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Ultra-Broadband Wide-Angle Terahertz Absorption

Properties of 3D Graphene Foam

Zhiyu Huang, Honghui Chen, Yi Huang,* Zhen Ge, Ying Zhou, Yang Yang,
Peishuang Xiao, Jiajie Liang, Tengfei Zhang, Qian Shi, Guanghao Li, and Yongsheng Chen

As a next generation of detection technology, terahertz technology is very
promising. In this work, a highly efficient terahertz wave absorber based on
3D graphene foam (3DG) is first reported. Excellent terahertz absorption
property at frequency ranging from 0.1 to 1.2 THz is obtained owing to faint
surface reflection and enormous internal absorption. By precise control of
the constant properties for 3DG, the reflection loss (RL) value of 19 dB is
acquired and the qualified frequency bandwidth (with RL value over 10 dB)
covers 95% of the entire measured bandwidth at normal incidence, which far
surpasses most reported materials. More importantly, the terahertz absorp-
tion performance of 3DG enhances obviously with increasing the incidence
while majority of materials become invalid at oblique incidence, instead.

At the incidence of 45°, the maximum RL value increases 50% from 19 to
28.6 dB and the qualified frequency bandwidth covers 100% of the measured
bandwidth. After considering all core indicators involving density, qualified
bandwidth, and RL values, the specific average terahertz absorption (SATA)

better anti-interference ability than micro-
wave radar and infrared detector, gradually
attracts more attention. For example, a
high-power 215 GHz pulsed radar system
was developed for remote-sensing applica-
tions at ranges of several kilometers”] and
an experimental coherent pulsed radar
operating at 225 GHz offered the detec-
tion of targets out to ranges of 3.5 km.[®!
Generally, terahertz technology is com-
posed of three parts: terahertz sources, ter-
ahertz detectors, and terahertz absorbers.
While the terahertz sources?! and detec-
tors!!% have been developed a lot, there still
exists the absence of adequate researches
on terahertz absorbers. The thermal
detectors, radar systems, electromagnetic
shielding, and some other relating things

property is investigated. The SATA value of 3DG is over 3000 times higher

than those of other materials in open literatures.

1. Introduction

Terahertz radiation (T-ray) usually consists of electromagnetic
waves within the frequency ranging from 0.1 to 10 THz.[!
In recent years, extensive efforts have been devoted into the
development of terahertz science and technology.?! Terahertz
imaging,®l terahertz sensors,* terahertz spectroscopy,® tera-
hertz high-speed communication,’® and terahertz radar system
are all cutting-edge technologies. Among these frontier tech-
nologies, terahertz radar, which has higher range resolution,
stronger penetrating ability, lower intercept probability, and
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are all in urgent need of the highly effi-
cient terahertz absorbers along with both
high terahertz absorption intensity and
large qualified bandwidth (reflection loss
(RL) larger than 10 dB). Additionally, the
excellent absorption performance at an oblique incident angle
is also critical in practical applications.

So far, metamaterials (MMs), which are fabricated by pro-
jecting the sub-wavenumber structures of metals (Au, Cu, Al,
and so on) and insulators (polyimide) to adjust the conductivity
and permeability, are the most investigated materials for tera-
hertz absorbers since they can yield high absorptivity at certain
frequencies based on the precise regulation of conductivity
and permeability. Most MMs only acquire high absorption per-
formance at a certain frequency,!'!l but how to realize broad-
band absorption performance at terahertz frequency range
has always been a big challenge. To expand the MMs’ quali-
fied bandwidth, the most direct way is to incorporate multiple
resonant structures within one-unit cell. Thus, the dual-band
terahertz absorbers,[?! triple-band terahertz absorbers,[3! and
even ultra-multi-layer absorbers!' with extremely complicated
designs and crafts have been fabricated even though their quali-
fied frequency bandwidths are still hard to reach 80% of the
measured frequency range and most of them will lose effec-
tiveness at an oblique incidence. As a result, the disadvantages
limit their practical applications.

