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The AlGaN/GaN Schottky barrier diodes (SBDs) working as high-power mixer and multiplier show great potential in millimeter
wave (MMW) field owing to their high breakdown voltage. Nevertheless, its further application is severely limited by large reverse
leakage current (J,) since the two-dimensional electron gas (2DEG) channel is hard to be pinched off at low voltage. To address this
limitation, a graded AlGaN/GaN heterostructure is introduced to extend the 2DEG channel into a quasi-three-dimensional
electron slab. By comparing the fixed Al composition AIGaN/GaN SBD, J, of the graded AlGaN/GaN SBD is significantly reduced
due to the extension of channel carriers, confirming the effective J, suppression effect of this structure. Furthermore, on this basis,
arecessed anode structure is utilized to expect a smaller J,. The results indicated that the graded AlIGaN/GaN SBDs with air-bridge
structure have achieved a pretty low J, value (1.6 x 10 A at -15 V), and its cutoff frequency is as high as 60.6 GHz. It is expected

that such SBDs with low J, have significant advantages in future applications.

1. Introduction

The Schottky barrier diodes (SBDs) can be used as mixer and
multiplier elements in millimeter wave (MMW) imaging
[1, 2], nondestructive testing [3], automotive sensors [4, 5],
and communication [6] regions due to their nonlinear effect
and mature manufacturing technology [7-11]. To date, the
planar GaAs-based SBD is still the most commonly used
element, but it always exhibits large reverse leakage currents
(J;) and low breakdown voltage, which seriously limits its
applications in the high-power field [9]. By contrast, GaN-
based SBDs have a higher breakdown voltage and show
greater application advantages in the MMW field. Specifi-
cally, some researchers have achieved high breakdown

voltage and high cutoff frequency (f;) with the n™-GaN/n"-
GaN structure [12, 13]. In our previous studies, we also have
reported the breakdown voltage of -20 V at 0.1 uA and a f, of
114 GHz based on AlGaN/GaN heterostructure [14].
Compared to bulk doping, the two-dimensional electron gas
(2DEG) with high electron mobility and high carrier con-
centration can be acquired at AIGaN/GaN interface due to
its spontaneous polarization and piezoelectric polarization
[15-17]. However, according to related reports, the SBDs
based on the AlGaN/GaN heterostructure exhibit large J,
because the 2DEG channel is hard to be pinched off at low
voltage [18-21]. To solve this problem, an extended 2DEG
structure was designed by the graded AlGaN/GaN hetero-
structure [22-25]. The graded AlGaN/GaN exhibits high
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mobility compared with bulk doping due to the removal of
ionized impurity scattering, especially in low-temperature
environments [22]. Furthermore, the graded AlGaN/GaN
can realize better stability due to the robustness of surface
states [24]. However, the characteristics of the graded
AlGaN/GaN SBDs are rarely reported, and investigations
about leakage properties are still lacking.

In this work, the planar SBDs based on the fixed Al
component AlGaN/GaN and the graded AlGaN/GaN het-
erostructures were fabricated, and their current-voltage (I-
V) and capacitance-voltage (C-V) characteristics were
evaluated and compared. The carrier distribution of the
graded AlGaN/GaN heterostructures was analyzed
according to the simulated and experimental results, which
supported the extension of the carrier distribution. The
forward and reverse currents of SBDs were also studied
through the structures with and without recessed anode. As
aresult, the SBDs with the air-bridge structure have achieved
a pretty low J, value using graded AlGaN/GaN; meanwhile,
the f. is as high as 60.6 GHz.

2. Experiments

The samples of graded AIGaN/GaN heterostructures were
grown on a c-plane sapphire substrate by metal-organic
chemical vapor deposition (MOCVD). The sample struc-
tures consist of a 20nm AIN nucleation layer, a
2.5 um C-doped (4x 10" cm™) GaN buffer layer, a 200 nm
unintentionally doped (UID) GaN, and a 35nm graded
Alg<GaN barrier layer. C-doped GaN buffer layer is semi-
insulating, which avoids the leakage current of the buffer
layer and reduces the parasitic capacitance. Si concentration
of UID GaN is lower than 10'® cm ™. The Al component x of
graded Aly_,GaN barrier layer from UID GaN to the surface
is changed from 0 to 0.27 (S1) and from 0 to 0.35 (S2), as
shown in Figure 1(a). In order to compare with the con-
ventional AlIGaN/GaN SBDs, a 35nm fixed Al component
Alg35Gag¢5s N/GaN heterostructure (S3) was designed, as
shown in Figure 1(b). The distribution of Ga and Al com-
position in the S2 was measured by secondary ion mass
spectroscopy (SIMS), as shown in Figure 1(c). It can be seen
that the Al composition is graded from UID GaN to
Al 35Gag ¢5 N surface, which extends the carrier distribution
in the channel.

In order to verify the carrier distribution in the graded
AlGaN barrier layer, the ring SBDs were fabricated with
three steps. (1) The device mesa isolation of 300 nm was
performed by dry etching using inductively coupled
plasma (ICP). (2) The cathode ohmic metals of Ti/Al/Ni/
Au (15/80/20/60 nm) were deposited by E-beam and
thermal evaporator followed by rapid thermal annealing
(RTA) at 850°C for 30 s in N,. (3) The metals of Ni/Au (20/
80nm) were deposited in an anode. The schematics of
their structures are illustrated in Figures 2(a) and 2(b). In
conventional ring SBD, the anode radius (R) is 100 ym,
and the space (L,.) between the cathode and anode
electrode is 20 ym. In recessed ring SBD, the recess radius
(r) is 99 ym, which effectively reduces the capacitance of
the ring SBD. Parts of anode metals were designed to be
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overlapped on the sample surface because the radius of the
recess is less than the anode metal. The parallel connection
of overlapped planar and recessed sidewall Schottky diode
is formed in SBD with the recessed anode. Figure 2(c)
shows an optical microscope photograph of ring SBD. The
SBD with air-bridge structure was designed to improve f..
The gold air-bridge which connected the small anode and
electrode pad was fabricated using the electroplating
technique. The structural parameters of the SBD with air-
bridge structure are as follows: R=4 ym, r=3.95 ym, and
L,.=2pm. The reduction of anode size can effectively
increase the f.. Figures 2(d) and 2(e) show the schematic
structure and SEM image of the SBD with air-bridge
structure, respectively.

The C-V characteristics were measured with alternating
voltage of 30mV amplitude and 1MHz frequency by
Keysight E4980 A LCR meter. The I-V characteristics were
tested by Keithley 4200-SCS semiconductor parameter an-
alyzer. All tests were performed at room temperature.

3. Results and Discussion

In order to obtain the characteristics of carrier concentration
vs. depth in the graded AlGaN/GaN heterostructure, the
C-V characteristics of the conventional ring SBDs and the
recessed ring SBDs were measured, as shown in Figures 3(a)
and 3(b). It is observed that the capacitance of recessed ring
SBDs is reduced by two orders of magnitude compared with
the conventional ring SBDs, which is attributed to the sharp
reduction of the effective area of the parallel plate capacitor.
Theoretically, the capacitance of conventional ring SBD can
be described as a parallel plate capacitor with a depletion
depth (W = gy¢,A/C), where ¢, ¢,, A, and C represent the
vacuum dielectric constant, the dielectric constant of
AlGaN, the anode area, and the capacitance of reverse-bias
junction, respectively. The function of carrier concentration
(N 4) vs. depth is described by the following equation [26]:

1 ) 2
d(l/CZ)/dV qsOeSAz’

N,(W) = (1)

where g is the elementary charge. Based on this, the carrier
distributions of S1, S2, and S3 were calculated and plotted in
Figure 3(c). For S3, its carrier distribution width is the
smallest and is quantified as 1.1 nm, which is much narrower
than S1 (5.8 nm) and S2 (6.0 nm). Furthermore, it also has
the largest carrier concentration (1.04 x 10*°cm™) com-
pared to S1 (8 x 10" cm™) and S2 (1.37 x 10" em™). As for
Sland S2, it can be concluded that their carrier distribution
is significantly extended to quasi 3-D electron slab in the
graded AlGaN barrier layer. Additionally, the capacitance of
S3 is smaller than those of S1 and S2 because the channel
carriers are farther away from the anode metal. Conse-
quently, S3 (Vg3 =-6.5 V) shows a higher pinch-off voltage of
depleted channel carriers compared with S1 (Vg; =-2.8V)
and S2 (Vs,=-3.2V) owing to the higher carrier concen-
tration and deeper carrier position.

Figure 3(d) shows the band structure versus the depth
based on simulation results. The potential well is extended
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FIGURE 1: Schematic illustrations of (a) S1 and S2, and (b) S3. (c¢) Composition of Al and Ga in S2 by SIMS measurement.
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FIGURE 2: Schematic illustration of (a) conventional and (b) recessed ring SBDs. (c) Optical microscope photograph of ring SBDs.
(d) Schematic illustration of the SBD with air-bridge structure. (e) The SEM image of the SBD with air-bridge structure.

from AlGaN/GaN interface to the graded AlGaN barrier
layer. Figure 3(c)showsthe carrier distribution versus the
depth, which is similar to the carrier distribution by C-V
calculation. In order to investigate the extension of the
carrier distribution, the distribution of polarization charge
along the [0001] direction was calculated by the Poisson
equation [27].

2
v. [(sz+i—Z)V¢] =—p+V.P, ()

where ¢, is permittivity, e, is the piezoelectric coefficient, c,
is elastic constant, P, is the total polarization in the material,
¢ is the electrostatic potential, and p is the charge distri-
bution. The parameters of ¢,, e,, c,, and P, are all in [0001]
direction. The polarization charge density of the S1 and S2 is
significantly reduced by two orders of magnitude compared
with S3, demonstrating the extension effect of the graded
AlGaN barrier layer on the positive polarization sheet charge

at the AlGaN/GaN interface, as shown in Figures 3(e) and
3(f).

Figures 4(a) and 4(b) exhibit good Schottky diode
properties of conventional and recessed ring SBDs. When
the voltage is lower than the pinch-off voltage
(Vs < V. <0V), the currents gradually increase as the voltage
increases due to the Frenkel-Poole (FP) emission mecha-
nism [21, 28-30], and the channel carriers are not pinch-oft
at this time. In comparison with the S2 and S3, the S1 in-
creases more slowly due to the thicker barrier width. When
the voltage is higher than the pinch-off voltage (V, < Vg), the
currents reach saturation thanks to the pinch-oft of channel
carriers, and in this range, J, is mainly due to the emission
mechanism based on trap-assisted tunneling (TAT).
Compared with the fixed Al composition AlGaN/GaN SBD,
the saturated J, of the graded AlGaN/GaN SBD is reduced
due to the lower carrier concentration, wider depletion
width, and lower tunneling probability. Moreover, the
channel is more likely to be pinched off at lower reverse-bias
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FIGURE 4: The I-V characteristics of (a) conventional and (b) recessed ring SBDs.

voltage due to shallow carrier distribution. In addition, we
found that the saturated J, values are a linear relationship
with the effective anode area and are related to the trap
concentration on the AlGaN surface [21]. In comparison
with conventional rings SBDs, the saturated ], values of
recessed rings SBDs are reduced by about three orders of

magnitude, which is contributed to the smaller effective
anode area.

The electrical characteristics are summarized in Table 1.
The ideality factor of SBDs is larger than 1, which indicates
that the transport mechanisms include TAT, recombination,
and thermionic emission (TE) under the forward voltage
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TaBLE 1: Electrical characteristics of SBDs.

Size (ym) Sample Ideality factor Series resistance (Q2) Saturated J, at -15V (A) Capacitance at 0V Cutoff frequency (GHz)
S1 1.64 51.5 1.0x10°° 146 pF 0.021
R=100, r=0 S2 1.68 39.4 8.8x107° 163 pF 0.025
S3 1.53 21.5 59x107° 109 pF 0.067
S1 1.34 105.8 1.2x107° 1.44 pF 1.04
R=100,7r=99  S2 1.33 52.7 2.0x10°8 1.84 pF 1.66
S3 1.95 20.5 9.9x107® 1.25 pF 6.26
S1 1.89 368 1.6x107" 10.4 fF 41.7
R=4, r=3.95 S2 1.94 210 1.9%x107"2 12.5fF 60.6
S3 2.19 151 3.4x107"° 11.5fF 91.6
1072
104
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= 3
= P
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FIGURE 5: The (a) I-V and (b) C-V characteristics of the air-bridge structure planar SBDs.

[31-33]. The series resistance (R;) of recessed ring SBDs is
larger than conventional ring SBDs because the electrons
laterally flow to the anode metal of the recessed sidewall. In
comparison with conventional rings SBDs, the f. of the
recessed rings SBDs is improved by two orders of magni-
tude, as shown in Table 1.

The f. of SBD is a very important parameter in MMW
regions, which is defined as f.=1/(27R,C,) [34]. The
reduction of R; or Cj is the only way to improve the f.. In
order to obtain a higher f, the SBD with an air-bridge
structure is designed. The C-V and I-V characteristics are
shown in Figures 5(a) and 5(b), respectively, which exhibit
good Schottky diode properties. The value of the J, between
the two pads is about 2.8 x10™'* A. The electrical charac-
teristics are described in Table 1. In comparison with the

SBD of S3, the ], value of S2 is reduced by two orders of
magnitude due to the extension of carriers in the channel.
The capacitance of S3 is slowly decreased due to the sidewall
capacitance of the recessed SBD device, as shown in
Figure 5(b). The S2-based SBD with air-bridge structure
shows R, of 210 Q), C, of 12.5fF, f. of 60.6 GHz, and ], of
1.9x107'% A at -15V.

The J, of the air-bridge structure planar SBDs is sum-
marized in Figure 6. Compared with traditional GaAs-based
SBDs, the GaN-based SBDs show a much higher breakdown
voltage. What’s more, the AlIGaN/GaN SBDs show lower J,
values. In this work, the graded AIGaN/GaN SBDs with the
air-bridge structure have achieved the lowest ], values of
1.6x107" A at -15V, which can effectively reduce the
heating of the device in mixer and multiplier.
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4. Conclusions

In summary, the characteristics of the graded AIGaN/GaN
SBDs with and without recessed anode have been evaluated
by the I-V and C-V. The carrier distribution of the graded
AlGaN/GaN heterostructures was analyzed using the
Poisson equation, which reveals the reasons for the exten-
sion of the carrier distribution. Compared with the fixed Al
component AlGaN/GaN SBD, the J, is reduced by two
orders of magnitude due to the extension of the carrier
distribution. The graded AlGaN/GaN SBDs with air-bridge
structure have achieved a pretty low J; value (1.6 x 107 A at
-15V). The f. of graded Aly.35GaN/GaN SBD with air-
bridge structure is 60.6 GHz, and the J, is as small as
1.9x 107" A at -15 V. These are beneficial to the applications
of MMW in the future.

Data Availability

The data that were used to support this study are included
within the article.

Conflicts of Interest

The authors declare that there are no conflicts of interest to
disclose.

Acknowledgments

This work was partially supported by the Science and
Technology Plan of Guangdong Province, China (Grant nos.
2019B010132003 and 2019B010132001), the joint funding of
the Nature Science Foundation of China and the Macao
Science and Technology Development Fund of China (Grant
no. 62061160368), the National Key Research and Devel-
opment Program (Grant nos. 2016YFB0400105 and
2017YFB0403001), and the Zhuhai Key Technology Labo-
ratory of Wide Bandgap Semiconductor Power Electronics,
Sun  Yat-sen  University, China  (Grant  no.
20167612042080001).

Advances in Condensed Matter Physics

References

[1] L. Yujiri, M. Shoucri, and P. Mofta, “Passive millimeter-wave
imaging,” IEEE Microwave Magazine, vol. 4, no. 3, pp. 39-50,
2003.

[2] D. M. Sheen, D. L. McMakin, and T. E. Hall, “Three-di-

mensional millimeter-wave imaging for concealed weapon

detection,” IEEE Transactions on Microwave Theory and

Techniques, vol. 49, no. 9, pp. 1581-1592, 2001.

S. Kharkovsky and R. Zoughi, “Microwave and millimeter

wave nondestructive testing and evaluation - overview and

recent advances,” IEEE Instrumentation and Measurement

Magazine, vol. 10, no. 2, pp. 26-38, 2007.

J. Hasch, E. Topak, R. Schnabel, T. Zwick, R. Weigel, and

C. Waldschmidt, “Millimeter-wave technology for automo-

tive radar sensors in the 77 GHz frequency band,” IEEE

Transactions on Microwave Theory and Techniques, vol. 60,

no. 3, pp. 845-860, 2012.

J. Choi, V. Va, N. Gonzalez-Prelcic, R. Daniels, C. R. Bhat, and

R. W. Heath, “Millimeter-wave vehicular communication to

support massive automotive sensing,” IEEE Communications

Magazine, vol. 54, no. 12, pp. 160-167, 2016.

W. Roh, J.-Y. Seol, J. Park et al., “Millimeter-wave beam-

forming as an enabling technology for 5G cellular commu-

nications: theoretical feasibility and prototype results,” IEEE

Communications Magazine, vol. 52, no. 2, pp. 106-113, 2014.

[7] U. R. Pfeiffer, C. Mishra, R. M. Rassel, S. Pinkett, and
S. K. Reynolds, “Schottky barrier diode circuits in silicon for
future millimeter-wave and terahertz applications,” IEEE
Transactions on Microwave Theory and Techniques, vol. 56,
no. 2, pp. 364-371, 2008.

