlaps with the noise signals (Figure S1, Supporting Informa-
tion). The N1s peaks are divided into three main components 
(pyridinic, N-6), (pyrrolic/pyridine, N-5), and (quaternary, N-Q). 
The de-convoluted N1s peaks at 398 ± 0.3 eV (16.56%), 400.14 ± 
0.6 eV (59.76%) and 401.1 ± 0.5 eV (23.71%) can be attributed to 
(pyridinic, N-6), (pyrrolic/pyridine, N-5), and (quaternary, N-Q) 
at carbonization temperatures 800, 1000, and 1200 °C shown 
in Figure  3c.[28,29] The high-resolution core level of C1s XPS 
spectra of 3D microstructured FSS CPI films at carbonization 
temperatures of 800, 1000, 1200, 1400, and 1600 °C are shown 
in Figure  3d. The curve fitting was obtained with Gaussian 
lines. The sp2-bonded functional group, CC corresponds to 
the binding energy of 284.3 eV, (the sp3-bonded function group, 
CC corresponds to the binding energy of 284.8 ± 0.2 eV, the 
carbonyl carbon groups CO, CO corresponds to binding 
energy of 286  ± 1 and 289.6  ± 1  eV at carbonization tempera-
tures of 800, 1000, 1200, 1400, and 1600 °C. N-sp2 bond, CN 
corresponds to the binding energy of 285.7 ± 0.1 eV at carboniza-
tion temperatures of 800, 1000, and 1200 °C. N-sp3 bond, CN 
corresponds to the binding energy of 287.7  ± 0.8  eV (2.54%) 
at carbonization temperatures 800, 1000, 1200, and 1400 °C.  
However, N-sp2 bond, CN cannot be detected at the carbon-
ization temperature 1400 and 1600 °C, N-sp3 bond, CN can 
be found at 1400 °C. From the de-convoluted C1s analysis, the 
CC carbon peak is narrower and sharper than at 1600 °C, 
which indicates that the sample has high crystallinity.[33–35]

The quantitative atomic percentage (at.%) of C1s, O1s, and 
N1s derived from XPS results is shown in Figure 4a. The rate of 
carbon content increases as a function of carbonization temper-
ature, as indicated by the gradual decrease of O/C surface com-
position from 0.067 to 0.022 as a function of the temperature.

Similarly, the atomic ratio N/C dramatically decreases from 
0.013 to 0.001. The atomic ratio O/C = 0.022 and N/C = 0.001 at  
1600  °C indicate that the complete carbonization process cor-
relates with the temperature, in other words, the carbon 
signal increases with temperature as shown in Figure 4b. The 
carbon atoms from the broken graphitic sheet are replaced by 
the nitrogen signal, which reduces with increasing tempera-
ture.[33,36] The atomic percentage of the CC carbon increases 
by forming a graphite-like structure as a function of tem-
perature. The sp2 hybridized carbon dramatically increases, 
as highlighted by Raman and FTIR results. The other carbon 
functional groups steadily change with increasing temperature. 
CN groups show up to carbonization temperature 1400 °C  
and CN does not exist at both 1400 and 1600 °C. However, 
there are no nitrogen bonds at 1600 °C that can leave residual 
graphitic nitrogen at 1400 °C shown in Figure  4c.[37,38] The 
atomic percentage carbonyl group CO (I) and OCO 
or COC (II) from aromatic ring slightly increases when 
attached on graphitic carbon layer after graphitization with 
increasing temperature as shown in Figure 4d. The atomic per-
centage of O(CO*)C (III) hydrocarbon from the aliphatic/
aromatic ring dramatically decreases as a function of tempera-
ture. The atomic percentage of the N1s components is shown in 
Figure 4e. The atomic percentage of pyridinic, N-6 atom slightly 
increases with increasing temperature which seems that pyri-
dinic, N-6 atom is substituted on the six-membered ring at 
the edge of the graphitic carbon layer. The atomic percentage 
of pyrrolic/pyridine N-5 atom is higher at 800 and 1600 °C  