Carbon-based material with diversified structures, tunable
optical properties, and simple preparation methods is another
kind of terahertz absorbers. However, the maximum absorp-
tion intensities of carbon-based terahertz absorbers, such as
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carbon nanotubes (CNTs),'’! graphite,l'®l and graphene,l'”] are
even hard to reach 80%. The strong surface reflection caused
by interface mismatch or poor dispersion greatly reduces the
terahertz absorption performance. Therefore, how to regulate
their electromagnetic properties to enhance terahertz absorp-
tion performance is still a challenge. Hence, the terahertz
absorbers combining the advantages of high absorption inten-
sity and large qualified bandwidth at wide incident angles is
still lacking.

Recently, a significant progress has been made toward the
synthesis of 3D graphene.'8! Macroscopic 3D graphene foam
(3DG) with ultralow density and adjustable optical property has
been demonstrated by our group, which may pave the way for
the exploitation of graphene as an ultralight, broadband, and
wide-angle terahertz absorber.'”) Herein, we have first demon-
strated the highly efficient 3DG-based terahertz absorber with
the density of 0.8 mg cm™3. 3DG possesses the maximum RL
value of 19 dB at 0.88 THz and the qualified frequency band-
width covering 95% of the entire measured bandwidth at
normal incidence, which is far superior to most of materials
reported in open literatures. Moreover, the maximum absorp-
tivity reaches 28.6 dB at 0.64 THz and the qualified frequency
bandwidth covers 100% of the measured bandwidth at the inci-
dent angle of 45°. Compared with the traditional absorber, such
as MMs, graphene oxide (GO), CNTs, and so on, 3DG with
highly porous structure possesses stronger absorption inten-
sity, broader qualified bandwidth, and much lower density. The
high efficient and broadband absorption performance of 3DG
is attributed to the porous structure and the long-rang conduc-
tive network. The design of highly porous structure is the key to
reduce the surface reflection in contrast to other carbon-based
materials as mentioned above, because the efficient dielectric
constants of 3DG are well-matched to the dielectric constants of
the air. With proper annealing treatment, 3DG could generate
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induced currents in the walls while being irradiated. Such
long-range-induced currents rapidly attenuate in the resistive
network and are converted into thermal energy, which brings
about quick decay of massive incident T-ray. Integrating the
merits of high absorption, broad bandwidth, and low density,
the value of specific average terahertz absorption (SATA) per-
formance for 3DG is over 3000 times higher than those of other
materials.

2. Results and Discussion

3DG was prepared through the solvothermal method.?% The
3DGs annealed at the different temperatures of 400, 600, 800,
1000, and 1500 °C were abbreviated as T400, T600, T800,
T1000, and T1500, respectively. The 3DG without thermal treat-
ment was marked as TO.

The highly porous structure of 3DG has been character-
ized by scanning electron microscopy (SEM) in Figure 1a,b.
The average size of the pore was estimated to about 42 pm
in Figure S1 (Supporting Information). And the porosities of
3DGs with different annealing temperatures are above 99.9%
(Figure S2, Supporting Information). This distinctive struc-
ture plays an important role in absorbing T-ray. The ultrahigh
porosity leads to the reduction of the effective dielectric con-
stant. The effective solid contents of the surface are very low,
which ensures the majority of incident terahertz radiation irra-
diated on the surface of the 3DG will enter into the internal with
almost no reflection or dispersion.?!l The thermogravimetric
analyses (Figure 1d) were performed to examine the physico-
chemical effects of the annealing. TO appears apparent weight
loss when the temperature approaches 200 °C because of the
removal of the substantial oxygen-containing functional groups
and the mass loss is about 25% at the temperature of 400 °C.