[8] T. W. Crowe, J. L. Hesler, R. M. Weikle, and S. H. Jones,
“GaAs devices and circuits for terahertz applications,” In-
frared Physics & Technology, vol. 40, no. 3, pp. 175-189, 1999.

[9] W. L. Bishop, K. Mckiney, R. J. Mattauch, T. W. Crowe, and
G. Green, “A novel whiskerless Schottky diode for millimeter
and submillimeter wave application,” IEEE MTT-S Interna-
tional Microwave Symposium Digest (Cat. No.87CH2395-2),
vol. 2, pp. 607-610, 1987.

[10] S. Xiao, T. Wang, T. Liu, C. Zhou, X. Jiang, and J. Zhang,
“Active metamaterials and metadevices: a review,” Journal of
Physics D-Applied Physics, vol. 53, no. 50, Article ID 503002,
2020.

[11] Y. Liu, W. Yao, and H. Liu, “Multi-channel AlGaN/GaN
Schottky barrier diodes with a half through-hole,” Materials
Science in Semiconductor Processing, vol. 133, Article ID
105934, 2021.

[12] S. Liang, X. Zhang, Y. Lv et al,, “A 177-183 GHz high-power
GaN-based frequency doubler with over 200 mW output
power,” IEEE Electron Device Letters, vol. 41, no. 5,
pp. 669-672, 2020.

[13] B. Zhang, D. Ji, D. Fang, S. Liang, Y. Fan, and X. Chen, “A
novel 220-GHz GaN diode on-chip tripler with high driven
power,” IEEE Electron Device Letters, vol. 40, no. 5,
pp. 780-783, 2019.

[14] L. Yang, W. Yao, and Y. Liu, “Low capacitance AlIGaN/GaN
based air-bridge structure planar Schottky diode with a half
through-hole,” AIP Advances, vol. 10, no. 4, Article ID 045219,
2020.

[15] L. Hsu and W. Walukiewicz, “Electron scattering mechanisms
at polar GaN/AlGaN interfaces,” Ultrafast Phenomena in
Semiconductors Vi, vol. 4643, pp. 148-162, 2002.

[16] E.T.Yu,X. Z. Dang, P. M. Asbeck, S. S. Lau, and G. J. Sullivan,
“Spontaneous and piezoelectric polarization effects in III-V

[3

[4

[5

[6



Advances in Condensed Matter Physics

(17]

(18]

(19]

[20

[21

(22]

[23

(24]

[25

(26]

(27]

(28]

(29]

(30]

(31]

nitride heterostructures,” Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures,
vol. 17, no. 4, pp. 1742-1749, 1999.

O. Ambacher, J. Smart, J. R. Shealy et al., “Two-dimensional
electron gases induced by spontaneous and piezoelectric
polarization charges in N- and Ga-face AlGaN/GaN heter-
ostructures,” Journal of Applied Physics, vol. 85, no. 6,
pp. 3222-3233, 1999.

W. J. Ha, S. Chhajed, and S. J. Oh, “Analysis of the reverse
leakage current in AlGaN/GaN Schottky barrier diodes
treated with fluorine plasma,” Applied Physics Letters, vol. 100,
no. 13, Article ID 132104, 2012.

X. Y. Liu, S. X. Zhao, and L. Q. Zhang, “AlGaN/GaN MIS-
HEMTs with AIN gate dielectric grown by thermal ALD
technique,” Nanoscale Research Letters, vol. 10, Article ID 109,
2015.

T. Sun, X. Luo, J. Wei, C. Yang, and B. Zhang, “Theoretical
and experimental study on AlGaN/GaN Schottky barrier
diode on Si substrate with double-heterojunction,” Nanoscale
Research Letters, vol. 15, no. 1, Article ID 149, 2020.

Y. Yao, J. Zhang, and Y. Zheng, “Current transport mecha-
nism of AlGaN/GaN Schottky barrier diode with fully
recessed Schottky anode,” Japanese Journal of Applied Physics,
vol. 54, no. 1, Article ID 011001, 2015.

D. Jena, S. Heikman, D. Green et al., “Realization of wide
electron slabs by polarization bulk doping in graded III-V
nitride semiconductor alloys,” Applied Physics Letters, vol. 81,
no. 23, pp. 4395-4397, 2002.

Y. Fang, Z. Feng, C. Li et al., “Trap behaviors in AlGaN/GaN
based polarization-doped field effect transistors by frequency-
dependent conductance-voltage characterizations,” Super-
lattices and Microstructures, vol. 82, pp. 201-206, 2015.

Y. Fang, Z. Feng, J. Yin et al., “AlGaN/GaN polarization-
doped field-effect transistors with graded heterostructure,”
IEEE Transactions on Electron Devices, vol. 61, no. 12,
pp. 4084-4089, 2014.

S. Rajan, H. Xing, S. DenBaars, U. K. Mishra, and D. Jena,
“AlGaN/GaN polarization-doped field-effect transistor for
microwave power applications,” Applied Physics Letters,
vol. 84, no. 9, pp. 1591-1593, 2004.

J. Hilibrand and R. D. Gold, “Determination of the impurity
distribution in junction diodes from capacitance-voltage
measurements,” RCA Review, vol. 21, pp. 245-252, 1960.

B. Jogai, J. D. Albrecht, and E. Pan, “Effect of electrome-
chanical coupling on the strain in AlIGaN/GaN heterojunction
field effect transistors,” Journal of Applied Physics, vol. 94,
no. 6, pp. 3984-3989, 2003.

H. Zhang, E. J. Miller, and E. T. Yu, “Analysis of leakage
current mechanisms in Schottky contacts to GaN and
Al0.25Ga0.75N/GaN grown by molecular-beam epitaxy,”
Journal of Applied Physics, vol. 99, no. 2, Article ID 023703,
2006.

J. H. Shin, J. Park, S. Jang, T. H. Jang, and K. S. Kim, “Gate
metal dependent reverse leakage mechanisms in AlGaN/GaN
Schottky diode,” Japanese Journal of Applied Physics, vol. 52,
no. 7, Article ID 70203, 2013.

E. Arslan, S. Butun, and E. Ozbay, “Leakage current by
Frenkel-Poole emission in Ni/Au Schottky contacts on
Al0.83In0.17N/AIN/GaN heterostructures,” Applied Physics
Letters, vol. 94, no. 14, Article ID 142106, 2009.

M. Grundmann, R. Karsthof, and H. von Wenckstern, “In-
terface recombination current in type II heterostructure bi-
polar diodes,” ACS Applied Materials & Interfaces, vol. 6,
no. 17, pp. 14785-14789, 2014.

(32]

(33]

(34]

D. Yan, J. Jiao, J. Ren, G. Yang, and X. Gu, “Forward current
transport mechanisms in Ni/Au-AlGaN/GaN Schottky di-
odes,” Journal of Applied Physics, vol. 114, Article ID 144511,
2013.

S. Kotzea, A. Debald, M. Heuken, H. Kalisch, and A. Vescan,
“High-mobility GaN-on-sapphire p-n diodes with near-unity
ideality factor and large breakdown voltage,” Journal of
Physics D: Applied Physics, vol. 52, Article ID 285101, 2014.

K. S. Champlin and G. Eisenstein, “Cutoff frequency of
submillimeter Schottky-barrier diodes,” IEEE Transactions on
Microwave Theory and Techniques, vol. 26, no. 1, pp. 31-34,
1978.



Hindawi

Advances in Condensed Matter Physics
Volume 2021, Article ID 7188175, 6 pages
https://doi.org/10.1155/2021/7188175

Research Article

Hindawi

Thermal Conductivity of Graphitic Carbon Nitride Nanotubes: A

Molecular Dynamics Study

Hui Guo ®,"' Chunging Huo,’ Liang Yang ®,” and Shiwei Lin

ICollege of Science, Hainan University, Haikou 570228, China
2School of Materials Science and Engineering, Hainan University, Haikou 570228, China

Correspondence should be addressed to Liang Yang; yl5923@hainanu.edu.cn and Shiwei Lin; linsw@hainanu.edu.cn
Received 20 October 2021; Revised 22 November 2021; Accepted 26 November 2021; Published 15 December 2021
Academic Editor: Shuyuan Xiao

Copyright © 2021 Hui Guo et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Graphitic carbon nitride (g-C5N,) nanotubes are recently gaining increasing interest due to their extraordinary physicochemical
properties. In the following, we report on simulations using a method of nonequilibrium molecular dynamics and focus on the
thermal conductivity variation of g-C;N, nanotubes with respect to different temperatures, diameters, and chiral angles. In spite of
the variation of diameters and chiral angles, the structure of nanotubes possesses high stability in the temperature range from
200K to 600 K. Although there is little change of the thermal conductivity per unit arc length for nanotubes with the same
diameter at different temperatures, it decreases significantly with increasing diameters at the same temperature. The thermal
conductivity at different chiral angles has little to do with how temperature changes. Simulation results show that the vibrational
density of states of nanotubes distributed, respectively, at ~11 THz and ~32 THz, indicating that heat in nanotubes is mostly
carried by phonons with frequencies lower than 10 THz.

1. Introduction

Graphitic carbon nitride (g-C;N,4) is a two-dimensional
semiconductor material with graphene-like single-layer
structure [1]. It has attracted tremendous attention and has
been widely applied in many fields because of the stable
physicochemical and excellent electro-optical properties,
such as the production of hydrogen from water photolysis
[2], battery production [3], photocatalysis [4, 5], and elec-
trochemistry [6] processes. Recently, one-dimensional
nanotube structural g-C;N, analogous materials have been
successfully prepared [7], and enormous progress has been
made in both experimental research and theoretical ex-
plorations. On the one hand, g-C;N, nanotubes have been
successfully prepared on porous Al,O; anode plates via the
sol-gel process. Bian et al. [8] further improved their hy-
drogen evolution ability by depositing Pt nanoparticles on
the tube wall. g-C;N, nanotubes synthesized by the two-step
method displayed 12 times higher photocatalytic efficiency
than that of bulk materials when decomposing rhodamine B
[9]. On the other hand, first-principle calculation was used

to predict the structural stability and electronic properties of
g-C5N, tubular composite materials, which indeed verified
the stable existence of nanotube structural materials [10].
Pan et al. further discovered that electronic structures of
g-C;5N, nanotubes have adjustable band gaps and predicted
that they could be used in the conversion of solar energy
[11]. However, most of these research studies on g-C;N,
nanotubes are focused on their photoelectric properties; very
few discussed their thermodynamic properties, especially
thermal conductivity. In many applications, g-C;N, is often
used to make composites, and thus, its thermal conductivity
may significantly affect the nature of the composites and the
catalysis process. The lack of cognition of the thermal
conductivity of g-C;N, greatly prevents the in-depth un-
derstanding of g-C;N, nanotubes and their applications.
Here, we have employed molecular dynamics (MD)
simulation method to investigate the relation between the
thermal conductivity of g-C;N,4 nanotubes and temperature,
nanotube diameters, and chiral angles. It will be shown that
the thermal mechanism of nanotubes is closely related with
vibrational density of state, the nanotubes process high
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stability at a wide temperature range, thermal conductivity is
closely related to diameters, and heat in nanotubes is mostly
carried by phonons with certain frequencies.

2. Computational Model and Method

2.1. Computational Model. A model from Momma and
Izumi is used in this study, as shown in Figure 1 [12].

At present, the most widely applied two-dimensional CN
compound should be the g-C;N, structure. Then, it is also
applied here to construct nanotubes with the axial length of
about 120 nm. Based on the structural symmetry, the chiral
angles at different chiral directions of the constructed
nanotube cells were ml=0°, m2=6", m3=20°, m4d=30°,
m5 =40°, m6=54", and m7 =60, respectively, as shown in
Figure 1. In addition, different inner diameters (0.71 nm,
1.18 nm, 1.72nm, 2.13nm, 2.35nm, and 2.59nm) of
nanotubes were also constructed at chiral angle m1 =0". The
information of the constructed nanotubes and the com-
putational parameters are shown in Table 1. The compu-
tation is implemented by Device Studio software.

2.2. Computational Method. Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package, an open-
source MD code, was applied in the MD simulation [13]. The
accuracy of the MD simulation strongly depends on the
classical force fields utilized to describe the interatomic
forces. Potential proposed by Tersoft (Tersoff potential) [14]
was used to calculate the interaction between carbon and
nitrogen atoms. Nonequilibrium molecular dynamics
method was employed for the computation of thermal
conductivity. For a single nanotube, heat transferred directly
from every hot end (0.5 nm from the bottom end) to every
cold end (0.5nm away from the center of the length).
Therefore, the thermal conductivity (k) can be directly
obtained from the temperature gradient (AT) and the heat
flux of the system (J) through Fourier’s formula [1]:

J
K= (1)

In order to keep the constant energy and momentum of
the system, 0.2 eV energy (Q) was added into the hot end per
ps, while the same energy Q was subtracted from the cold
end. Then, heat flow and a stable temperature gradient can
be formed between the two ends in such a stable system. The
heat flux can be determined by J = Q/S, where S is the cross-
sectional area of the system. The temperature gradient is
expressed as AT = dT/dL, which is the derivative of the
linear temperature change.

As shown in Figure 2, the temperature changes linearly
in the axial direction in a stable system. Therefore, the
thermal conductivity () can be calculated by

Q/S
T T (2)

The phonon density of states is obtained by calculating
the fast Fourier transform of the phonon spectrum from the
velocity autocorrelation function (VACF) of the system and
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is responsible for the change of thermal conductivity with
nanotube diameters and temperature. Here, VACF is cal-
culated by the following formula:

(v (t)v (to + 1))
(I (k)i (1))
where N is the total atomic number of the system, v; (t,) is
the velocity of the ith atom at time #,, and {-) is the ensemble

average. Vibrational density of states (VDOS) of the phonon
with frequency v can be obtained:

VACE(¢) = (3)

+00

VACF (t)e 7™ dt. (4)

VDOS (v) = I

Periodic boundary conditions were used in this simu-
lation. First, the energy of the system was minimized. In
order to ensure the stability of the calculation system, the
time step was 0.2 fs. Then, NPT ensemble and NV T ensemble
were implemented, respectively, and the structure was op-
timized at constant temperature for 0.4 ns. Then, the system
was switched to constant energy (NVE) simulations for
20 ns. During this period, the temperature distribution curve
(as shown in Figure 3) was obtained once per 1 ns, and the
average temperature difference was output. According to the
formula [2], the thermal conductivity and VACF can be
calculated by using the data after 1ns.

The simulated thermal conductivity of single-layer
g-CsNy (14.76 x12.78 x 0.5nm) is about 2.93 W/(Kem),
which is comparable to the result calculated by equilibrium
MD based on the Green-Kubo formula (3.5 +0.3 W/Kem)
[15]. This proves the reliability of the methodology adopted
here in describing the thermal properties of g-C3N, systems.

3. Results and Discussion

3.1. Stability of the Nanotubes. The maximum diameter of
the nanotubes (2.5 nm) studied here is limited mainly by the
computation cost, which results in a strong internal stress. It
is then easy to cause nanotube collapse and deformation
with increasing temperature, leading to a meaningless cal-
culation. However, nanotubes with different diameters can
approximately retain their structure if the temperature is
lower than 600K, as shown in Figure 4. Although there still
exists tiny deformation, the simulated result of the thermal
conductivity is quite reliable.

The corresponding relation between the (m, n) vector
and diameters can be referred to Table 1, and it is clear in
Figure 4 that the basic orientation of the tube can signifi-
cantly affect the shape of the tube. When the diameter is
small, the tube shows a distorted shape. When the diameter
increases, the tube wall becomes smoother, and the tube
becomes straighter. And when the value of m and # is small,
the atom distribution is generally sparse. The structure of the
tubes may further influence the thermal properties of the
tubes, which will be discussed later.

3.2. Size Effects on the Thermal Conductivity of the Nanotube.
Surface stress exists while rolling the two-dimensional
g-C;N, layers along different chiral angles. The stress is the
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change of phonon density of states caused by the atomic
force in the microscopic scale, while the macroscopic per-
formance is quite different. For nanotubes with different
diameters, the number of atoms in the same plane is dif-
ferent. To figure out the intrinsic size effects of the thermal
conductivity of nanotubes, the thermal conductivity per unit
arc length is introduced [16]:

Ks = g’ (5)

where d is the nanotube diameter.

The thermal conductivity per unit arc length of g-CsN, with
outer diameter from 3 to 17 nm varies little with temperature in
the range of 200-600 K (as shown in Figure 5), which is very
different from that of other carbon nanotubes [16].

As shown in Figure 6, the thermal conductivity per unit
arc length of nanotubes decreases significantly with in-
creasing diameters. This indicates that the internal tension
between the atoms of nanotubes becomes weaker with larger
diameter, which makes it difficult for the thermal vibration
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between adjacent atoms to propagate smoothly along the
axial direction.

3.3. Chirality Effects on the Thermal Conductivity of the
Nanotube. Rolling two-dimensional materials along dif-
ferent chiral angles can form nanotube structures with
different chiral angles, leading to different atomic ar-
rangements with different physicochemical properties.
Therefore, it is meaningful to study the influence of chiral
angles on the thermal conductivity of nanotubes. As shown
in Figure 7, the thermal conductivity of a single chiral
nanotube varies little with the temperature in the range of
200-600 K. For nanotubes with different chiral angles, the
atomic thermal vibration of the nanotubes is intensified, but
the contribution to heat conduction is limited.