Adv. Optical Mater. 2022, 10, 2102178
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than at 1000 °C. On the other hand, the atomic percentage of 
graphitic N-Q atoms is highest at 1000 °C, which occupies the 
place of the carbon atom. The electronic conductivity is con-
served at 1000 °C, considering the number of substituted gra-
phitic N-Q increases while the graphitic benzene ring increases 
at high temperatures. The pyrrolic/pyridine N-5 connects with 
two sp2 carbon neighbors, and both N-6 and N-5 atoms produce 
a pair of valence electrons and create vacancies in the graphitic 
carbon layer. The vacancies allow a free electron diffusion to 
improve the electronic conductivity shown in Figure 4f.[24] The 

detail of each component binding energy and percentage of C1, 
O1s, and N1s are described in Table S2 (Supporting Informa-
tion). The plasmon loss spectra and the π bond shake-up satel-
lite were observed for C1s XPS spectra of 3D microstructured 
FSS carbonized PI films at carbonization temperature 800, 
1000, 1200, 1400, and 1600 °C (Figure S2, Supporting Infor-
mation). The plasmon loss feature is related to the photoelec-
tron loss of energy due to inelastic scattering with the valence 
electrons of the material. The bulk plasmon loss peaks occur 
around 28.2 eV at 800, 1000, 1200, and 1600 °C, while the bulk 

Adv. Optical Mater. 2022, 10, 2102178

Figure 3. a) XPS survey spectra of 3D-CPI FSS films. b) The deconvolution of O1s XPS spectra. c) The deconvolution of N1s XPS spectra. d) High-resolution 
core level of C1s XPS spectra at different carbonization temperature (800, 1000, 1200, 1400, and 1600 °C).
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plasmon loss peaks shift around 25.4  eV at 1400 °C from C1s 
core level (284.3  eV). The π→π* satellite presents at higher 
binding energy 6.4  eV from the core level of C1s. The pres-
ence of the π→π* satellite indicates that the extended delocal-
ized electrons from the sp2 photoexcitation carbon. The π bond 
arises with increasing temperature that is associated with the π 
bond in graphite-like carbon.[39,40]

The valence band maximum EVBM 1.52, 15.7, 1.59, 1.5, and 
2.5 eV are obtained from the valence band spectra and energy 
bandgap Eg between the conduction band minimum and the 
valence band maximum is 14, 14.9, 15, 14.8, and 15.5  eV are 
obtained from C1s XPS spectra at different temperatures as 
shown in Figure 5a–e. The illustration of the energy level diagram 
of C1s carbon is as shown in Figure 5f. The energy (EC1s − EVBM)  
different from the core level of C1s is 282.78  , 282.73, 282.72, 
282.8, and 281.8 eV. The valence band maximum EVBM shifts 
from the Fermi level (zero binding energy) with increasing 
temperature, while the conduction band minimum ECBM 
shifts toward the valence band maximum EVBM. The forma-
tion energy shift with increasing temperature induces band 
bending and causes the exponential band tail to have binding 
energy due to the high conductivity of the graphitic sp2 
carbon.[41,42]

Having fabricated the metallic 3D microstructured CPI films 
possessing high conductivity, we investigate their resonance 
frequency and characterize their terahertz frequency selective 
surface performance using THz time-domain spectroscopy. The 