TO T400 T600 T800 T1000 T1500
3DG samples

e
TO j\{\ :1,=1.749
T400 j\& =1.738
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Figure 1. a,b) The cross-sectional SEM images of 3DG. c) The densities of 3DGs. d) The thermogravimetric analyses of TO, T1000, and T1500 at N,
atmosphere. e) The Raman spectra of 3DG annealed at different temperatures.

Adv. Funct. Mater. 2017, 1704363

1704363 (2 of 8)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

For T1000 and T1500 samples, the mass loss significantly
decreases compared to the TO sample because the annealing
treatment removes most of the oxygen-containing functional
groups and partially restores the conjugated structure of 3DG.
The annealing treatment greatly improves the thermal stability
for T1000 and T1500. And in the Raman spectra (Figure 1le),
3DG displays two significant peaks at 1350 and 1586 cm™, cor-
responding to the D and G bands, respectively. The area ratio
(Ip/Ig) is associated with defect concentration of graphitic
carbon materials. It can be seen that with the rising of annealing
temperature, the Ip/Ig ratio reduces from 1.749 for TO to 1.524
for T1000, which demonstrates the enlargement of sp? carbon
domain. Furthermore, the Ip/I¢ ratio dramatically decreases to
0.382 for T1500, indicating the large increase of dielectric con-
stants. The half peak widths of both D peak and G peak sig-
nificantly decrease after 3DG annealing at higher temperature
and the 2D peak of 3DG emerges after 1500 °C annealing, sug-
gesting that the graphitization degree greatly increases. With
the increase of annealing temperature, the dielectric constants
increase significantly (Figures S6 and S7, Supporting Informa-
tion), which is consistent with the literatures.??! This indicates
that the surface reflection and absorption performance would
simultaneously increase with the increase of annealing tem-
perature (Figures S8-S10, Supporting Information). In other
words, although higher reduction degree generates higher
absorption, according to the theory of transmission lines, it also
gives rise to higher reflection on the surface of 3DG. And there
exists an optimum temperature of thermal treatment for 3DG,
which could make 3DG has terahertz absorptivity as much as
possible while maintaining low surface reflection.

The terahertz time-domain spectroscopy is a useful method
for measuring optical properties of various materials. The
terahertz absorption measurement of 3DG over the frequency
ranging from 0.1 to 1.2 THz was carried out in a terahertz
time-domain spectroscopy system as shown in Figure 2. The
aluminum plate is used to reflect the T-ray, which is consid-
ered as a nearly total reflection because of the high refractive
index of aluminum.?3l The first reflected wave from sam-
ples and the second reflected wave from aluminum plate
are both detected. The lens used to focus the T-ray is placed
before the samples. On the condition of the normal incidence
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(Figure 2a), the incident T-ray enters the silicon wafer with
200 um thickness at an angle of 45° and then focuses on
the surface of 3DG. The reflected wave is transmitted to the
receiver through the silicon wafer. Under the circumstance of
the oblique incidence (Figure 2b), the incident angle is tuned
by rotating the round platform and precisely adjusting the dis-
placement platform.

Both the annealing temperature and the thickness are critical
to the terahertz absorption performance of 3DG. Figure 3a—d
gives the RL curves of 3DGs with different thicknesses (1-4 mm)
and different annealing temperatures in the frequency range
of 0.1-1.2 THz, respectively. The TO samples with 1-4 mm
thickness all exhibit very inferior terahertz absorbing ability
in the measured frequency range owing to severe disruption
of in-plane conjugated structures of 3DGs. With the increase
of annealing temperature, the absorptivity of 3DG is gradually
improved, which is consistent with the increase of calculated
absorption coefficient and extinction coefficient (Figures S9 and
10, Supporting Information). For example, the maximum value
of RL improved from 1 dB for TO with 4 mm thickness to 16 dB
for T800 with 4 mm thickness and the qualified frequency
bandwidth for T800 with 4 mm thickness reaches 96% of the
measured frequency range (Figure 3d). Then, 3DG annealed
at 1000 °C has a better absorptivity and remains a broad quali-
fied frequency bandwidth. For T1000 with 4 mm thickness, the
maximum RL value reaches 19 dB at 0.88 THz and the quali-
fied frequency bandwidth reaches 1.045 THz, covering 95% of
the entire measured bandwidth (Figure 3d). With the annealing
temperature further increasing, the changes of the 3DGs tera-
hertz absorption performance do not maintain a monotonic
evolution because a larger surface reflection makes a negative
effect on the absorption performance. Upon the annealing tem-
perature reaching 1500 °C, the T1500 samples with different
thickness (1-3 mm) all maintain high terahertz absorption
performance owing to relative low surface reflection and larger
internal absorption. For example, T1500 with 1 mm thickness
possesses the maximum RL value of 15.6 dB and its qualified
bandwidth ranges from 0.31 to 1.2 THz, covering 81% of the
measured frequency (Figure 3a). Considering both absorption
performance and the thickness, T1500 owns the best absorption
performance among the samples with 1 or 2 mm thickness.