The thermal conductivity of nanotubes varies little with
the chiral angles under the same temperature, as shown in
Figure 8, which indicates that it is impossible to adjust the
thermal conductivity by changing only the chiral angles of
nanotubes. We have shown in Figure 4 that the chiral angles
can influence both diameter and atom distribution of the
nanotubes. Generally speaking, a dense atom distribution on
the tube walls is apt to increase the thermal conductivity. On
the contrary, smaller diameter will increase the atom density
in the 3D space, which is likely to increase the thermal
conductivity. The two factors are contradictory. Thus, when
m and n are small, the atom distribution on the tube wall is
sparse, yet the diameter is small, compensating the decrease
of thermal conductivity. Thus, the final thermal conductivity
may be decided by the relation of the two factors.

3.4. Vibrational Density of States (VDOS). In order to gain
more insight into the chirality effects on the thermal con-
ductivity of nanotubes, the VDOS of nanotubes was cal-
culated since vibrational properties at low frequency are
corresponding to the thermal conductivity property. As
shown in Figure 9, the VDOS of nanotubes at different chiral
angles calculated at low temperature (300K) was mainly
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concentrated in frequencies ~11 THz and ~32 THz. There
are few vibrational modes at frequencies lower than 10 THz,
which respond mainly to effective heat conduction.
Therefore, the thermal conductivity of nanotubes with
different chiral angles was very low. This is also true for the
VDOS at different temperatures with the same diameter or
chiral angle. In general, it can be seen that the vibrational
modes of g-C;N, at low frequency are quite few, and heating
or changing chiral angles plays a minor role in adjusting the
thermal conductivity.

4. Conclusions

In summary, the dependence of the thermal conductivity of
g-C5N, nanotubes on temperature, diameters, and chiral
angles of the nanotubes was characterized by molecular
dynamics study. The simulation results suggest that, for a
single nanotube, the thermal conductivity is not sensitive to
temperature and chiral angles, while under the same tem-
perature, the thermal conductivity decreases significantly
with increasing nanotube diameters. These results provide
useful thermal information in guiding the design and ap-
plication of g-C;N, nanotubes in the future devices.
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Low pressure and anoxia are the main characteristics of the environment in the Tibetan Plateau, which means people living there
have a large demand for oxygen to reduce the symptoms of altitude sickness. Pressure swing adsorption (PSA) is a competitive
oxygen production technology in plateau areas, which relies on the molecular sieves for the separation of N, and O, in industry
and portable medical equipment. The adsorption characteristics of the Faujasite-type (FAU) molecular sieves, as one kind of the
most widely used adsorbents for O, production, depend on the properties, amount, and distribution of the skeleton cations and
atoms. In this paper, we explore the isomorphic substitution effect on the adsorption properties of N, in FAU molecular sieves
using the computational approaches based on the density functional theory (DFT). The structural analysis and adsorption energy
calculated for the Zn, Ca, and Ga substitutions at the Si/Al skeleton sites in the 5-cage structure, the basic unit of FAU molecular
sieves, prove that the isomorphic substitution effect can strengthen the adsorption of N,. The Bader charge and density of states
analysis validate the formation of electron-deficient holes near the Fermi level and hence strengthen the local polarity of the pore
structure and enhance the adsorption of N, molecules. The work about isomorphic substitution on the FAU molecular sieves
might provide an insight into heteroatom isomorphic modification mechanisms and designing excellent air separation materials.

1. Introduction

The plateau area of China accounts for more than one
quarter of the total area of country and has an important
strategic military affairs status [1]. The air pressure in
Qinghai Tibet Plateau is low (i.e., the air pressure at 5500 m
is half less than that in plain area) and the temperature
difference between day and night is large. Hypobaric hyp-
oxia has become the main characteristic of plateau envi-
ronment [1]. According to the relevant research of
neuroimaging, high-altitude environment will have a sig-
nificant impact on the human brain [1]. Hypoxia can cause
vomiting, fever, dizziness, and other different symptoms [2].

Therefore, in order to ensure the survival of people in these
areas, there is a great requirement for oxygen (O,) [3].
Research shows that, in oxygen-enriched environment, it
can significantly reduce altitude reaction and sleep difficulty
[4]. Therefore, it is very important to create an oxygen-
enriched environment to effectively improve cognitive
function [5].

The method of separating oxygen (O,) and nitrogen (N,)
from air has aroused widespread interest in the pharma-
ceutical and chemical industries. Conventionally, the oxygen
production technologies can be classified into physical ox-
ygen production and chemical oxygen production methods.
The physical methods of oxygen production are mainly air
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separation, distillation, and compression (including pressure
swing adsorption, membrane separation, and low-temper-
ature distillation). Chemical oxygen production methods
include water electrolysis, superoxide, and sodium chlorate
oxygen candles. Pressure swing adsorption (PSA) technol-
ogy using specific adsorbents is very competitive in the
realization of air oxygen enrichment [6-8]. This method has
many advantages, such as short start-up time, handy start-up
and end-up, low energy expenditure, and low cost [9-11]. In
view of the special oxygen demand in plateau areas such as
China’s Qinghai Tibet Plateau, some experts pointed out that
PSA is the most economical and suitable technology.
Pressure swing adsorption technology is based on the
molecular characteristics of gas components and affinity for
adsorption materials, under pressure to separate some gas
components from the gas mixture technology. The process
was carried out at a temperature close to the ambient
temperature. Under high pressure, adsorbent is used to
adsorb target gas. The common adsorbents are zeolite
molecular sieves, activated carbon, and other special ad-
sorption materials. Then, in order to desorb the adsorbed
material, the process turns to low pressure.

Pressure swing adsorption (PSA) technology can realize
the separation of O, on a lesser scale. Adsorbents are very
important for PSA in industry and portable medical
equipment. Generally speaking, in air separation, two types
of the common adsorption processes were divided. The first
process is to use zeolite molecular sieves as nitrogen ad-
sorbent under the conditions of equilibrium. Oxygen is a
process product because the quadrupole moment of ni-
trogen is higher than that of oxygen. The second method is to
use carbon molecular sieves (CMSs) as oxygen adsorbents.
Zeolite molecular sieves are a kind of major inorganic crystal
materials extensively used in chemical industry, catalyst,
adsorbent, ion exchange, and other fields. In air separation,
because the quadrupole moment of nitrogen is higher than
that of oxygen and the force between cation and N, in the
adsorbent is greater than O,, the equilibrium adsorption
capacity of N, is higher than that of O,. Therefore, zeolite
molecular sieve can selectively adsorb nitrogen rather than
oxygen and provide oxygen close to pure oxygen. Molecular
sieve is a three-dimensional framework structure with or-
dered micropores with diameter of 2 nm. It has a variety of
structures. The main reason is that the T atoms (tetrahedron)
in the lattice have different connection ways. The common T
atoms are silicon and aluminum. Zeolite molecular sieves
have the advantages of low cost, high stability, and easy ion
exchange. At the same time, they can adjust the gas-solid
interaction by selecting the appropriate ratio of silicon to
aluminum. The Linde type-A (LTA) and Faujasite-type
(FAU) molecular sieves are the most widely used adsorbents
for O, production [12, 13]. Due to the large temperature
difference in plateau environment, FAU molecular sieves
usually have higher N,—-O, selectivity than LTA molecular
sieves in PSA process. FAU molecular sieves are composed
of Si, Al, and O atoms, and their crystal composition changes
with the change of Si/Al ratio. FAU molecular sieves are
composed of sodalite gabions connected by hexagonal
prism. Their properties depend on the properties, amount,
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and distribution of the skeleton cations and atoms. Ion
exchange modification [14], dealumination modification
[15], heteroatom isomorphic replacement modification, and
pore modification [16] can change the structure of molecular
sieves and affect their performance.

Heteroatom isomorphic substitution modification can
introduce specific nonmetal or metal atoms into the original
framework of molecular sieves to change the redox per-
formance and catalytic activity of molecular sieves and avoid
the possible problems of loss of active species and blockage
of micropores by nonframework species [17]. Isomorphic
substitution refers to the substitution of the T atom (tet-
rahedron) in the molecular sieves lattice [18]. The isomor-
phic substitution modification method is widely used in
ZSM-5 [19], SBA-15 [20], UTL [21], and other kinds of
molecular sieves. The commonly used metals in this mod-
ification include Zn [19], Ga [22], Ca [19, 23], Fe [19, 21], and
Cr [18, 24]. Among them, the metals Zn, Ca, and Ga have
been widely used in the modification of molecular sieves. For
example, El-Malki et al. [25] introduced Zn, Ga, and Fe into
the HZSM-5 cavity to study acidic sites through sublimation.
The study found that, after sublimation, the concentration of
Bronsted acid site is low, but, for Ga/ZSM-5 and Fe/ZSM-5,
it increases again after hydrolysis. Miyake et al. [26] studied
the direct and selective conversion of methanol to para-
xylene over the zinc ion-doped ZSM-5/silica molecular
sieve-1 core-shell zeolite catalyst. The study found that the
p-xylene yield of this catalyst was 40.7 C-mol%, and the
para-selectivity was higher than 99 C-mol%. Li et al. [27]
used calcium doped biosilica to control bleeding and found
that Ca-biosilica is expected to be a fast hemostatic agent due
to its effectiveness, excellent biocompatibility, and simple
and environmentally friendly preparation process. Liu et al.
[28] studied Ga-doped ZSM-22 zeolite as a highly selective
and stable catalyst for the isomerization of n-dodecane. The
study found that Ga-substituted zeolite has high crystal-
linity, uniform morphology, and open pore structure.
Similar to the zeolites discussed above, Al and Si atoms in
FAU molecular sieves can also be replaced by metals. Al-
though a lot of studies have been done on the properties of
isomorphic substituted molecular sieves, we still do not
know much about how to change the structure and elec-
tronic properties of framework atoms after the introduction
of heteroatoms, so as to affect their adsorption properties. In
particular, there are few reports on nitrogen adsorption in
isomorphic FAU molecular sieves, and it is necessary to
study FAU molecular sieves as an important catalyst for air
separation.

In this work, the energetics of Zn, Ca, and Ga substi-
tution for Si/Al skeleton atoms in FAU molecular sieves have
been investigated based on the density functional theory
(DFT), by predicting the substituting effect on the ad-
sorption properties of N, molecule. We introduce the metal
atoms of Zn, Ca, and Ga into f3-cage structure which is the
basic unit of FAU molecular sieves. Our simulated results
reveal that the pore structure has different degrees of re-
laxation when the skeleton atoms are replaced by metal
atoms of Zn, Ca, and Ga; and the isomorphic substitution of
skeleton atoms can enhance the adsorption of N, molecule.
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Our work aims to explore the substitution effect and
modification mechanism of isomorphic substitution of
metal atoms from the perspective of theoretical prediction,
so as to improve the adsorption activity of molecular sieves.
This theoretical arithmetic based on computational science
has turned out to be a feasible and efficient method to
achieve this goal. In addition, we hope that our results can
provide guidance for further experimental research in the
field of molecular sieves.

2. Calculation Method and Theoretical Models

Density functional theory (DFT) is calculated by using the
plane-wave basis in the Vienna ab initio simulation package
(VASP) [29]. The core and valence electrons were treated by
the projector augmented plane-wave (PAW) method [30].
The generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional was used to
represent the exchange-correlation energy [31]. The van der
Waals (vdW) interaction is described by using the DFT-D3
method for all calculations. All atoms were fully optimized
until the magnitude of the Hellmann-Feynman force and
energy on every atom converged to less than 0.2eV/A and
107> eV, respectively. The cutoff energy was set to 400 eV for
the plane-wave basis set. The Brillouin zone (BZ) was
sampled by a Monkhorst-Pack 1x1x1 k-point sampling
grid for the f-cage structures.

The lattice constant of the FAU molecular sieve structure
model was a=b=c=25028A, belonging to Fd3m space
group of hexagonal system. As shown in Figure 1(a), the
structural unit of the FAU skeleton was the 3-cage. Adjacent
p-cages were connected by hexagonal columns to form a
system of holes and cavities. The holes and cavities are
formed by silicon oxygen tetrahedrons and aluminum ox-
ygen tetrahedrons, which are connected by oxygen bridge
bonds. Due to the limited computational resources, the
B-cage structure of the FAU structural unit (Figure 1(b)) was
intercepted from the whole FAU framework in the calcu-
lation. The f-cage structure contains 24 Al atoms, 24 Si
atoms, and 72 O atoms, making it a multielectron system
with nonzero charge. Through analysis, the Si, Al, and O
Bader charges were 1.73, 0.62, and 7.63|e|, respectively. As
Figure 1(c) shows, the Al atoms lose outer electrons, and Si
and O atoms have electron localization.

The N, molecular adsorption energy (E.qs) is calculated
as follows:

E.4s = Enpav — Epav — En,» (1)

where E,q represents the adsorption energy, Ey pay is the
total energy after the adsorption of N, molecules in the
p-cage channel of FAU, E;,y is the total energy of the
intercepted f-cage, and Ey is the energy of N,.

3. Results and Discussions

3.1. Structural Properties. To study the effect of isomorphic
substitution on the adsorption properties of FAU molecular
sieves, Zn, Ca, and Ga atoms were used to replace the Al or Si
atoms in the f3-cage of FAU molecular sieves, respectively.

The f-cage structure is composed of eight-membered rings
and twelve-membered rings containing Si-O-Al. There are
two kinds of Al and Si skeleton atoms at different positions,
as shown in the dotted box in Figure 1(b). One kind contains
Al and Si atoms that connect with two eight-membered
rings, and the other kind contains Al' and Si’ atoms that
connect with the eight-membered rings and twelve-mem-
bered rings. The Zn, Ca, and Ga atoms are incorporated into
the f3-cage and replace the two kinds of Al and Si atoms,
respectively. The optimized structures of the Zn, Ca, and Ga
substitutions of the Al and Si atoms in the -cage are shown
in Figures 2(a)~2(f), and the optimized structures of the
substitution of Al’ and Si’ atoms are shown in Figures 2(g)~
2(1). Therefore, in our simulations, we totally considered
twelve hybrid structures and calculated their formation
energies. Among all the hybrid structures, only three doping
systems, that is, Zn-doping (Al), Ca-doping (Al), and Ca-
doping (Si), have the negative formation energies of
—4.12eV, —1.22¢eV, and —3.14 eV, respectively. The results
indicate that the Zn and Ca atoms tend to substitute the
skeleton Al atom; in contrast, the Ga atom is more easily to
replace the skeleton Si atom. Hence, these three hybrid
structures and the pristine S-cage were adopted in the
following simulations for the adsorption properties analysis.

To manifest the structural changes before and after in-
troducing Zn, Ca, and Ga in the framework of the -cage, the
root mean square (RMS) displacement formula was used to
calculate the structural relaxation of the substitution posi-
tion (Al/Si/Al'/Si’). The RMS displacement was calculated as
follows:

(2)

rMS =

where r? and r; are the bond lengths of Al/Si-O in the
undoped structure and Al/Si/Zn/Ca/Ga-O in the doped
structure, respectively.

The calculated RMS displacement is shown in Table 1.
Combined with Figure 2, it can be seen that the pore
structure has different degrees of relaxation after the skel-
eton atoms (Al/Si/Al'/Si’) are replaced by Zn, Ca, and Ga
atoms. It shows that doping will have a certain effect on the
structure.

3.2. Adsorption Properties for the Pristine 5-Cage. Four ad-
sorption structures and adsorption energies of N, at -cage
channels were calculated. The calculated adsorption energy
results are shown in Table 2. One can see from the table that
the adsorption energies of the four sites are —0.69eV,
-0.49eV, —0.44¢eV, and —-0.78eV. The simulated results
mean that N, can be adsorbed at the four adsorption sites
with relatively small adsorption energies and low adsorption
capacity. Figure 3 depicts the optimization model and the
charge differential density diagram of N, adsorbed on the
pristine f-cage. According to the RMS displacement dis-
played in Table 2, N, can be adsorbed in the 8-cage channel,
leading to very tiny structural relaxation in the pore. Based
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(a)

FIGURE I: (a) Structure of the FAU molecular sieves. (b) Structure of the -cage. (c) Charge difference diagram of f-cage. The isosurface
value is 0.002 e Bohr . The cyan part represents an increase in charge density, and the yellow part represents a decrease in charge density.
Red, dark blue, and light blue represent the O, Al, and Si atoms.

(g) (h) (i) (6)] (k) )
FIGURE 2: Structure diagrams of Zn, Ca, and Ga substitutions at Al, Si, Al',and Si’. (a, ¢, €) Zn/Ca/Ga substitutions at Al site; (b, d, f) Zn/Ca/
Ga substitutions at Si site; (g, i, k) Zn/Ca/Ga substitutions at Al’ site; (h, j, 1) Zn/Ca/Ga substitutions at Si’ site.

TaBLE 1: Calculated lattice constants, lengths of Al/Si/Zn/Ca/Ga-O bonds, and rgys of the different substituted atoms in the Zn/Ca/Ga-
doped f-cage and pristine 3-cage after optimization.