as-measured THz reflectance of “planar” CPI and CPI/AuNPs  
films set and “3D microstructured” carbonized PI and  
PI/AuNPs films set are shown in Figure 6a,b. From the reflec-
tance spectra, we can depict that the frequency response of 
3D microstructured CPI films dominates over the frequency 
response of planar CPI films with and without AuNPs. Fur-
ther to understand the frequency-selective surface properties 
of the 3D microstructured CPI films, we analyze the critical  
parameters like voltage standing wave ratio (VSWR), reflec-
tion coefficient, and return loss required for an effective tera-
hertz frequency selective surface. VSWR is the ratio of the 
maximum to minimum voltage standing wave pattern and is a 
measure of how much signal is reflected from the antenna to 
the source. The reflection coefficient | Γ | indicates how much 
of an EM wave is reflected by an impedance of the load; | Γ | is 
the ratio of the power incident on the load to power reflected 
on the source, also known as |S11|. The return loss measures 
the amount of power delivered from a transmission line to the 
load, not reflected as a reflection to the source. Larger values of 
return loss mean better matching of the load and line imped-
ance. It is expressed in dB and a positive quantity of reflected 
power is less than incident power. Return loss RL (in dB) is 
defined as 

RL
P

P
10 log dBin

ref

= 





 (2)

Adv. Optical Mater. 2022, 10, 2102178

Figure 4. a) The atomic percentage of O1s, N1s, and C1s. b) The atomic ratio of O/C and N/C at different temperatures (800, 1000, 1200, 1400, and 1600 °C).  
c–e) The atomic percentage of functional components groups of C1s (c), O1s (d) and N1s (e) as function of temperature. f) Schematic diagram of 
nitrogen atoms occupied at the graphitic sheet.
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where RL is expressed as a power in terms of voltage in a trans-
mission line or waveguide. Return loss is the negative of the 
reflection coefficient |Γ|:

=
Γ







10 log
1

dB2RL  (3)

[ ]= − Γ20 log dB  (4)

where Γ is the complex reflection coefficient at the input of the 
source. Return loss is expressed in terms of voltage standing 
wave ratio, VSWR, in Equation (5):[43,44]

20 log
VSWR 1
VSWR 1

dB= − −
+







RL  (5)

where =
+ Γ
− Γ







VSWR

1 | |

1 | |
 and Γ =

−
+







| |
VSWR 1

VSWR 1
. The return 

loss RL of planar and 3D microstructured FSS CPI and those of  
AuNPs modified films were measured at scan range between  
0.1 and 3.5 THz and the responsible frequency performed 
between 0.5 and 1.5 THz. The return loss of CPI-planar and 
CPI/AuNPs-planar films exhibits 22.4  dB and 24.6  dB at the 
resonance frequency of 1.1 THz, as shown in Figure  6c. 3D 

microstructured FSS CPI and CPI/AuNPs modified films reso-
nate at 1 and 1.06 THz and have the return loss of 40.5 dB and 
43.7 dB, demonstrating the resonance frequencies as shown in 
Figure  6d. Since both CPI/AuNPs-planar and 3D microstruc-
tured FSS CPI/AuNPs films have a higher return loss than 
those of non-modified AuNPs films, this shows that the films 
seem to be affected by the plasmonic effect. 3D microstructured 
CPI/AuNPs FSS film owing to the plasmonic effect where the 
EM wave interacts with the metal nanoparticles induces the 
oscillation of the conducting electrons. The frequency of the 
oscillation electrons coherent with the frequency of the delocal-
ized electrons by scattered or reflected radiation at the internal 
surfaces of the carbon materials can cause the strong plasmon 
resonance frequency. The resonance frequency of 3D-CPI/
AuNPs results in blueshift due to plasmonic oscillation of each 
AuNPs interaction with the scattering neighboring AuNPs.[45–48]

However, the return loss of CPI-planar and CPI/AuNPs-
planar films is low when compared with the 3D microstruc-
tured FSS CPI and CPI/AuNPs films. This is because the high 
reflection coefficient from the load to the source and their plas-
monic frequency on 3D microstructured CPI/AuNPs interacts 
with the reflected frequency from the load to the source making 
up the higher resonance frequency and return loss.[49,50] Mean-
while, as both 3D microstructured CPI and CPI/AuNPs films 