Figure 2. Schematic diagram describing a terahertz time-domain spectroscopy system used for terahertz absorption measurements over the fre-
quency from 0.1 to 1.2 THz at a) normal incidence and b) oblique incidence. The blue and red lines refer to the incident wave and the reflected wave,

respectively.
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Figure 3. The RL curves of original 3DGs and 3DGs with different annealing temperatures (400-1500 °C) with a) 1, b) 2, c) 3, and d) 4 mm thickness.
The terahertz absorption performance of T1000 sample with 4 mm thickness is the optimum. e) The RL curves of the best performance for each thick-
ness of 3DG. f) The maximum RL value and qualified bandwidth for each thickness of 3DG.

And T1000 possesses the best absorption performance among
samples with 3 or 4 mm thickness (Figure 3e). Both the RL
values and the qualified frequency bandwidths for 3DGs with
different thicknesses are very outstanding (Figure 3f), which is
superior to other materials reported.

The schematic diagram of the propagation of T-ray is shown
in Figure 4a. The initial incident T-ray is divided into the
multiple reflection, transmission, and absorption
Iy :(IRI +15 +IT1)+(IR2 +14, +ITZ)+ """ +(IRn +1a, +ITn) (1)
where I, Iy, Ia,, and Iy, respond to the incident terahertz, the
ny, order reflection, the ny, order absorption, and the ny, order
transmission, respectively. Since the intensities of multiple
reflections, such as Iy, are too weak to be observed, therefore
they are not taken into account. And the aluminum plate is con-
sidered as a nearly total reflection plane as mentioned above.
Therefore, the above equation can be simplified as
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Io=1Ip +1Ips +1a (2)

As can be seen from Equation (2), absorbers can acquire
greater absorptivity by reducing the values of I, and Iy, as
far as possible. The signals of Iy; and Iy, are all recorded in
the terahertz time-domain spectroscopy. In Figure 4b,c, the
first signal Iz; and the second signal Iy, are contributed to the
surface reflection of 3DGs and the surface reflection of alu-
minum plate, respectively. The time difference between I,
and Iy, indicates the thickness and the dielectric constants
of different samples. The terahertz time-domain spectros-
copies clearly illustrate the intensities of surface reflection
and internal absorption of different samples. As shown in
Figure 4D, the signal I; gradually emerges and increases with
the increase of annealing temperature, indicating a larger sur-
face reflection. At the same time, the intensity of I, evidently
decreases, demonstrating a higher absorption performance,
which agrees well with the higher real part and imaginary part
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Figure 4. a) The schematic diagram of the propagation of T-ray. The signals of Ig; and Ig, are detected from the terahertz time-domain spectroscopy
and multiple reflection signals are too weak to be detected. The terahertz time-domain spectroscopy of b) 3DGs with T mm thickness under different
thermal treatment and c) the T1000 sample with different thickness (1-4 mm).