Lattice constants/A  Bond length (Si-O)/A  Bond length (Al-O)/A  Bond length (Zn/Ca/Ga-O)/A  rrms/A

Pristine (Al, Si) 25.028 1.661 1.706 — —
Pristine (Al Si') 25.028 1.618 1.721 — —
Zn-doping (Al) 25.028 1.601 1.747 1.880 0.11
Zn-doping (Al') 25.028 1.625 1.762 1.911 0.12
Zn-doping (Si) 25.028 1.585 1.757 1.913 0.15
Zn-doping (Si') 25.028 1.602 1.750 1.912 0.18
Ca-doping (Al) 25.028 1.591 1.736 2150 0.26
Ca-doping (Al') 25.028 1.623 1.770 2181 027
Ca-doping (Si) 25.028 1.645 1.715 2213 0.32
Ca-doping (Si) 25.028 1.577 1.778 2.190 0.34
Ga-doping (Al) 25.028 1.604 1.725 2.238 0.31
Ga-doping (Al') 25.028 1.607 1.715 2130 0.24
Ga-doping (Si) 25.028 1.635 1.708 1.788 0.08
Ga-doping (Si') 25.028 1.657 1.710 1.785 0.10

on the Bader charge analysis, the average valence charges for N, molecule, the corresponding average valence charges for
the four skeleton atoms (Al/Al'/Si/Si’) are 0.61 eV, 0.62 eV, the four skeleton sites (Al/Al'/Si/Si') change to 0.58¢€V,
1.73 eV, and 1.34 eV, respectively. After interaction with the ~ 0.62eV, 1.61eV, and 1.43 eV, exhibiting that there is no
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TaBLE 2: Calculated lengths of the Al/Si-O bonds and rgys and E, g, before and after N, adsorption at the Al/Si/Al'/Si’ sites of the pristine

B-cage.

Adsorption Site  Bond length (Al/Si-O)/A (before adsorption)  Bond length (Al/Si-O)/A (after adsorption) rrms/A Eag/eV
Pristine (Al) 1.661 1.706 1.706 1.641 1.704 1.701 0.012 -0.69
Pristine (Al") 1.618 1.721 1.721 1.673 1.688 1.770 0.047 -0.49
Pristine (Si) 1.661 1.706 1.661 1.647 1.705 1.645 0.012 -0.44
Pristine (Si’) 1.618 1.721 1.618 1.672 1.698 1.602 0.035 -0.78

FIGURE 3: Adsorption structure and charge differential density diagram of N, adsorbed at the S-cage. Al (a, e), Al’ (b, f), Si (c, g), and Si’ (d,
h) sites. The average valence charge of the adsorption site is shown in the figure; the isosurface value is 0.002 e Bohr .

obvious charge transfer between the adsorption sites with
N..

3.3. Adsorption Properties after Isomorphic Substitution.
To reveal the effect of doping on N, adsorption, the ad-
sorption energies of N, at the adsorption sites of the $-cage
were calculated. We systematically considered five adsorp-
tion sites, containing the metal sites (Zn, Ca, and Ga) and
their adjacent Al/Si and Al'/Si’ sites for each heteroatom
doped structure and hence totally fifteen adsorption sites
were simulated for the N, adsorption. All the stable opti-
mized model and adsorption energies are provided in
Figure 4 and Table 3, respectively. Other doped structures
are not considered because the adsorption energy is very
small and even close to zero. As Table 3 shows, the most
stable adsorbable structure is based on the model of Zn and
Ca substitutions at Al site and a Ga isomorphic substitution
for Si atom. The adsorption centers are the Zn, Ca, and Ga
heteroatoms and adjacent Al, Al’, Si and Si’ atoms. As seen,
only six structures can adsorb the N, molecules with a
negative adsorption energy: Zn substituting Al atoms, Ca
substituting Al atoms, and Ga substituting Si atoms. For the
structure with the isomorphic substitution of Al atoms with
Zn, N, cannot be adsorbed at the Zn heteroatom site and the

adjacent Al' and Si’ sites with a very large and positive
adsorption energy. In the case of the isomorphic substitution
of Al atoms with Ca, only the Al’ site can adsorb N, while
the other sites cannot adsorb N,. When introducing Ga
atoms into the S-cage, the N, molecule can be adsorbed at
the Si, Si’, and Al’ sites near Ga atoms.

Compared with the pristine -cage structure, the ab-
sorption energies of N, molecule are much larger for the
isomorphic substitution of Si/Al atoms with the metal atoms
Zn/Ca/Ga. Our calculated results reveal that the isomorphic
substitution of the framework atoms by the metal atoms
results in a much stronger interaction between the N,
molecule and also the f-cage structure. The structure con-
taining the isomorphic substitution of Zn for Al atoms has
the largest absorption energy when N, is adsorbed at the Si
site near the Zn atom. The charge differential density results
reveal that there is obvious charge transfer between N, and
the adsorption sites. Compared with Figure 3, the charge
transferring between the Al' and Si' sites is relatively local
due to a certain extent relaxation of the pore structure after
metal atoms doping.

3.4. Electronic Structure Analysis. The projected density of
states (PDOS) properties for the adsorption sites were
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(h)

FIGURE 4: Structure models and charge difference density diagrams of N, adsorption at three kinds of doped -cages that are optimized as
the best adsorption sites: (a, g) Zn replaces Al (Al), (b, h) Zn replaces Al (Si), (c, i) Ca replaces Al (Al'), (d, j) Ga replaces Si (Al'), (e, k) Ga
replaces Si (Si), and (f, 1) Ga replaces Si (Si'). The average valence charge of the Si site after N, adsorption is shown in the figure; the isosurface
value is 0.002 e Bohr™>.

TasLE 3: Calculated lengths of Al/Si-O bonds and rgus and E.qs of N, adsorption at the Al/Si/Al'/Si’ sites of the doped p-cage.

Dopin . Adsorption Bond length (Al/Si/-0)/A (before Bond length (Al/Si/-O)/A (after rrms/  Eags/
ping typ site adsorption) adsorption) A eV
Zn-doping Al (Zn) 1.601 1.747 1.737 1.651 1.774 1.748 0.033 -1.31
(Al) Si (Zn) 1.601 1.747 1.590 1.648 1.764 1.608 0.031 -1.91
Ca-doping Al' (Ca) 1.650 1.767 1.736 1.713 1.721 1.743 0.042 -1.06
(AD) Al (Ga) 1.635 1.708 1.708 1.643 1.704 1.715. 0.007 -1.14
Ga-doping (Si) Si (Ga) 1.642 1.708 1.635 1.639 1.702 1.639 0.003 -0.83
ping Si’ (Ga) 1.635 1.708 1.642 1.650 1.704 1.610 0.021 -0.94
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F1GURE 5: The projected density of states (PDOS) for the adsorption sites (Al/Al'/Si/Si’ atoms) in the pure B-cage and the relative adsorption
sites in the Zn/Ca/Ga-doped S-cage. The dashed line shows the Fermi level.

calculated in order to comprehensively explore the substi-
tution effect on the adsorption properties of 3-cage structure.
Figure 5 shows the density of states of the all the stable
structures after N, adsorption. Compared with the DOS plots
of the four adsorption sites on the pristine S-cage structure
(Figures 5(a), 5(c), 5(e), 5(g), 5(i), and 5(k)), the density of
states of all the adsorbable structures (Figures 5(b), 5(d), 5(f),
5(j), 5(h), and 5(1)) has significant changes. The DOS analysis
results show that the number of electronic states near the
Fermi level significantly decreases. As for metal materials, we
know that the higher the electron density near the Fermi level
is, the more active the free electrons it has. For the Zn-doped
p-cage pore structure, the N, molecule on the adjacent Si
atom has the largest adsorption energy. As Figure 5(d) shows,
the number of electronic states for the Si site near the Fermi
level almost decreases to zero. The Bader charge analysis of
Zn-doping is calculated, which shows that the charge of the Si
site decreases from 1.61eV to 0.9¢eV, forming electron-de-
ficient holes. This result is attributed to the electron loss in the
pore framework structure after AI>* is replaced by Zn®", since
the coordination of the metals does not match the substituted
atoms. Therefore, Zn-doping leads to the formation of
electron-deficient holes near Si sites as the electronic structure
analysis results exhibit and thus enhances the local polarity of
the pore structure and enhances the adsorption of N,
molecules.

4. Conclusion

In summary, we introduce Zn, Ca, and Ga dopants into
the FAU basic unit 3-cage channel structure to activate the
basal skeleton structure for air separation. Detailed cal-
culations are carried out for the pristine f3-cage and the
Zn, Ca, and Ga substitutions at the skeleton Si/Al sites,
which lead to the following conclusions: (1) The results
showed that all the adsorption sites in the pure -cage
channel were very weak, especially for the Si site. The
relative adsorption energy was only 0.44eV. (2) The
isomorphic substitution of Zn, Ca, and Ga on the pristine
p-cage structure greatly enhances the adsorption of N,
molecule. This is because electron loss appeared in the
pore framework structure after the skeleton Si/Al atom
was replaced by Zn/Ca/Ga, since the coordination of the
metals does not match the substituted atoms. Therefore,
the incorporation of Zn/Ca/Ga into the f8-cage leads to the
formation of electron-deficient holes at the adsorption
sites and thus enhances the local polarity of the pore
structure and enhances the adsorption of N, molecules. In
the absence of relevant background, these findings pro-
vide molecular understanding, such as the influence of
different heteroatom distribution, different adsorption
structure, and other factors on the adsorption process and
properties.
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Among different sensing platforms, metamaterials composed of subwavelength or deep subwavelength sized metal resonance
elements arrays that are etched on semiconductor substrates or dielectric substrates exhibit excellent characteristics due to the
strong localization and enhancement of resonance electromagnetic fields. As a new type of detection method, metamaterial
sensors can break through the resolution limit of traditional sensors for a small amount of substance and have the advantages of
high sensitivity, fast response, and simple measurement. Significant enhancement of the sensing characteristics of metamaterial
sensors was realized by optimizing microstructures (single split-ring, double split-ring, nested split-ring, asymmetric split-ring,
three-dimensional split-ring, etc.), using ultrathin substrates or low-index substrate materials, etching away local substrate, and
integrating microfluidic channel, etc. This paper mainly reviews the research advance on the improvement of sensing char-
acteristics from optimizing resonance structures and changing substrate materials and morphology. Furthermore, the sensing
mechanism and main characteristic parameters of metamaterial sensors are introduced in detail, and the development trend and
challenge of metamaterial sensing applications are prospected. It is believed that metamaterial sensors will have potential broader

application prospects in environmental monitoring, food safety control, and biosensing in the future.

1. Introduction

Optical sensors have the advantages of high sensitivity,
strong resistance to electromagnetic interference, low noise,
high electrical and chemical stability, etc., so they have
important applications in life science, food safety, chemical
monitoring, and environment monitoring [1-5]. The gen-
eralized optical sensor can identify the measured substance
or monitor the biomedical reaction process by detecting and
analyzing the changes of lightwave intensity, phase, polar-
ization, and other related information [6, 7]. The refractive
index [8] is the most typical optical parameter. The real part
of the refractive index affects the phase of the light wave, the
imaginary part affects the intensity of the light wave, and its
anisotropic distribution determines polarization and chi-
rality. Generally, the optical refractive index sensor will
introduce a resonance mechanism based on various optical
effects to enhance the interaction between the light wave and
the measured substance.

Metamaterials [9-12] are usually artificial electromag-
netic materials composed of metal resonance elements ar-
rays with subwavelength or deep subwavelength dimensions
that are etched on semiconductor substrates or dielectric
substrates according to specific rules. It has extraordinary
physical properties that natural materials do not have and
can control electromagnetic waves in a certain way. Meta-
materials are sensitive to changes in the dielectric properties
of the surrounding environment and have strong spectral
characteristics for the local enhancement of the incident
electromagnetic fields. When the dielectric properties (i.e.,
refractive index) of the surrounding environment change,
the resonant characteristics (resonant amplitude, resonant
frequency, phase, etc.) of the electromagnetic waves passing
through the metamaterials will change accordingly. There-
fore, by observing or measuring the changes, the detection of
nonlinear substance around the metamaterials and the se-
lection of a very small amount of objects to be tested can be
achieved.


mailto:wangxin219@imu.edu.cn
mailto:wangjunlin@imu.edu.cn
https://orcid.org/0000-0002-3976-5735
https://orcid.org/0000-0003-2970-5162
https://orcid.org/0000-0001-8708-5059
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2301222

Metamaterial sensors [13-16] are optical sensors that can
convert changes in the external refractive index into changes
in optical signals. As a new type of detection method,
metamaterial sensors can break through the resolution limit
of traditional sensors, and have the advantages of high
sensitivity, fast response, and simple measurement. In the
past few decades, metamaterial sensors have made great
progress in structural development and applications. Met-
amaterial sensors have the ability to restrict light to the
nanoscale region and have high selectivity, making them
have broad application prospects in the fields of environ-
mental monitoring, drug discovery, food safety control, and
temperature sensing.

Generally, the sensing characteristics of metamaterial
sensors are significantly improved by optimizing micro-
structure and changing substrate material and morphology,
which includes two main aspects, namely, improving sensi-
tivity and improving quality factors. Improving the sensitivity
of metamaterial sensors requires that the local field distri-
bution of the resonant mode of the electromagnetic wave can
overlap spatially to a greater extent with the substance being
measured, that is, increasing the sensing area to enhance the
interaction. Improving the quality factor of the metamaterial
sensors requires lower losses in resonant mode.

The purpose of this article is to review the research
advance on the sensing characteristics of metamaterial
sensors. The basic principles, detecting processes, and
sensing characteristics of various metamaterial sensors
based on different microstructures and substrates are pre-
sented in detail, and the development trend and prospects of
the metamaterials sensing technology are discussed. In
addition, metamaterial sensors have potential applications
in areas such as environmental sensing, homeland security,
and biosensing.

2. Sensing Mechanism and Characteristic
Parameters of Metamaterial Sensors

2.1. Sensing Mechanism. The operation principle of meta-
material sensors is based on the change in reflection and
transmission coefficients (scattering parameters, S;; and
S»1), which is induced in variation in the permittivity,
permeability, or refractive index of the metamaterial reso-
nator. The change in the dielectric constant around the
sensor translates into a change in the electromagnetic signal
spectrum in the form of an offset in the position of the
resonance peak.

Metamaterials are artificial electromagnetic materials
composed of arrays of subwavelength or deep sub-
wavelength metal resonance elements fabricated on semi-
conductor substrates or dielectric substrates. The resonances
are mainly divided into low-frequency resonances and high-
frequency resonances. Low-frequency resonance can be
understood as the coupling of capacitors and inductors, and
resonant frequency can be expressed as follows [17]:

1
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As can be seen from formula (1), the resonant frequency
is mainly determined by the inductance and capacitance. The
inductance is mainly determined by the geometric param-
eters of metamaterials. If it is a nonmagnetic material, as
long as the geometric parameters of the metamaterials are
determined, the inductance will not change. The capacitance
is related to the permittivity and electric field of the sur-
rounding medium. As the permittivity of the surrounding
environment changes, the overall capacitance will change,
causing a change in the resonant frequency. For the change
of electric field, high quality factor resonance and strong
local field distribution can be realized by designing a special
metamaterial structure, thereby improving the sensitivity of
the sensor.

The high-frequency resonance of metamaterials can be
understood as plasmon resonance, and its resonant fre-
quency is expressed as follows [18]:

1
wy O(@. (2)

Here, d is mainly determined by the geometric pa-
rameters of the metamaterials, and ¢4 is the average per-
mittivity of the environment. When the substance to be
measured is connected to the metamaterial structure, it will
cause the surrounding permittivity to change and then
change the resonant frequency.

Since the metamaterial microstructure interacts with the
substrate, and there is also capacitance between the substrate
and the metamaterial microstructure, the change in the
substrate also causes a shift in the resonant frequency of the
metamaterials. The overall capacitance of the metamaterials
can be expressed as follows [19]:

4
c= Zci, (3)
i=1

where ¢, is the capacitance of the substrate, ¢, is the ca-
pacitance between the substrate and the metamaterial mi-
crostructure, c; is the capacitance of the metamaterial
microstructure itself, and ¢, is the capacitance between the
metamaterial microstructure and the substance to be
measured.

If the metamaterial microstructure is fabricated on a
substrate with high resistance, high permittivity, and a
relatively large thickness, ¢, contributes a lot to the overall
capacitance, the capacitance change of the metamaterial
itself is relatively small, and the sensitivity is correspondingly
low. Therefore, reducing the relative contribution of the
substrate, such as using a low permittivity, small absorption,
and thin substrate, can also improve the sensitivity of the
metamaterial sensors.

2.2. Characteristic Parameters. The sensing behaviors of
metamaterial sensors are evaluated with well-known indi-
cators, the quality factor Q, the sensitivity S, and the figure of
merit FOM.

Assuming f is the resonant frequency of the meta-
material sensor, it is very related to the structural parameters
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of the metamaterial sensor and the external environment, so
the weak refractive index disturbance An will bring the
resonant frequency shift Af. By detecting the change of
resonant frequency through the spectrum analysis system,
the information of the measured substance can be obtained.
However, the spectrum analysis system has its hardware
limitations in terms of weak signal detection and spectral
resolution, so we need to optimize the design of the met-
amaterial sensor structure to achieve greater changes in A f.
Generally, the refractive index frequency sensitivity of the
metamaterial sensor is defined as S(f) = Af/An, where
A frepresents the change in the resonant frequency of the
metamaterial sensor and An represents the change in the
refractive index of the substance to be measured. The unit of
An is RIU (Refractive Index Unit), which represents the unit
refractive index. However, because the sensitivity S(f) of
the metamaterial sensor is related to the working band,
the normalized sensitivity S(f)" is used to exclude the in-
fluence of the working band, which is defined as follows:
SU' =S for

Generally, the quality factor Q reflects the resonance
characteristics of the sensor. That is, the sharper the reso-
nance peak, the greater the corresponding value, and the
higher the sensitivity of the sensor. In addition, the quality
factor Q also determines the resolution of the sensor. The
larger the value, the higher the resolution of the sensor. The
quality factor of the sensor can be defined as follows:
Q(f,) = fo/FWHM (where f is the resonant frequency of
the metamaterial sensor and FWHM (Full Width at Half
Maximum) is the half-height width of the resonance peak).