Adv. Optical Mater. 2022, 10, 2102178

Figure 5. Valence band maximum and energy gap spectra of 3D-CPI FSS films and CPI/AuNPs films at a) 800 °C, b) 1000 °C, c) 1200 °C, d) 1400 °C, 
e) 1600 °C. f) Energy levels of C1s as a function of different temperatures.
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demonstrate a high return loss and distinct excitation reso-
nance frequencies. There are three main mechanisms for EMI 
shielding materials such as reflection, absorption, and multiple 
reflections. According to the transmission line or waveguide, 
the more significant return loss represents the amplitude of the 
reflected wave that reduces the incident wave. In other words, 
the reflected radiation from the load to the source is less than 
the radiation absorbed by the load. That means the return loss 
has expressed the value opposite to the reflectance. 3D micro-
structured CPI and CPI/AuNPs FSS films have higher mobile 
charge carriers that interact with the electromagnetic radiation 
that produces lower reflectance for EMI shielding than CPI-
planar and CPI/AuNPs-planar films. Therefore, the return loss 

of 3D microstructured CPI and CPI/AuNPs FSS films increases 
with a strong excitation resonance frequency compared to CPI-
planar and CPI/AuNPs-planar films. The return loss induces 
the secondary mechanism as absorption for EMI shielding by 
interacting the electric or magnetic dipoles of the materials 
with the electromagnetic radiation. Absorption and return loss 
can be described according to the relation between absorp-
tion coefficient, reflection, and transmission that is expressed 
by the formula: A = 1 − R − T. As FSS carbon-based materials 
are semi-metallic materials, the transmission tends to almost 
zero. Therefore, the maximum value of absorption indicates 
the minimum value of reflectance/the maximum value of 
return loss.[51–54] The latter mechanism is multiple reflections, 
which are the internal reflections between the interfaces of the 
shielding material. Significantly, multiple reflections reduce the 
overall shielding value if the material thickness is thinner than 
the skin depth, since 3D microstructured CPI and CPI/AuNPs 
FSS films have large internal surfaces as foam. The skin depth 
is the depth of the conductor at which the strength of the elec-
tric field drops to (1/e) of the incident strength:

1

f
δ

π µσ
=  (6)

where δ is the skin depth, f is the frequency, μ is the magnetic 
permeability (μ  = μoμr), μo  = 4π  × 10−7 H m−1, for graphite,  

Adv. Optical Mater. 2022, 10, 2102178

Table 1. Skin depth of CPI-planar, CPI/AuNPs-planar and 3D-CPI and 
3D-CPI/AuNPs films.

Samples Conductivity 
[S cm–1]

Frequency  
[THz]

Skin depth  
[µm]

Thickness of 
sample [µm]

CPI-planar 51.18 1.1 6.7 ≈30

CPI/AuNPs-planar 55.17 1.1 6.4 ≈30

3D-CPI 196.57 1 3.5 ≈80

3D-CPI/AuNPs 273.54 1.06 2.9 ≈80

Figure 6. Reflectance as-measured semi-log graph of a) planar CPI and CPI/AuNPs films and b) 3D-CPI and 3D-CPI/AuNPs FSS films. Return loss of 
c) planar CPI and CPI/AuNPs films and d) 3D-CPI and 3D-CPI/AuNPs FSS films.
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μr  ≈ 1, relative magnetic permeability, and σ is the electrical 
conductivity of the material. The skin depth of 3D micro-
structured CPI and CPI/AuNPs FSS films can be neglected 
due to their higher thickness (Table 1). As the comparison of 
CPI-planar and 3D microstructured CPI, 3D-CPI obviously 
impacts the secondary and the third mechanisms for the EMI 
shielding.[55–57] Therefore, a 3D microstructured CPI FSS struc-
ture has a high potential to be used as an EMI shielding mate-
rial owing to the main mechanisms of shielding properties.