of dielectric constants (Figures S6 and S7, Supporting Infor-
mation). For T1000, the signal I, almost disappeared, which
refers to a very excellent absorption. But for T1500, the signal
Iry increases obviously compared to that of T1000. The results
indicate that T1500 has larger surface reflection than that of
T1000, which has a negative effect on the terahertz absorp-
tion. Therefore, the T1000 sample with 4 mm thickness pos-
sesses the best absorption performance since it can absorb the
majority of T-ray while maintaining a very low surface reflec-
tion. Then the influence of different thicknesses for T1000 is
also studied by the time-domain spectroscopy (Figure 4c). With
the thickness increasing from 1 to 4 mm for T1000, the inten-
sity of Iy, hardly changes and the intensity of Iy, decreases
significantly. It means that the surface reflection of T1000
is almost constant while the internal absorption of incident
T-ray is enhanced a lot with the thickness increasing. There-
fore, T1000 with 4 mm thickness has the optimal absorption
performance.

In most practical applications, T-ray comes from different
directions. It is important to maintain excellent absorption per-
formance at oblique incidence. Among the reported terahertz
absorbers, their absorptivity and qualified bandwidth both
decrease obviously at oblique incidence, in spite that they work
well at normal incidence. Instead, the 3DG-based terahertz
absorber in the present work has higher absorptivity while the
incident angle increasing. The RL curves of T1000 samples
with different thickness (1-4 mm) at different incident angles
(0°, 30°, 40°, and 45°) are shown in Figure 5a—d and the absorp-
tion performance at larger incident angles was not measured
due to the instrumental limitations. The absorptivity and the
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qualified frequency bandwidth are surprisingly both improved
with the incident angle increasing. For example, the maximum
value of RL reaches 28.6 dB at 0.64 THz and the qualified fre-
quency bandwidth covers 100% measured bandwidth at the
incident angle of 45°, where the maximum RL value increases
by 50% from 19 to 28.6 dB and the average RL value (integrated
RL value divided by measured frequency range) increases by
58% from 15 to 23.7 dB compared with the absorption per-
formance at normal incidence. While increasing the incident
angle, the absorptivity of 3DG significantly improved due
to longer optical distance and larger surface scattering. As
described in Figure 5e,f, notably, the qualified bandwidth and
the maximum absorptivity of 3DG far surpass those of the
reported representative MMs and previous carbon-based mate-
rials as mentioned above. Especially, after comprehensive con-
sideration of density, qualified bandwidth, and RL values, the
SATA of 3DG is over 3000 times higher than those of tradi-
tional materials (Table S1, Supporting Information).

3. Conclusion

In summary, we have succeeded in acquiring the wide-angle,
large-bandwidth, and high-intensity terahertz absorbers based
on foams with porosity of 99.9% and density of 0.80 mg cm™.
3DG is bulk materials with no dispersion problem which often
diminishes the absorption performance in the most carbon-
based composites. The highly porous structure with 99.9%
porosity contributes to low surface reflection because of low
efficient dielectric constants. And the annealing treatment

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The RL curves for T1000 with a) 1, b) 2, ¢) 3, and d) 4 mm thickness at different incident angles (0°-45°). The maximum value of RL reaches
28.6 dB at 0.64 THz and the qualified frequency bandwidth covers almost 100% of the measured bandwidth at the incident angle of 45°. e) Direct
comparison of the SATA performance of 3DGs (red) in this work with those of representative materials (blue) in open literatures. f) Direct comparison
of the absorption performance of 3DGs (marked as star) in this work with those of traditional terahertz absorbers (marked as pebble), including MMs
and carbon-based materials. This work (N) and this work (O) respond to the absorption performance at normal incidence and oblique incidence,

respectively.