In order to make a more reasonable comparison of the
characteristics of sensors working in different frequency
bands, FOM (figure of merit) is usually used to describe the
characteristics of the sensors. When the sensing sensitivity is
the same, the larger the FOM and the better the sensing
characteristics. Generally, FOM can be defined as
FOM = S/FWHM, where S represents the refractive index
frequency sensitivity of sensors and FWHM represents the
half-height width of the resonance peak, that is, the sensing
characteristics that guarantee both high sensitivity S( f) and
high quality factor Q is the best.

3. Research Advance in Improving the Sensing
Characteristics of Metamaterial Refractive
Index Sensors

Following the definition of FOM, the enhancement of the
sensing capacity of metamaterial sensors can be considered
from two aspects. One is to design metamaterial sensors with
higher quality factor Q, while the other is to make the relevant,
resonant frequency shift A f with a larger step for the same
surrounding changes. The first route is to optimize the metal
resonance structures on the metamaterial surface to achieve
high Q resonances, and in recent years, many novel resonance
structures have been shown. Another route is to highlight the
effects of changes in the surrounding dielectric by reducing
substrate effects to achieve greater spectral modulation under
the same surrounding dielectric changes.

3.1. Optimizing Metamaterial Structures. For metamaterials,
a split-ring resonator (SRR) is the most commonly exploited
topology. SRRs can be achieved by etching ring-shaped
metal patterns with one or more opening gaps on the
substrate surface, where the rings can be regarded as in-
ductors, and the opening gaps can be regarded as capacitors.
From the perspective of the equivalent circuit model, the
SRR structure constitutes the LC oscillation circuit, and the
resonant frequency is expressed as formula (1). The struc-
tural parameters of SRR determine the resonant frequency,
which can be achieved at any frequency by proper selection.
When the surrounding environment of the SRR changes, the
equivalent capacitance and inductance corresponding to the
SRR will be inevitably changed, which in turn will change the
resonant frequency, so sensing can be achieved by detecting
this change. In addition to SRR, metallic wires, with their
simple shape, are often used as structural units in the
composition of metamaterials. When the direction of the
electric field of the incident electromagnetic wave is parallel
to the wire, the positive and negative charges accumulate at
each end of the wire, corresponding to a pair of electric
dipoles. The alternating electric field causes a reciprocal
movement of the charges inside the wire, so the wire is
equivalent to a pair of oscillating dipoles under the elec-
tromagnetic field, and its resonant mode is dipole resonance,
with the same resonant frequency as the applied electric
field. Fano resonance is caused by the interference phase
between a wider spectral line and a narrower discrete res-
onance cancellation or phase length, and Fano resonance has
a higher Q-factor than dipole resonance and LC resonance.

In 2007, Driscoll et al. [18] successfully prepared tunable
terahertz filters on a benzocyclobutene (BCB) film and a
silicon (Si) particle film based on symmetric SRRs array
metamaterial surface, and the mixed droplets of alcohol and
nanosilicon spheres were coated on the surface of meta-
materials. Observing the transmission spectrum of the
metamaterials, it was found that its resonant frequency had
changed, as shown in Figure 1(a). This is the first time that
terahertz metamaterials are used in the field of sensing,
which fully shows that such metamaterials can be used as
sensors to detect biochemical samples with different di-
electric properties. After that, metamaterials based on planar
SRRs array were widely used in the field of sensing. Lee and
Yook [20] applied planar SRRs metamaterials to biochemical
detection for the first time in the microwave band and
identified and detected avidin with a frequency shift of
40 MHz, as shown in Figure 1(b). Wu et al. [21] fabricated
symmetric SRRs array on Si substrate and quartz substrate to
construct terahertz metamaterial sensors. 50 4L streptavidin
agarose (SA), biotin, octadecanethiol (ODT), and biotin
were mixed to make a sample to be measured. The exper-
imental detection of SA is realized based on the principle of
resonant frequency movement measurement, as shown in
Figure 1(c). Quartz-based metamaterials will produce two
resonance peaks with a high-frequency resonant frequency
of about 2 THz. After loading the sample to be measured, the
resonance peak will have a frequency shift of 6.76 GHz and
Q-factor of 8. As shown in Figure 1(d), in 2019, Han et al.
[22] proposed a square SRRs metamaterial sensor based on
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resonant coupling for the fingerprint detection of lactose.
The designed sensor in this work consisted of a periodic
array of square-shaped copper SRRs on the top of a quartz
substrate, which can achieve sensing detection of lactose
concentration. It can be found from the research of these
sensors that metamaterials based on SRRs structure can be
used for substance detection, but the detection sensitivity is
limited, and the sensing characteristics still need to be
improved.

In pursuit of better sensing characteristics, such as
higher quality factor Q, higher sensitivity and higher figure
of merit FOM, dipole resonance, quadrupole resonance,
Fano resonance, electromagnetic induced transparency
(EIT)-like mode or trapped mode can be excited by meta-
materials with asymmetric SRR structures. Breaking struc-
tural symmetry of metamaterial resonance structure is one
of the common and efficient approaches to achieve such
sharp resonances and improve sensing sensitivity.

Singh et al. [23] systematically studied the influence of
the opening position of the asymmetric SRRs structure and
the polarization of the incident waves. This asymmetric SRRs
structure will produce three resonance mechanisms, namely
LC resonance, dipole resonance, and quadrupole resonance.
It is found that as the opening position is farther from the
center of the SRRs, the quality factor Q resulted from
quadrupole resonance is higher. In addition, Singh et al. also
simulated the surface current distribution of the SRRs
structure at the resonant frequency and found that the
asymmetric SRRs structure has very weak electromagnetic
field scattering when the quadrupole resonance occurs,
which greatly reduces the energy coupled to the free space,
and finally produces a very sharp resonance peak. It can be
seen from Figure 2 that the quadrupole resonance has a
resonance peak near 1.75THz. When the electromagnetic
wave is incident with horizontal polarization, the Q-factor
can be as high as 95. Therefore, the quadrupole resonant
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FiGURe 2: Transmission spectra of metamaterials based on
asymmetric SRRs array; adapted with permission from reference
[23] copyright 2010, Optical Society of America.

mode can achieve a good localization of the electromagnetic
field and will provide new means for sensing applications.

Fano resonance has the advantages of sharp resonance
profile, narrow resonance peak width, and strong localized
field enhancement, so various Fano resonance metamaterial
sensors based on asymmetric SRR structures have been
proposed for high sensitivity refractive index sensing
[24-26]. Debus and Bolivar [24] designed a double-opening
asymmetric SRRs structure, as shown in Figure 3(a). For a
perfect conductor material, the calculated Q-factor is as high
as 40, and the electromagnetic field is localized around the
double-opening SRRs.

When the substance with permittivity of 3.2 and
thickness of 10nm is deposited on the surface of the
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metamaterial structure, it will cause the resonance peak at ~ quadrupole resonance in the double-opening asymmetric
867GHz to shift by 5GHz, which corresponds to  SRRs structure, as shown in Figure 3(b), the Q-factor of the
§=6.3GHz/RIU. Singh et al. [25] analyzed the terahertz =~ quadrupole resonance is as high as 65, while the Q-factor of
sensing characteristics of the Fano resonance and the  Fano resonance can also reach 28, which is much higher than
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the Q-factor of the resonance peaks produced by the pre-
vious structures. When the thickness of the substance to be
measured is kept at 4 ym, the Fano resonance can achieve
maximum sensitivity of 36.7 GHz/RIU, while the quadru-
pole resonance can achieve a sensitivity of 23.9 GHz/RIU. In
2019, Behera and Kim [26] presented FDTD simulation
studies of asymmetric 2D and 3D gold resonators for dif-
ferent applications of high sensitivity, high figure of merit,
and circular dichroism polarization and incident angle-in-
dependent refractive index sensing, respectively. It is shown
that the sensitivity of the triple C-shape asymmetric Fano
resonant cavity is improved to 606 nm/RIU and the FOM of
the quadruple C-shape resonant is as high as 16.5 and the
polarization and angle of incidence are independent.

Although highly sensitive refractive index sensing based
on metamaterial sensors can rely on a single-band Fano
resonant frequency shift, the effect of environmental
changes (e.g., temperature and humidity) on the frequency
shift of the resonance cannot be ignored. As a result, relying
on a single Fano resonance alone can easily introduce errors
when used for sensing applications. Therefore, the research
team is now focusing on the multiband Fano resonant
frequency domain as a solution to reduce the sensing errors
caused by environmental variations [27, 28].

Li et al. [27] demonstrated multiple Fano resonances in
an integrated single dark-mode hybrid metamaterial
waveguide structure consisting of three gold tangents placed
on a dielectric plate waveguide, as shown in Figure 4(a). By
breaking the structural symmetry, a quadrupole mode on the
middle vertical cut wire is excited and further results in
multiple Fano resonances through both the diffracted waves
and near-field coupling with bright dark mode. A high Q-
factor refractive index sensor with FOM of 330 and 281 is
realized. This study provides a method for obtaining mul-
tiple high Q-factor Fano resonances that can broaden access
for the fabrication of biochemical sensor devices. As shown
in Figure 4(b), Kong et al. [28] proposed a multiple Fano
resonant metamaterial refractive index sensor consisting of
microcavities and microstructures. By fine-tuning the
microcavity thickness and microstructure configuration,
multiple Fano resonances can be generated for refractive
index sensing: depending on the single Fano resonance, the
sensitivity can reach 831 nm/RIU and the FOM of 600; in
addition, the spectral spacing of the double Fano resonance
can also be used for refractive index detection with a sen-
sitivity of 194 nm/RIU, but with significantly reduced errors
caused by environmental variations. Refractive index sen-
sors based on multiple Fano resonances have the advantages
of high sensitivity, narrow Fano resonance peaks, high ease
of integration, and potential to reduce environmental errors,
and are expected to provide a new strategy for optical re-
fractive index sensing.

EIT [29] is a classical quantum interference effect that
occurs in coherently driven atomic systems at multiple
energy levels (triple or quadruple energy levels), where this
interference alters the optical response of the atomic me-
dium, creating a clear window of transparency within a wide
absorption band. In 2008, Zhang et al. [30] introduced the
concept of plasma-induced transparency (PIT) in

metamaterials, and a variety of metamaterial structures have
since been designed to simulate the EIT effect. PIT is an EIT-
like metamaterial behavior that has attracted a great deal of
attention due to its wide range of practical applications.
Most EIT-like metamaterials are based on two resonant
modes, bright and dark or superradiative and subradiative
modes. In metamaterials, EIT-like phenomena can be
modelled by destructive interference between the bright and
dark modes and the superradiative and subradiative modes.
For EIT-like phenomena to occur in metamaterials, the two
modes should have close resonant frequencies and very
different Q-factor [31].

Recently, EIT-like Fano resonances have been confirmed
based on cut lines [30, 32, 33] and SRRs [34-37]. Due to the
strong interference between two or more resonance modes,
the EIT-like-Fano resonance structure has inherent sensitive
properties to changes in the local environment. Because of
the asymmetric line shape, small perturbations can cause
significant spectral changes, including peak-frequency shifts
and linewidth changes. This sensitive nature, therefore,
makes metamaterials particularly attractive as biomedical
and chemical sensing platforms because of their unique
advantages, including nonlabelling, nondestructive, time-
saving, and low cost compared to conventional bioassays.

However, the practical application of EIT-like meta-
materials for biosensing has not yet been fully promoted. On
the one hand, the small theoretical sensitivity of the existing
biosensors and the single criteria for evaluating their per-
formance make it difficult to apply them in practical en-
gineering. On the other hand, the small variations in
frequency shift and miniaturised manufacturing processes of
most existing metamaterial biosensors hinder the wide-
spread use of these biosensors in reality. In practice, it is ideal
that the transparent window of the EIT phenomenon can be
modulated arbitrarily. The corresponding modulation
methods are passive modulation and active modulation. Jin
et al. [38] designed a novel terahertz metamaterial structure
consisting of a pair of subwavelength inverse U-shaped SRR
resonators and tangential resonators to achieve the weak
coupling region EIT effect. Theoretical and simulation re-
sults show that the EIT-like phenomena can be trimmed by
modulating the relative coupling distance between the
broken filaments and SRRs or the mutual distance between
the SRR pairs, as shown in Figure 5. This method is a passive
modulation, mainly achieved by changing the geometric
parameters of the resonant cavity structure, but it is de-
termined that each modulation requires a refabrication of
the structure, which limits its practical application and in-
creases the cost of the application. In addition, the intro-
duction of photosensitive silicon cells in the dark-mode
resonant cavity unit enables active optical control of the EIT-
like effect by increasing the dark-mode damping rate.

Shen et al. [29] presented a tunable electromagnetically
induced reflection effect with a high Q-factor based on a
complementary bulk Dirac semimetal terahertz meta-
material structure. As shown in Figure 6, the design consists
of a wire-slot structure and an SRR resonator slot structure,
which act as a radiating and a subradiating unit, respectively.
Destructive interference between these two elements
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produces a reflection peak with a high Q-factor (~87.6),
resulting in sensitive terahertz sensing, where the proposed
bulk Dirac semimetallic sensor has a sensitivity of

302.5 GHz/RIU with a FOM of 19. This study provides an
alternative approach to the design of terahertz ultrasensitive
sensors, filters, and slow optical devices. The EIT-like
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transmission has promising applications in the design of
slow-light devices and high sensitivity sensors.

Based on the planar SRRs structure, the resonant mode
field is localized between the openings, and part of the mode
field is inside the substrate, which limits the interaction
between the electromagnetic field and the measured sub-
stance, so metamaterial sensors based on three-dimensional
SRRs structure have been proposed. Compared with the
planar SRRs structure, the electromagnetic field is extended

to three-dimensional space, which can increase the mutual
contact area with the substance to be measured, thereby
improving the sensing sensitivity.

Bian et al. [39] proposed a metamaterial structure based
on three-dimensional SRRs. The calculated surface current
distribution is shown in Figure 7(a). It can be seen that the
energy density is the largest at the opening, and the three-
dimensional SRRs will make less energy dissipate on the
substrate, which will greatly improve the interaction
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between the effective energy and the substance to be mea-
sured, and thus improve the sensing sensitivity. Cheng et al.
[40] designed a metamaterial sensor composed of four
U-shaped SRRs. Its structural schematic and transmission
curve are shown in Figure 7(b). The calculated sensitivity
reaches 1445 nm/RIU, the Q-factor reaches 41.2, and the
FOM reaches 28.8. Wei et al. [41] designed a terahertz
metamaterial sensor based on vertical split-ring with double
splits. Its structural diagram and transmission curve are
shown in Figure 7(c). The calculated sensitivity is 788 GHz/
RIU, the Q-factor is about 20, and the FOM is about 10. In
2018, Jing et al. [42] reported an enhanced and modified 3D
optical metamaterial with magnetic plasmon resonance,
which consists of a periodic array of silver perpendicular
SRR resonators, for an effective method of high sensitivity
sensing. As shown in Figure 7(d), the sensitivity and FOM of
the 3D metamaterials were as high as 700 nm/RIU and 170,
respectively, indicating that the proposed 3D metamaterials
have promising applications in label-free biomedical sens-
ing. In 2019, Wang et al. [43] presented symmetry breaking
introduced in vertical split-ring resonators metamaterials to
excite narrow resonance, as shown in Figure 7(e). In contrast

to previously reported planar asymmetric metamaterials,
three-dimensional metamaterials are mainly excited by the
combined magnetic and electrical components of terahertz
illumination. In this case, ultranarrow linewidths (FWHM of
5.90 GHz) and sharp resonances with a high Q-factor of 327
at 1.93THz emerge. The combination of high Q-factor
resonance and high sensitivity of asymmetric vertical SRR
metamaterials will lead to further inspiration for superior
performance sensor design.

The metamaterial absorber is a typical structure of
metamaterials. It is usually composed of a metal-dielectric-
metal three-layer structure. At the resonant frequency, the
upper and lower layers of metal usually form a reverse
current, which in turn forms a vertical interface current
loop, resulting in magnetic resonance. When the incident
electromagnetic wave energy is transmitted vertically
downwards and enters the dielectric layer through the top
metal slit, it will form a lateral transmission. Therefore, by
optimizing the structure of the metamaterial absorber and
tuning the electric resonance and magnetic resonance, ex-
tremely strong electromagnetic field localization can be
realized, thereby achieving zero reflection and zero
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transmission of the incident electromagnetic wave at the
resonant frequency, that is, complete absorption.

Metamaterial absorbers rely mainly on their strong
resonance properties to gain significant advantages, as this
type of sensor can produce a strong and measurable readout
signal strong enough to accurately track the resonance
absorption peak of a parameter shift in the reflection
spectrum. The equivalent electromagnetic parameters of the
metamaterial change with the substrate or geometry of the
medium, resulting in a change in frequency. Metamaterial
absorbers can be used to measure changes in the derived
parameters.