3. Conclusions

3D microstructured CPI and 3D-CPI/AuNPs FSS films were 
systematically fabricated with carbonization/graphitization 
enhanced mechanical and electrical properties by carbonization/
graphitization under different temperatures. Our study demon-
strated that the graphitized films possess a higher crystallite ori-
entation of repeating units, leading to higher conductivity. The 
3D microstructured CPI and 3D-CPI/AuNPs FSS films show a 
higher return loss with the distinct resonance frequency of CPI-
planar and CPI/AuNPs films. 3D-CPI/AuNPs film exhibits a 
larger value of return loss and a stronger resonance frequency 
owing to the plasmonic interaction with the incident EM wave 
that induces the mechanism for EMI shielding. Therefore, we 
demonstrate the efficient processing, structuring, and capability 
of carbon materials for terahertz applications.

4. Experimental Section
The organo-soluble polyimide (PI) with a solid content of 1.5  wt.% 

was completely dissolved in DMF and continuously stirred at room 
temperature for over 12 h.[58,59] The transparent yellow PI solution was 
poured into the microstructured mold and immediately put in a vacuum 
oven to pump the bubbles from the solution repeatedly. The entire 
process of the sample preparation is illustrated in detail in Figure 7. 
The PI solution was dried at 80 °C to evaporate the DMF solvent under 

the inert gas environment. The microstructured PI film was obtained 
by peeling off from the mold, followed by the thermal imidization 
process that is a functional process for achieving any desired shape. 
The microstructured PI film was annealed under 100, 200, and 300 °C 
for 1 h at each temperature in the vacuum furnace to remove residual 
molecules from the solvent.[60–62]

The microstructured PI film was sandwiched between carbonization 
molds and placed into a tube furnace under argon gas flow for pre-
carbonization using a temperature profile from 200 to 1000 °C as shown 
in Figure S3 (Supporting Information). Further, the microstructured 
carbonized PI films were sandwiched between supporting graphite 
plates and using the vacuum tube furnace (GLS-1800X) high-
temperature graphitization was carried out by gradually increasing 
temperature to 1000, 1200, and 1400 °C with a heating rate of 10 °C min–1  
and stabilized at 1600 °C with a heating rate of 5 °C min–1 for 1 h, 
under an argon flow rate of 10 L min–1. The final thickness of a pyramid 
of 3D-CPI obtained was ≈80 µm (Figure S4, Supporting Information). 
After carbonization, 15  nm of the gold layer was deposited on the 
3D-CPI film and consequently given heat treatment at 400 °C for 1 h 
to obtain 75–100  nm diameter AuNPs [63–65] which were characterized 
by field emission SEM (FE-SEM, QUANTA FEG250, USA) (Figure S5,  
Supporting Information). Fourier transformation infrared (FT-IR) 
spectrometry (Nicolet Avatar-360) and X-ray photoelectron spectroscopy 
(XPS, PHI-5400, Physical Electronics) were performed to investigate the 
3D-CPI films. Raman spectroscopy and Hall effect measurement system 
(ECOPIA, HMS-5300) were used to measure carbon products, especially 
considering conjugated and double carbon–carbon bonds lead to high 
Raman intensities and the electrical conductivity of 3D-CPI and 3D-CPI/
AuNPs films, respectively. These films were characterized by SEM (FEI 
Quanta 200FEG, USA) and energy dispersive elemental mapping. The 
optical properties of the films were ascertained by THz time-domain 
spectroscopy (THz-TDS, TOPTICA Photonics) THz-TDS, TOPTICA 
Photonics developed femtosecond laser with the widest range maximum 
of 3.5 THz (116 cm–1) that has better spectral resolution than 2.5 GHz 
(0.08 cm–1). The real-time data acquisition 10  spectra  s−1 could swiftly 
yield information about the transmission and reflection modes.

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

Adv. Optical Mater. 2022, 10, 2102178

Figure 7. The schematic diagram of the sample preparation of 3D-CPI and 3D-CPI/AuNPs films.
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