of 3DGs can further regulate the optical properties to yield a
high absorptivity over a wide frequency range. Compared with
traditional terahertz absorbers, T1000 with 4 mm thickness
delivers a substantially enhanced terahertz absorption perfor-
mance with the maximum RL value of 19 dB and the quali-
fied frequency bandwidth of 1.045 THz, covering 95% of the
entire measured bandwidth at normal incidence. Besides,
T1500 samples with different thickness (1-3 mm) all maintain
high terahertz absorption performance owing to relative low
surface reflection and higher internal absorption. For instance,
T1500 with 1 mm thickness possesses the maximum RL value
of 15.6 dB and its qualified bandwidth ranges from 0.31 to
1.2 THz, covering 81% of the measured frequency at normal
incidence. Remarkably, the 3DG-based terahertz absorber has
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much higher absorptivity with the incident angle increasing
while the absorptivity and qualified frequency bandwidth of
most reported materials both decrease obviously at oblique
incidence in spite of the fact that they work well at normal inci-
dence. At the incident angle of 45°, the maximum RL value for
the T1000 sample with 4 mm thickness even reaches 28.6 dB at
0.64 THz and the qualified frequency bandwidth covers 100%
of the measured bandwidth. Finally, the value of SATA perfor-
mance for 3DG is over 3000 times higher than those of other
materials in open literatures. Hence, 3DG as a lightweight,
wide-angle, broad-bandwidth, and highly efficient terahertz
absorber opens up great opportunities for the next generation
of radar detection technique in space, which is a highly impor-
tant military tool in the future.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section

Synthesis of Graphene Oxide: Graphene oxide was prepared by using
a modified Hummers method.['®! In brief, flake graphite (10 g, average
particle diameter of 300 um, 99.95% purity, Qingdao Tianhe Graphite
Co. Ltd., Qingdao, China) and NaNO; (7.5 g, A.R.) were placed in a
flask. Then, H,SO, (750 mL, A.R.) was added with stirring in an ice-
water bath, and KMnO, (45 g, A.R.) was slowly added over about 0.5 h.
Stirring was continued for 1 h in the ice-water bath. Then the product
was poured into the beaker and placed in the oven at 60 °C for 6 h.
After that they were slowly added into a beaker containing H,O of twice
volume than the intermediate after returning to the room temperature.
When the temperature was reduced to 60 °C, H,0, (15 mL, 30 wt%
aqueous solution) was added. To remove the ions of oxidant and other
inorganic impurity, the resultant mixture was purified by repeating the
following procedure: centrifugation, removal of the supernatant liquid,
addition of H,0, and dispersing the solid using vigorous stirring
and ultrasonication for 10 min. After complete removal of impurity,
centrifugation and addition of ethanol were repeated to obtain graphene
oxide which was resolved in ethanol solution.

Synthesis of 3DG: 3DG was prepared by solvothermal reaction.
Briefly, the resultant GO ethanol solution (0.5 mg mL™") was treated in
a custom Teflon autoclave at 180 °C for 12 h to form an ethanol-filled
intermediate solid. The gradient solution was then applied to replace the
internal ethanol with water. After the solvent exchanging, the water-filled
intermediate was freeze-dried to remove the remaining water inside. The
resultant 3DG was annealed at the different temperatures of 400, 600, 800,
1000, and 1500 °C for 2 h in argon at ramp rate of 5 °C min~' separately
to obtain the target 3DGs. Finally, 3DGs with 3 cm diameter were cut into
1-4 mm thickness by the laser cutting device with 1.5 W power.

Measurement of Terahertz Absorption Performance: The reflection of
3DGs was tested by the terahertz time-domain spectroscopy system
(TP15K-F). Both the transmitter and the receiver are commercialized
photoconductive antennas. The laser is a femtosecond fiber laser with
1550 nm center wavelength and 50 fs pulse width. The resolution of
spectroscopy is less than 3.5 GHz. The 3DGs were adhered closely to the
aluminum plate. Both the normal incidence and the oblique incidence
were tested using this terahertz time-domain spectroscopy system. The
spot size of T-ray focusing on the samples is 0.8 cm diameter.

Supporting Information

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