Recently, there has been an increasing interest in met-
amaterial absorbers, providing an attractive platform for
electromagnetic wave sensing applications [15, 16, 44-50].
Narrow-band or multiband metamaterial absorbers are
critical in sensing and molecular detecting applications. In
2010, Na [44] first designed and implemented a meta-
material absorber working in the infrared band. The top
layer of the metal structure is a periodic circular microdisk.
The experiments measured the absorption spectra of air and
water as the measured substance, as shown in Figure 8(a),
the sensitivity reaches 400 nm/RIU and FOM reaches 87.
Mirzaei et al. [48] modelled a metamaterial based label-free
biosensor for DNA detection with a frequency shift of
3.6 GHz. As shown in Figure 8(b), a near-perfect meta-
material absorber for terahertz sensing applications has been
proposed by Saadeldin et al. The structure has a near-perfect
absorption of 99% at 2.249 THz and a narrow resonance
peak with a Q-factor of 22.05. The structure has a sensitivity
of 300 GHz/RIU, FOM of 2.94, and a refractive index range
of 1.0 to 1.39 when applied as a sensor for sensing. In ad-
dition, the effect of the thickness of the analyte on the
sensitivity was investigated over a range of 1.0 to 4.0 yum
variations when the refractive index of the analyte n=1.35,
and the sensitivity S =23.7 GHz/ym. Nanostructured plasma
metamaterials are considered to be a good platform for
narrow-band optical absorption and have a wide range of
applications in sensing, filtering, modulation, and emission
tailoring. However, achieving optical sensing and dynamic
control of light in subnanometer absorption bandwidths
remains a challenge. As shown in Figure 8(c), Feng et al. [49]
demonstrated an asymmetric metal grating structure with
perfect light absorption near 1.55um wavelength with a
bandwidth of 0.28 nm using a propagating surface plasma
mode with a low dissipation rate. By varying the structure
parameters, the proposed structure provides a solution for
chemical or biological sensing in the visible spectral range.
The results show that the sensitivity and FOM of the sensor
are 440 nm/RIU and 1333.33RIU ", respectively.

3.2. Changing Substrate Properties. Recently, many research
teams have attempted different approaches to achieve
greater spectral modulation with the same medium varia-
tion, such as using low refractive index substrates, using
ultrathin substrates, etching parts of high refractive index
substrates, or integrating microfluidic channels or
microcavities.
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The dielectric layers of the metamaterial sensors men-
tioned previously are mostly made of GaAs and Si with high
dielectric constants, which provide a large capacitance to the
resonator and therefore reduce the capacitance variation
caused by the target material. Recently, it has been found
that the sensitivity can be significantly improved by using
low refractive index materials instead of the commonly used
high refractive index substrate materials and by using ul-
trathin substrates [51-54].

In 2010, Tao et al. [51] proposed a metamaterial bio-
sensor based on SRRs structure and ultrathin silicon nitride
(SiNx) substrate. In the experiment, 400 nm thick SiNx and
500 um thick Si were selected as substrates, and silk fibro
with different thicknesses was applied on the surface of the
sensor element by spin coating. The measured transmission
spectrum is shown in Figure 9(a). The test results show that
when the thickness of the silk fibroin is 1500 nm, the res-
onance peak offset of the Si substrate sensor is 10 GHz, and
the resonance peak offset of the SiNx substrate sensor is
116 GHz, indicating the sensor sensitivity of the SiNx
substrate about 10 times that of Si substrate sensors. The
main reason is that the permittivity of the SiNx substrate is
about 7, the permittivity of the Si substrate is about 11, and
the thickness of the Si substrate is much larger than the
thickness of the SiNx substrate, resulting in the capacitance
ratio of the Si substrate being much larger than of the SiNx
substrate. Therefore, the sensitivity of the Si substrate sensor
is smaller than that of the SiNx substrate sensor. Brian et al.
[52] found that the refractive index sensitivity of nanopore
arrays increases as the separation distance between the holes
increases and redshifts the resonance. However, if a nano-
pore sensor is fabricated on a low refractive index substrate,
additional sensitivity enhancement occurs, but the reso-
nance is blue-shifted. They found that approximately 40%
higher bulk refractive index sensitivity for a system of ap-
proximately 100 nm holes in 20 nm gold films fabricated on
Teflon substrates (n=1.32) compared to the case when
conventional glass substrates (n = 1.52) were used. As shown
in Figure 9(b), in order to get closer to practical applications,
Hu et al. studied a paper-based terahertz metamaterial
sensor [53], which can be used for quantitative analysis of
different concentrations of glucose. In the experiment,
100 uL of glucose solution was deposited on the SRRs res-
onator, and as the glucose concentration increases, the offset
of the resonant frequency increases, and the maximum offset
can reach 300 GHz. For a glucose solution with a concen-
tration of 7 mmol-L 7}, the sensitivity is
14.3 GHz-(mmol-L ™)™, and for a glucose solution with a
concentration of 30mmolL™', the sensitivity is
10 GHz-(mmol-L™")™". The flexible metamaterial based on
the paper substrate has the characteristics of high sensitivity,
transparency, portability, etc. and has more practical ap-
plication value. In 2017, Srivastava et al. [54] experimentally
demonstrated a dual-surface terahertz metamaterial sensor
based on asymmetric SRRs with double splits on an ultrathin
flexible polyimide substrate with a low refractive index, as
shown in Figure 9(c), which can realize sensing on both sides
of the structure and reveals a highly enhanced sensitivity. It
has promising applications in industrial sensing systems and
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improves biosensing performance at lower molecular
concentrations.

However, high index semiconductor substrates are
typically required to actively control the metamaterial
response of the gated structure, and this is problematic
with ultrathin substrates because of the integration re-
quired for the integrated fluidic channels, resulting in poor
durability. In order to achieve greater spectral modulation
for the same medium variation and to increase the sensing
sensitivity of metamaterial sensors, the substrate effect is
reduced by etching parts of the high refractive index
substrate to highlight the effect of the surrounding medium
variation [55-58].

In 2018, Moritake and Tanaka [57] proposed and
demonstrated the use of selective and isotropic etching of
substrates to eliminate the effect of substrate on plasma
resonance. The concept of substrate etching is shown in
Figure 10(a). After the formation of metal nanostructures on
the substrate, only the substrate is selectively etched. This is
shown in Figure 10(a). It is demonstrated that the use of
substrate etching reduces the effective refractive index
around the metal nanostructure, thereby eliminating the
substrate-induced resonant red-shift and improving the
refractive index sensitivity. In addition, the change in the
resonance quality factor Q of the substrate etching method
was investigated in detail. As shown in Figure 10(b), the
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refractive index sensitivity is significantly improved to
1537 nm/RIU due to the substrate etching making the
electric field accessible under the nanostructure. The re-
fractive index sensitivity is substantially improved compared
to the case without substrate etching. The method proposed
in this paper is applicable to a variety of plasmonic structures
to eliminate the influence of substrates on the realization of
high-performance plasmonic devices.

In 2019, Meng et al. [58] proposed a metamaterial sensor
with an etched trench introduced in the inductance-ca-
pacitance gap region of a split-ring resonator, and the results
showed an increase in frequency shift and sensitivity when a
dielectric material of up to 18 ym thickness was deposited on
the sensor surface. As shown in Figure 11, Wang et al. [59]
theoretically optimized the conventional fabrication process
for realizing terahertz metamaterial absorbers and analyzed
the feasibility of matching the existing surface micro-
machining process. The results showed that the sensing
performance of the new metamaterial sensor was signifi-
cantly enhanced due to the surface-relief design compared to
the conventional metamaterial sensor. The proposed method
for the design of terahertz metamaterial absorbers can be
used to implement ultrasensitive metamaterial sensors.

To design a highly sensitive refractive index sensor, the
degree of overlap between the electromagnetic field and the
substance needs to be enhanced. Related studies have shown
that when molecules are not attached to the sensor surface, the
electric field strength decreases as the distance between the
substance and the surface increases, which results in a
weakening of sensitivity. The research team, therefore, began to
investigate how to design geometrical structures to enhance the
overlap between the substance and the electromagnetic field.

The emergence of microfluidics, which has received
widespread attention from research teams, allows the ma-
nipulation of very small amounts of fluid (10~ to 107'*L)

using microchannels (approximately 10-100ym in size)
[60]. It is potentially valuable in the field of biological and
chemical detection because of its high sensitivity, low cost,
and fast measurement. By designing different forms of
microfluidic channels, the refractive index sensitivity of the
sensors has been greatly enhanced [61-64].

Zhou et al. [63] demonstrated a metamaterial integrated
microfluidic sensor with the capability of multiband sensing
for the dielectric property of various chemicals. As shown in
Figure 12(a), the sensor is composed of a symmetrical
double SRRs structure, which enhances the resonant
strength and sensing capability of the resonant cavity
compared to a single SRRs. As shown in Figure 12(b), a
dielectric model is developed by fitting a nonlinear curve to
the resonance and theoretical derivation and experimentally
validated to obtain a complex dielectric constant from the
measured “butterfly-like” result curve, which can be used as
a diagnostic indicator to identify chemicals. In addition, the
sensor has been extended to integrate multiple resonators to
obtain the dielectric spectrum of ethanol, enhancing its
potential for chemical analysis and practical applications.

Withayachumnankul et al. [62] implemented a meta-
materials microfluidic sensor based on a single SRR reso-
nator, as shown in Figure 13. At resonance, an SRR creates a
strong electric field in the deep subwavelength region. The
flow of the liquid over this region can alter the local field
distribution and thus affect the SRR resonance behavior.
Specifically, the resonant frequency and bandwidth are
influenced by the complex dielectric constant of the liquid
sample. By establishing an empirical relationship between
the sensor resonance and the sample dielectric constant, the
complex dielectric constant of the liquid sample can be
estimated. This work advances the use of SRR-based
microfluidic sensors for the identification, classification and
characterisation of chemical and biochemical analytes.
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Hu et al. [64] proposed and experimentally demon-
strated a novel metamaterial absorber integrated terahertz
microfluidic sensor. As shown in Figure 14(a), by intro-
ducing matter into two parallel metallic structures, a
transverse cavity resonance occurs inside the absorber,
resulting in a significant increase in sensitivity. Furthermore,
the emergence of this highly sensitive sensor provides an
interesting approach to the design of subsequent highly
sensitive chemical and biological sensors.

3.3. Other Ways. Furthermore, to achieve very strong
magnetic resonance in metamaterials for high-performance
sensing, Chen et al. [65] studied numerically photonic
microcavity-enhanced magnetic plasmon resonance in
metamaterials for high quality refractive index sensing, as
shown in Figure 15(a). The radiation damping of the
magnetic plasmon resonance is greatly reduced and the
linewidth is greatly reduced due to the coupling of the
magnetic plasmon resonance excited in the metallic SRRs to
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the photonic microcavity mode supported by the photonic
microcavity. The cavity-coupled metamaterial sensor has the
advantages of narrow bandwidth, wide modulation range
and large magnetic field enhancement at magnetic plasma
resonance with high sensitivity (S=400nm/RIU and
§*=26RIU) and figure of merit (FOM=33 and
FOM* =4215). It is shown that the proposed metamaterials
have potential applications in plasma biosensors. In 2019, a
metamaterial structure consisting of a pair of closely spaced
metallic nanodiscs arranged on a metallic substrate was
proposed by Chen et al. [14]. A very strong magnetic res-
onance exists in this structure, and theoretical analysis
suggests that the magnetic resonance is caused by incoming
plasma hybridisation within the pair of metallic nanodiscs.
Under strong magnetic resonance, the electric field tends to
increase, and ultranarrow bandwidths and near-perfect
absorption can be achieved. It is shown that the designed
sensor has a high sensitivity (S =991 nm/RIU, §* =47 RIU)
and FOM (FOM = 124, FOM"* = 17702).

Qiu et al. [66] proposed and investigated a dual-fre-
quency perfect metamaterial absorber consisting of a simple
periodic patterned cylindrical/square MoS,-dielectric silica
arrays supported by a metal ground plane, as shown in

Figure 16. The application of this metamaterial absorber in
refractive index sensors is also presented in the paper.
Compared to previous dual-band metamaterial absorbers,
the cylinder MoS,-based absorber is simple in shape, greatly
simplifies the fabrication process and is polarization in-
sensitive. It has great potential in the visible and near-in-
frared spectral range, for instance, as a plasma sensor.

As shown in Figure 17, Chen and Fan [67] demonstrated
a novel terahertz metamaterial sensor with integrated
microfluidic channels, where two pairs of high refractive
index dielectric disks were arranged into the unit cell. The
ultrahigh-strong toroidal dipole response associated with the
presence of trapped modes was excited and studied by in-
troducing a new symmetry-breaking method into the cell
structure. Simulation results show that the sensor has a high
Q-factor and FOM of 3189 and 515, respectively, and thus
with this advantage, it will be used in a wide range of ap-
plications in liquid and gas sensing.

He et al. [68] proposed an ultrasensitive terahertz sensor
based on a graphene metamaterial with a complementary
structure of wire slot and split-ring resonator slot arrays, as
shown in Figure 18. The sensitivity of the sensor reached
177.7 GHz/RIU with FOM of 59.3. In addition, this structure
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has the advantage of enhancing the absorption and sensing
performance of biomolecules, as well as dynamically
adjusting the sensing range by adjusting the Fermi energy of
the graphene.

4. Challenges and Prospects

Metamaterials can manipulate electromagnetic waves in
specific ways and exhibit supernormal electromagnetic
properties that natural materials do not possess. In addition,
metamaterials can realize strong localization and enhance-
ment of electromagnetic field, thereby providing a novel
sensing platform with the advantages of high sensitivity,
high resolution, fast response, and simple measurement.
Metamaterial sensors can break through the resolution
limit of traditional sensors for a small amount of substance
and have higher sensing sensitivity and resolution than
traditional sensors. During the past decade, researchers have
been focusing on further improving the sensing charac-
teristics of metamaterial sensors and promoting their de-
velopment. Currently, metamaterial sensing technology is
relatively mature. However, in order to truly move towards
practical applications and explore the broad application
prospects of metamaterial sensors in the fields of substance
detection, environment sensing, biosensing, food safety
control, and homeland security, like any emerging field,
metamaterial sensing also faces many challenges:

(1) Metamaterial sensors still need improvements in
sensitivity and resolution by designing special
metamaterial structures or using specific dielectric
materials.

(2) With the advancement of microfabrication and
nanofabrication technology, the precise preparation
of different metamaterial sensors is realized, creating
new possibilities for its practical application.

(3) In addition to the realization of metamaterial sensors

based on resonant frequency shift, the combination of
the amplitude and phase changes of electromagnetic

waves with the characteristics of metamaterials can
expand the types of metamaterial sensors.

(4) Continue to develop the fields of metamaterial
sensing, such as pressure, temperature, density,
thickness, strain, and position.

(5) To address the detection limitation of only one
substance at a time, multichannel metamaterial
sensors should be developed.

5. Conclusion

In this review paper, we introduced metamaterial sensors
from several aspects such as sensing mechanism, main
characteristic parameters, and sensing characteristics im-
provement. It focuses on the development overview of
improving the sensing sensitivity of the metamaterial sen-
sors by optimizing the structure and changing substrate
properties.

The superiority and versatility of metamaterial sensors
are obvious. They usually exhibit enhanced characteristics
and capabilities potential to overcome many of the limita-
tions of conventional sensing devices. However, based on
actual needs, the sensitivity, accuracy, and detection limit of
metamaterial sensors need to be further improved. With the
progress of microstructure processing technology and the
emergence of new materials, it is believed that more and
more high-performance metamaterial sensors will appear
and have broader application prospects in the future.
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In this paper, two models of elastic metamaterial containing one and two resonators are proposed to obtain the bandgaps with the
aim of providing broadband vibration suppression. The model with one DOF is built by assembling several unite cells in which
each unite cell consists of a rectangular frame as the base structure and a rack-and-pinion mechanism that is joined to the frame
with a linear spring on both sides. In the second model with two DOF, a small mass is added while its center is attached to the
center of the pinion on one side and the other side is connected to the rectangular frame via a linear spring. In the first mechanism,
the pinion is considered as the single resonator, and in the 2DOF model, on the other hand, the pinion and small mass acted as
multiple resonators. By obtaining the governing equations of motion for a single cell in each model, the dynamic behavior of two
metastructures is thoroughly investigated. Therefore, the equations of motion for the two models are written in matrix form, and
then, the dispersion relations are presented to analyze the influences of system parameters on the bandgaps’ starting/ending
frequencies. Finally, two models are successfully compared and then numerically simulated via MATLAB-SIMULINK and MSC-
ADAMS software. With the aid of closed-form expressions for starting/ending frequencies, the correlation between the system

parameters and bandgap intervals can be readily recognized.

1. Introduction

Metamaterials are referred to the types of advanced
materials that are synthetically made including small
substructures which generally behave like a continuous
material. The frequency bands at which acoustic and
elastic waves cannot propagate are called bandgap, which
is the most prominent feature of metamaterials. The
propagation of waves of different wavelengths is con-
trolled by the low/high-frequency bandgaps generated by
the metamaterials. Given this unique property, meta-
materials can be used in the field of acoustic insulation,
filtration of waves, oscillations reduction, and sonic
transmission [1-3]. The cell body of an acoustic meta-
material consists of a basic structure in which one or more
locally vibrating components are located. Interactions
between the base environment and local vibrators enable

interesting physical phenomena such as bandwidth,
negative effective density, negative modulus of elasticity,
directional filtering and wave conduction, increased
dissipation, and vibroacoustic attenuation [4, 5]. Basi-
cally, two types of local resonators are used: (1) transla-
tional resonator and (2) rotary resonator, which cause
negative effective density and negative effective elastic
modulus, respectively [6]. Huang et al. [7] demonstrated
the consequence of using different equivalent models to
represent a lattice system consisting of mass-in-mass
units. Then they studied the dispersive wave propagation
and compared to various equivalent models. They found
that, if the classical elastic continuum is utilized to rep-
resent the original mass-in-mass structure, the effective
mass density will be frequency dependent and may be-
come negative for frequencies near the resonance fre-
quency of the internal mass. In the meantime, if a multi-
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displacement microstructure continuum model is uti-
lized, the dispersive behavior of wave propagation and the
band gap structure can be adequately described.

Active and passive periodic structures are made up of
similar substructures or unit cells that are joined to each
other in a similar way. The periodicity of these structures
exhibits unique dynamic properties because they can
prevent wave propagation and act as a mechanical filter [8].
Wave propagation is not possible in infinite periodic
structures at particular frequency intervals. Photonic
bandgaps are frequency bands in which acoustic/elastic
waves cannot be transmitted. Unlike infinite periodic
structures, wave transmission or vibration occurs sparingly
if finite periodic structures are excited within the band
gaps, which can be examined for frequency response
function diagrams to obtain this wave or vibration
transmission [9]. Propagation or passbands allow waves
along these structures which propagate in certain fre-
quency ranges without attenuation; and stopbands, at-
tenuation bands, or bandgaps are the frequency bands in
which waves can be attenuated [10]. In periodic structures,
two common methods for generating phononic bandgaps
are Bragg scattering and local resonances [9]. The band
structure and wave reduction mentioned above are due to
these two types of mechanisms that are clearly different
from each other [11]. In the high-frequency mode, Bragg
bandgaps can be used to filter the waves, but in the low-
frequency mode, this is not possible [12]. On the other
hand, at much lower frequencies than Bragg scattering,
bandgaps can be created by local resonance [9]. Control of
resonant-type bandgaps due to local resonance (LR)
mechanism is easily possible, unlike Bragg-type bandgaps.
In order to adjust the bandgap properties, the properties of
the locally resonant structure can be changed. Chen and
Chien [12] proposed a mass grid system, and before this
new idea was applied to the field of elastic, it was presented
in the field of acoustic.

Lazarov and Jensen [10] conducted their study in both
linear and nonlinear modes to propagate the wave in one-
dimensional chains in which nonlinear oscillators are
joined. They found that in the nonlinear state, the bandgap
could shift depending on the amplitude and degree of
local nonlinearities. Also, the results of their research
showed that in the linear mode, the location of the gap is
around the resonant frequency which allows the gap to be
generated at a lower frequency domain. Casalotti et al.
[13] examined an Euler-Bernoulli beam with an ar-
rangement of nonlinear mass-spring substructures at-
tached to investigate the ability of the nonlinear
metamaterial beam to absorb multistate vibrations. Beam-
connected substructures that act as local resonators or
vibration absorbers created bandgaps. At first, they
identified the frequency stop bands of the unite cell, and
then in order to investigate the multifrequency stopband,
the frequency response for the nonlinear metamaterial
beam was extracted. They indicated that, for the meta-
material beam, the oscillations related to the lowest three
vibration modes were significantly reduced by properly
adjusting the constituent parameters of local absorbers.
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Zhou et al. [14] presented two models of an acoustic
metamaterial beam in which local resonators were at-
tached owning to both flexible bandgaps and high static
stiffness. Initially, an equivalent model by mass-spring-
beam of acoustic metamaterial beam with variable cross
section was considered and analyzed analytically. The
dispersion relationship of acoustic metamaterial beam
was extracted, and the effect of different control param-
eters on bandgaps was investigated. Then, they simulated
and examined a two-dimensional finite element model of
acoustic metamaterial beam for the sake of validation in
COMSOL Multiphysics. Their results showed that there is
good compatibility between the analytical model and the
two-dimensional model. Finally, a three-dimensional
model of acoustic metamaterial beam was presented and
discussed in two forms of equal and unequal thickness to
measure the wave attenuation. Huang and Sun [15]
studied a multiresonator mass-in-mass grid system and
obtained its dispersion curves and bandgap. It was shown
that bandgap can be displaced by changing the magnitude
of the internal masses and the spring constant. They
proposed a monoatomic model equivalent to the original
system and found that the effective mass at bandgaps
frequencies is negative. Finally, they introduced a mi-
crostructure continuous model that can obtain the dis-
persive behavior and bandgap structure of the original
system. According to the study conducted by Sun et al.
[16], it was shown that an acoustic absorber based on
metamaterial can be thought of as a uniform isotropic
beam with a number of very small mass-spring subsystems
at different points. They also discussed how to create
bandgap by subsystems, the negative effective mass, and
stiffness. Their results showed that common mechanical
vibration absorbers are the basis of the actual working
mechanism of metamaterial beam. Shear forces and
bending moments were then created to hold the beam
straight and prevent wave propagation. An important and
in-depth topical review in the field of active metamaterials
and metadevices was performed by Xiao et al. [17]. They
reported the advancement of active metadevices and
metamaterials ranging from microwave to visible wave-
lengths, including milestones as well as the state of the art,
and finally presented the future prospects together with
several emerging tuning strategies and materials.

Most studies of metamaterial models are based on a
damper-spring-damper combination. However, this paper uses
a new combination of rack-and-pinion mechanism and mass
to achieve wider bandgaps and investigate the dynamic be-
havior of the new combination. In the current research, two
models of elastic metamaterials are proposed to obtain
broadband bandgaps for vibration suppression. The models are
made from a combination of a rack-and-pinion mechanism
connected to a concentrated mass. The governing equations of
both models with one and two degrees of freedom are solved by
MATLAB-SIMULINK and dispersion curves and frequency
response diagrams are also drawn. Then, the effect of control
parameters on the starting and ending frequencies of the
bandgaps is mathematically investigated. Finally, both models
are modeled and simulated in MSC-ADAMS software, and the
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desired graphs are numerically extracted. There is a satisfactory
agreement between the simulated results and those obtained by
numerical algorithms.

2. Models: 1DOF and 2DOF

In this section, two models consisting of one- and two-
degree-of-freedom elastic metamaterials (EMM) are intro-
duced and discussed. The models include rectangular cells
containing a rack-and-pinion mechanism and a concen-
trated mass. The presence of a rack prevents slipping be-
tween the pinion and the cell which converts the transfer
motion to a pure rolling motion. The aim of this study is to
analytically obtain the bandgaps of the proposed models in
order to reduce or eliminate the mechanical vibrations. For
both one- and two-degree-of-freedom models, the mathe-
matical models are presented and the staring/ending

frequencies of bandgaps are mathematically extracted with
close-form expressions.

2.1. One DOF Model of EMM

2.1.1. One DOF Model: Mathematical Formulation. The
proposed one-degree-of-freedom model of elastic meta-
materials is shown in Figure 1. As shown, the main body of
this model consists of rectangular frames with a rack-and-
pinion inside. Rectangular frames are then connected by
linear springs. On the other hand, the pinion is connected to
the walls of the rectangular frame by two linear springs.

The parameters defined for the problem are shown in
Figure 2, which represents the unit cell of the one-degree-
of-freedom model. Therefore, using Newton’s second law,
the governing equations of a unit cell are derived as
follows:

ZFx = mlx.n = _kl (xn - xn—l) _kl (xn - xn+l) _m2(5én + 1"6) = mljén’ (1)

Z Mg = In0= — 2k, (rO)r —m, (%,)r = 1,6, (2)

where m, and m, are frame and pinion masses, respec-
tively, rand@ are the radius and the rotational displace-
ment of pinion, respectively, x, represents the
translational displacement of the nth cell, and I, denotes

and the dimensionless parameters used in this model are
defined by

m
M=—1
m,
~ Io
1= —
myr
k=-h
— 7
k,
(4)
_ k,
w,, —,
m,
X, = X,
T = wt,
. w
w=—_
w

the mass moment of inertia of the pinion with respect to
the point o.

Now, Equations (1) and (2) are written in a matrix form
as follows:

R

where w,, is the local natural frequency, M, I, K, %,,, 7, and @
are the dimensionless mass, moment of inertia, stiffness,
displacement, time, and frequency, respectively. By replac-
ing these dimensionless parameters in Equation (3), the new
form of governing equations can be written as follows:

2—
d’x,

(M +1)@* & 1| dr° 2K 0%,
+
@ 1&* 40 0 2JL0O

2.1.2. One DOF Model: Dispersion Properties. In this section,
the solution corresponding to the harmonic wave for the
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FIGURE 1: A schematic of the metamaterial arrangement of the IDOF model.
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FIGURE 2: A schematic of a unite cell of the 1IDOF model.

1DOF model is defined for extracting the dispersion rela-
tions and the bandgap frequencies:

[ 2n ] |: E; ] i(qa.n+1)
= o |e +C.G,
o] Lo ©)

[Foe] = %y J' "7 4 cc,

2 T2
W lw

where X, and 0° are the steady-state amplitude of the so-
lution, qa is the phase factor, and nrepresents the periodic
number. Moreover, a.n indicates the distance between
ntheell from the origin (support) [18-22]. Substituting
Equations (6) into (5), the new form of the governing
equation in its matrix form is as follows:

0 2] @@ ¢

|: (M +1)@* @ ”:Yn (~1)e' (@m0 4 c.c} |:212 0:| [E;ei(qa'””) + c.c]
+

0

Now, by factoring and arranging the different expres-
sions in Equation (7), the final form of the equations of
motion for the considered system is given by

~2

|:—(M + 1)@ + 2K - K (2 cos(qa))
—-@

The dispersion relation for the 1IDOF model can be
obtained from Equation (8). For a nontrivial solution, the

0 (-1)e" ™) 4 cc

. [—IA((E; eiqa(n— l)ei‘r + E; eiqa(n+1)ei‘r + C.C) } - |: 0 ]

(7)

0

) o
- x, | . 0
_ [ ! ]e’(qa'"”) +cc= [ ] (8)
~Ta*+2]L 0 0

determinant of the coefficient matrix must be equal to zero.
Therefore, the dispersion relation is extracted as

(I(1+M)-1Da* +2(-M - 1-IK (1 + cos(qa)))@” + 4K (1 — cos(qa)) = 0. 9)

By solving Equation (9) for @, the relation for the
acoustic and optical frequencies of the EMM can be
achieved as described in Equations (10) and (11). Then, by

employing the obtained closed-form expressions, the
dispersion curves for the 1DOF model are shown in
Figure 3.
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Equations (10) and (11) express the acoustic and optical
frequency branches, respectively. Low-frequency and high-
frequency dispersive curves are then presented by @, . ysic
and @qpyica> respectively [1]. In the above equations, at the
point of qa = =+, the slope of the dispersion curve, namely,
the velocity of the traveling wave, is equal to zero. This
means the wave cannot propagate, similar to what happened
at the bandgaps. This area is the first Brillouin zone’s
boundary. Hence, substituting qa=7 and qa=0 into
Equations (10) and (11), and then solving these expressions,
the starting and ending frequencies of the bandgaps for the
1DOF model are extracted [1, 20].

2.2. Two DOF Model of EMM

2.2.1. Two DOF Model: Mathematical Formulation. In this
section, a model of two degrees of freedom of EMM is
presented (see Figure 4). This model is an extended model of
the first model discussed in the previous section. The unite
cell of the model is made of rectangular frames with a rack-
and-pinion inside it connected to a concentrated mass. As
shown in Figure 5, the pinion and concentrated mass are
joined to the rectangular frame by a linear spring with
stiffness of k,. In addition, the rectangular frames are
connected to each other by a linear spring with stiffness of k,
and create an integrated metastructure. Therefore, the
governing equations of a unit cell can be described as
follows:

ZFx = mljén =- kl (xn - xn—l) - kl (xn - xn+1) - m2(jén + 1"9) —ms ('xn + .X) = mljén > (13)

Z Mg = I8 = = 2k, (r0)r + (kyx)r — m, (%,)r = 156, (14)

Z F, = myx = — myx, — 2k, x + k,r0 = myX, (15)
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FIGURE 4: A schematic of the metamaterial arrangement of the 2DOF model.
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FIGURE 5: A schematic of a unite cell of 2DOF model.
where mis the concentrated mass, and x denotes the Now, Equations (13) to (15) are written in matrix form as
translational displacement of concentrated mass. follows:
my +my +my; m,r m, 2k, 0 0 I, —ky (%01 + Xp01) 0
m,r Ip 0 |[%,6%]+] 0 2k, —kyr || 6 |+ 0 =lo (16)
ms 0 my 0 —kyr 2k, L x 0 0
To express the problem in the dimensionless form, the - _
i X - X, = X,
following nondimensional parameters are defined for the
2DOF model: X = x,
_ my+my
= T = wt,
! (17)
. _ w
— 2 w] =
m, = —, w
2 m, nl
_w
w, = —,
I= Io L)
myr”
2 where w,,; and w,, stand for the natural local frequencies of
k the first and second modes, respectively, 71, and m, are
K =2 defined as the ratio of the total mass of the pinion and the
1 concentrated mass to the mass of the rectangular frame and
pinion-to-frame mass ratio, respectively, I, K,X,, X, and 7
; Kk, are the dimensionless moment of inertia, stiffness, dis-
" \m, placement for cell, displacement for concentrated mass, and
dimensionless time, and w; andw, denote the first and
ok second dimensionless frequencies, respectively. Using the
2

w,, = \—2 introduced dimensionless parameters, Equation (16) can be
3 rewritten in a dimensionless form as follows:
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xn
2
2 2 2 dr
(L+m)w, myw; (m; —m,)w)
2
2 E) dao
W] Tw; 0 — |t
dr
) )
w, 0 w,
2
d'x
2
L dr°

2.2.2. Two DOF Model: Dispersion Properties. In this section,
the solutions corresponding to the harmonic wave for the
2DOF model are presented as follows for extracting the
dispersion relations as well as the bandgap frequencies:

%, [%:
0 |=|6 @)y,
X x
— _[=° i(qa.n+t)
R = (£ @ 4 coc

(1+ ml)wf mzaf (m, - m2)5f

(19)

7
2.0 0 7
_ _ yn _(yn—l + Erﬁ’l) 0
02K’ K
m, m, || 0|+ 0 =|0] (18)
I X 0 0
0 — 1
L 2 ]

Similar to the previous section, X, , 6", and x°represent
the steady-state amplitude of the solutions. Substituting
Equations (19) into (18), the new forms of the governing
equations using matrix notation are given by

By simplifying Equation (1), the final form of the gov-
erning equations yields

% (-1)e' ™ 4 cc

6 (~1)e' @™ 4 e

% (=1)e' @) 4o ¢

@, Tw; 0
2 2
w, 0 w,
r2 0 0 7
X, o @mD oo —(
02? K
+ m, m, chi(qa'nﬂ) +cc |t
1 X @D 4o
0 — 1
L” i
[—(1+77,)@; +2—2 cos(qa) 7@,
- 2K
—wf =1 wf +—
m,
) 1
@ -
L 2 2

Dispersion relation for the 2DOF model can be then ob-
tained by manipulating Equation (21). For a nonzero solution,
the determinant of the coefficient matrix should be set to zero.
Therefore, the dispersion relation is extracted as follows:

(20)
%, Ve 1 x4 dce) ][0
0 =10
0 0
—(ml - m2)(‘)1 ]
% %] ’
- %2 [ A ) ) (21)
X 0
1-a

A’ +(Bwfl1 + Cwi2)w4 +(Dwi1wi2 + Ewil)w2 +F =0,
(22)

where



A =2m,(m,] - 1-1),
B = -2K (2 +m,) + 4m,I (1 — cos(qa)),
C =m, (m, + 2I) + mym, (1 + 2I),

_ - (23)
D = 3K (1 +m;) —4m,I (1 - cos(qa)),

E = 8K (1 - cos(qa)),
F = 6K (1 - cos(qa))w,, w’,.

Similar to the explanations given for the one-degree-of-
freedom model, Equation (22) shows the relationship be-
tween w and qa. By plotting this equation, the dispersion
curves are then available. By replacing ga = 7 in Equation
(22), the expressions for the starting frequencies can be
achieved as follows:

A =251 + 27, + 27, I,
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(24)

Now, by substituting qa=0 in Equation (22), the cor-
relations between the system parameters and ending fre-
quencies are given by

1/3
B:<E+((E+D—F)2—c3)”2+D—F> ,

1 [(H?
C=—|-—+G)
3A\3A
_GH
6A%

H3
27A%

4 2
_ 6Kw,, w,,

F >
A

4 — — T\, 2
G = 16Kw,, + (3K + 3K, — 87,])w,, w,,,

K -+/L
Fel = \/—’
2A
(25)
K++L
FeZ = >
2A
where
(26)

2

H =m0, (7, + 7, + 21 + 27, 1) + w’, (-4K — 2K, + 877, 1),

I =mym; (21 + 1) +(2m, m; + 4m,m

T) I+1) +(27ﬁ2 + mﬁ)z,

J = 4K, i, (41 + 5) + 8K, i, (I - 1) + 16K, (I + 1) + 8K, I — 4K,

— 7, 2
K =H - 8m,lw,,,

—2

s 4 4 2
L =16K T+m2+1 W, +Ilw, + Jw,,w,,.

3. The Integrity of One and Two DOF Models

To verify the results of this study extracted by mathematical
modeling, both elastic metamaterials are modeled and
simulated in MSC-ADAMS software under the assumption
of rigid dynamics, as shown in Figures 6-9. Furthermore, the

2

frequency response analysis (FRA) is performed for both
models and frequency diagrams are then plotted. In the
following section, the transient specifications of the system
are expressed by parameter IT and the ratio of the fifth cell
displacement to the displacement of the first cell and then
compared with numerical solutions.
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FIGURE 6: A schematic of the EMM arrangement of 1DOF model-MSC-ADAMS software.

FIGURE 7: A schematic of a unite cell of 1IDOF model-MSC-ADAMS software.

FIGURE 8: A schematic of the EMM arrangement of 2DOF model-MSC-ADAMS software.

FIGURE 9: A schematic of a unite cell of 2DOF model-MSC-ADAMS software.

For numerical simulations, MATLAB/Simulink soft-
ware is utilized, and the governing equations of proposed
models are solved numerically. The block diagrams drawn
by MATLAB/Simulink models are displayed in Figure 10.
It is worth mentioning that each section in the diagram
contains the equations governing the dynamics of a single
cell.

For both models, the frequency response diagrams ob-
tained from numerical solutions and simulations are plotted
in Figures 11 and 12. As indicated, both analyses provide the

same intervals for system bandgaps, demonstrating the
satisfactory agreement between the results of both proce-
dures which indicates the integrity of our mathematical
modeling as well as numerical calculations.

4. Results and Discussion

After verifying the soundness of the numerical solutions, the
dispersion characteristics and the effect of different system
parameters on the bandgap intervals are comprehensively
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studied. In this section, it is aimed to examine the bandgaps
of the introduced models and demonstrate in which con-
ditions they can be extended or transmitted.

4.1. One DOF Model of EMM

4.1.1. Dispersion Curve for the IDOF Model. Figure 2 shows
the dispersion curves of the one-degree-of-freedom model,
which shows the acoustic and optical wave modes as well as
the bandgap interval. The values of the selected parameters
are M =1.56,1 = 1.5,K = 0.35, and w, = 8.9. Considering
these parameters, the bandgap of the one-degree-of-freedom
model is placed between the frequencies of 6.15 to 11.94
(Hz), which is the same as the frequency range obtained
from Figure 11.

4.1.2. The Effect of System Parameters in the IDOF Model.
The surfaces drawn in Figure 13 exhibit the effect of different
dimensionless parameters on the starting and ending fre-
quencies of their corresponding bandgaps. The top and
bottom surfaces indicate the starting and ending frequen-
cies, respectively, and the distance between them indicates
the bandgap interval of the IDOF model. As can be seen in
Figure 13, there is a direct relationship between the bandgap
and the dimensionless stiffness, meaning that as the di-
mensionless stiffness increases, the bandgap is also en-
hanced. On the other hand, by increasing the dimensionless
mass, the bandgap decreases. It is deduced that the stiffness
parameter has a positive effect on the expansion of the
bandgap and the effect of the mass parameter is to weaken
the bandgap interval. Moreover, according to the illustrated
results, in general, the dimensionless moment of inertia
directly affects the bandgap range, which means that as the
dimensionless moment of inertia increases, the bandgap of
the model is also enlarged. Although the bandgap interval
slightly decreases at the lower values, when the dimen-
sionless moment of inertia takes the higher values, this
interval is then enhanced satisfactorily.

4.2. 2DOF Model of EMM

4.2.1. Dispersion Curve for the 2DOF Model. In order to
display the dispersion curves of the modified model with
multiple resonators, one can solve Equation (22) for w and
extract the desired curves. The values of the selected pa-
rameters are 7, = 1.04,m, = 0.64,1 = 1.5, andK = 2.86,
w,; = 4.2(rad/s), w,, = 15.9(rad/s). Considering the above
parameters, the bandgap starting frequencies (F, and F,)
are calculated by substituting qa = + 7 in the acoustic and
optical wave modes, respectively. The resulting plots are
shown in Figure 14 by Ds(1) and Ds(2), respectively. In
addition, the bandgap ending frequencies (F,;and F,,) are
also extracted by replacing qa = 0 in two optical roots of
Equation (22), respectively. The plotted results are illustrated
in Figure 14 by Ds(2) and Ds(3), respectively. As indicated in
Figure 14, the difference between the first starting frequency
and the first ending frequency demonstrates the first
bandgap, and the difference between the second starting
frequency and the second ending frequency represents the
second bandgap. According to the illustrated results in
Figure 12, one can find that there is a small area between the
first and second bandgaps. This consequence is also dem-
onstrated in Figure 14 with a slight difference between the
highest and lowest points of Ds(2). The slight difference
leads to the flattening of the Ds(2) curve.

4.2.2. Comparison of Dispersion Curves for Two Models.
As shown in Figure 15, by adding the concentrated mass
and modifying the 1IDOF model to a 2DOF model, two
bandgaps are created in the dynamics of the new model,
which allows us to reduce or suppress the vibrations of the
modified system in more frequency ranges. From the
comparison between the dispersion curves of both
models, one can conclude that the first bandgap in the
two-degree-of-freedom model starts and ends at lower
frequencies than that of the one-degree-of-freedom
model.
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F1Gure 13: The effect of changing (a) K and M and (b) K and Ton the starting and ending frequencies of the bandgap for IDOF model.
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4.2.3. The Effect of System Parameters in the 2DOF Model.
Figure 16 displays well that when the parameter 71, shifts
upward, the first starting frequency also increases and the
first ending frequency reduces, which satisfactorily expands
the first bandgap of the modified model. On the other hand,
by increasing the first bandgap, the second one decreases and
the starting and ending frequencies eventually reach a
constant value.

With increasing the parameter K, the first bandgap can
be extended to cover a larger frequency range, as shown in
Figure 17, although the first starting frequency will even-
tually approach a constant value. However, the change in the
second bandgap of the model does not show the same trend,
eventually converges to an almost constant value, and no
longer changes significantly.
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For the sake of extending the first and second bandgaps
of the modified model, the dimensionless moment of
inertia I has to be increased. As indicated in Figure 18, by
continuing the process of increasing the dimensionless
moment of inertia, the first ending and the second
starting frequencies will not change and take a constant
value.

As the first and second local frequencies increase, the
same behavior cannot be observed in the first bandgap of this
model, although it decreases with small values and follows
an increasing trend at higher values (see Figures 19 and 20).
In general, it can be inferred that the first bandgap is ex-
panded. Finally, it is found that with the increase of the first
local frequency, the expansion of the second bandgap is not
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Micropyramid vertical GaN-based ultraviolet (UV) light-emitting diodes (LEDs) on Si(111) substrate have been fabricated by
selective area growth to reduce threading dislocations and the polarization effects. There is no-light emission at the bottom and six
planes of the pyramid at lower current due to the leakage current and nonradiative recombination of the dislocation at the bottom
and the 90° threading dislocations (TDs) at six planes of the pyramid, and the top of the pyramid is the high-brightness region. The
micropyramid UV LED has a high optical output intensity under a small current injection, and the series resistance of unit area is
only a quarter of the conventional vertical LEDs, so the micropyramid UV LED would have a high output power under the drive

circuit. The reverse leakage current of a single micropyramid UV LED is 2nA at —10V.

1. Introduction

The III nitride-based light-emitting diodes (LEDs) have been
paid extensive attention thanks to their potential applica-
tions such as solid-state lighting, communication, sterili-
zation, disinfection, water or air purification, and
biochemistry [1-7]. The GaN-based LEDs cover range the
ultraviolet (UV), entire visible-light and near-infrared
spectrum (6.2 eV ~ 0.7 eV), due to the different composition
of indium or aluminium [2]. The marketization of GaN-
based visible LEDs has been replaced by AlGaN UV LEDs as
the next research hotspot. At present, heteroepitaxial
technology is the adopted method for the fabrication of
AlGaN UV LEDs by metal-organic chemical vapor depo-
sition (MOCVD) system, but as a high-temperature het-
eroepitaxial method, it has problems of the lattice and
thermal mismatch [2, 8, 9]. The high density of threading
dislocations (TDs) in epitaxial layer is attributed to the
material parameters step in interface [10]. Nonradiative
recombination centers in TDs reduce the internal quantum
efficiency (IQE), which evolves into thermal centers of

damage the UV LEDs [8]. For lower TDs, two-step growth
processes of predeposition AIN/AIGaN and selective area
growth (SAG) were proposed [10]. Due to developments in
crystal growth, chip processing, and packaging technologies,
the external quantum efliciency (EQE) of NUV-LEDs of
365 nm, 385nm, and 405nm reaches 30%, 50%, and 60%,
respectively [6]. However, the polarization effect of spacial
separation of electron-hole wave function also greatly affects
the IQE of LEDs [11]. The nonpolar plane reduces quantum-
confined Stark effect (QCSE) from the spontaneous and
piezoelectric polarization [12, 13]. Zhao et al. achieved IQE
as high as 39% at 279 nm in a-plane AlGaN-based multiple
quantum wells (MQWs) [14]. With the rapid development
of crystal growth and the improvement of semiconductor
manufacturing processes, micropyramid GaN-based UV
LEDs on Si (111) can improve the EQE by SAG, which is
ascribed to (1) high GaN crystal quality of lateral-growth
[15], (2) semipolar plane of pyramid structure [12], and (3)
larger emitting area of six planes of the pyramid. However,
its related research work is rarely reported, especially single
electrically driven GaN-based UV LED.
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FIGURE 1: (a) Schematic diagram of the structure. (b) Top view and (c) front view SEM images of micropyramid UV LED of no-electrode.

Hence, in this work, micropyramid vertical GaN-based
UV LED on Si (111) substrate has been fabricated by se-
lective area growth. Six semipolar planes at the top of the
pyramid greatly improve EQE due to lower the TDs and the
lower polarization effects. The micropyramid UV LED has a
high optical output intensity under a small current injection,
and the series resistance of unit area is only a quarter of the
conventional vertical LEDs. With features such as these, the
micropyramid UV LED can be used as a subminiature UV
light source, and it would have a high output power. The
reverse leakage current of single electrically driven micro-
pyramid UV LED is 2nA at —10V. The top of the micro-
pyramid vertical GaN-based UV LED is a high-brightness
region. However, the planes and bottom of the pyramid do
not emit light due to leakage current, nonradiative re-
combination of the dislocation at the bottom, and the 90
TDs at six planes of the pyramid.

2. Experiments

Micropyramid UV LED growth was performed on 2 inch
Si(111) by SAG in a low-pressure MOCVD system. Vertical
structure was designed to reduce current crowding, as
shown in Figure 1(a). The resistivity of n-type Si is less than
0.02 Q-cm. Before epitaxial growth, to remove impurities
and oxides on the Si(111) plane, the n-type Si was

sequentially cleaned with H,SO,:H,0,:H,0=3:1:1,
acetone solution, and isopropyl alcohol solution, respec-
tively. A ~50/1000nm thick n-AlGaN/AIN:Si film was
grown on the Si substrate at 1095°C. Subsequently, a
100 nm thick amorphous SiO, layer was deposited on the
AlGaN/AIN/Si by plasma-enhanced chemical vapor de-
position (PECVD). Afterward, the mask of SiO, of 5.0-ym-
diameter window openings with a 60um period was
designed by wet-etching (HF : H,O =1:10). After cleaning,
SiO,/AlGaN/AIN/Si was again used in epitaxial grown for
n-type GaN-based micropyramid. The growth of GaN in
the SAG of the window area belonged in secondary epitaxy,
and the GaN rapidly grew on the window since the window
of the patterned SiO, mask exposes the AlGaN layer. Ga
atoms did not stay on the amorphous SiO, mask due to
high-temperature decomposition of Ga-O and the larger
nucleation energy of heteroepitaxy. However, Ga atoms
migrated laterally to the window area for lateral growth,
eventually healed into a point on top and formed the n-type
GaN-based pyramid structure. Three pairs of AIGaN/GaN
MQWs were grown on the six semipolar planes {1101} of
the pyramid, and then the p-type AlGaN/GaN:Mg was
grown. The elements of Ga, Al, and N were provided by
trimethyl-gallium (TMGa) or triethyl-gallium (TEGa),
trimethyl-aluminum (TMAIl), and ammonia (NHj;),
respectively.
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TaBLE 1: The growth condition of the micropyramid LED in window areas.
TMGa (sccm) TMAI (sccm) TEGa (sccm) Pressure (mBar) Temperature (°C) Time (min)
n-GaN 40 — — 300 1095 20
n-AlGaN 40 10 — 100 1100 10
AlGaN barrier — 10 170 200 880 5
GaN well — — 340 200 800 2
p-AlGaN — 10 210 200 980 8
p-GaN — — 210 200 980 4
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FIGURE 2: (a) I-V curve and (b) optical microscope photograph of micropyramid UV LED.

The detailed growth condition of the micropyramid LED
in window areas are shown in Table 1.

The scanning electron microscopy (SEM) images of
Figures 1(b) and 1(c) showed that the micropyramid of six
semipolar planes were symmetrical and smooth. The bottom
diameter (20 ym) of the micropyramid was much larger than
the window of the mask due to the lateral growth. The angle
between {1101} and (0001) crystal plane was 62°. A 250 nm
thick indium tin oxide (ITO) film was deposited on the
micropyramid LED as a transparent conducting layer (TCL),
followed by the thermal annealing at 550°C for 30 min in
nitrogen (N,) environment. A Ti/AuSb/Au (10 nm/20 nm/
200 nm) metal was stacked on n-type Si by E-beam evap-
oration and rapid thermal annealing at 380°C for 35 seconds
in nitrogen (N,) environment. More detailed structure is
shown in Figure 1(a). In this way, the single electrically
driven micropyramid vertical GaN-based UV LED was
manufactured.

3. Results and Discussion

In order to study the electrical performance of micro-
pyramid UV LED, the current-voltage (I-V) characteristic
has been measured by Agilent B1500A, and the I-V curve is
shown in Figure 2(a). The curve shows the I-V characteristic
of a typical p-n junction due to the micropyramidal n-GaN/
n-AlGaN and p-AlGaN/p-GaN layers. The turn-on voltage

and series resistance are ~2.5 V and 5.2 x 10° (), respectively.
Series resistance of unit area is only a quarter of vertical
LEDs [16]. This attribution virtually leads to the high optical
output power. The doping in growth and high-quality ohmic
contact results in a low resistance. The reverse leakage
current of micropyramid UV LED is 2nA at —10V. There
are few reverse leakage current channels in micropyramid
UV LEDs because the micropyramid n-GaN releases partial
stress from the lattice mismatch and the dislocation density
is low. The working photograph is shown in Figure 2(b), and
the single micropyramid UV LED is located at the centre of
the high brightness region.

Figure 3 shows the electroluminescence (EL) spectra of
micropyramid UV LED working at various currents from 2
to 7mA. The micropyramid UV LED has a high optical
output intensity under a small current injection.

Under positive bias, electrons cross the AlGaN/GaN
MQWs layer and recombine with holes in the p-GaN layer by
radiative recombination. The EL curves show 365nm and
386 nm emission peaks, which come from the emission of the
GaN/AlGaN MQWs and the p-GaN layer [8], respectively.
The peak of 386 nm is higher than the peak of 365 nm because
the Al composition in the barrier of AljosGagosN/GaN
MQWs is low and the p-GaN can absorb the 365 nm light [17].

The inset of Figure 3 shows the optical microscope
photograph of the micropyramid UV LED when the in-
jection current is 0.2 mA and 2 mA, respectively. The light of
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FIGURE 3: EL spectra of micropyramid UV LED working at various
currents from 2 to 7 mA.

the micropyramid UV LED distributes on the top, six
bottom corner and edges due to the high radiation re-
combination efficiency at the top of the pyramid [18-20].
The top of the pyramid is a high-brightness region due to the
lower TDs, and the lower polarization effects and the larger
emitting area of six semipolar planes. However, the bottom
and six planes of the pyramid do not emit light at a low
current due to the nonradiative recombination of the dis-
location at the bottom and the 90° TDs at six planes of the
pyramid. The light at the bottom and the six edges come
from the emission of the top by waveguide of pyramid
structure [21, 22]. As the injection current increases, the
emission of top gradually spreads to the bottom.

In the EL spectra of micropyramid UV-LED, as shown in
Figure 3, the peaks of the wavelengths of 365 nm and 386 nm
show a red shift with increasing the injecting current. For an
easier reference, the peak near the 365nm and 386 nm is
named as the first peak and the second peak, respectively.
The relation between the peak positions and the injection
current has been shown in Figure 4.

As shown in Figure 4, the wavelengths of two peaks
increase with the strength of the injection current due to the
heat effect of electric current.

In the temperature range of 200-800 K, the band gap of
GaN can be expressed by the Varshni equation as follows
(23, 24].

E,(T) - E, (0K) - 2T (1)

g2 B+T

where Eg(O K)=3.495eV is the band gap of GaN at T=0K;
a=0.94 me V/K is the empirical constant; and f=791K is
associated with the Debye temperature [24]. Equation (1)
indicates the heat effect of electric current would result in the
decrease of the band gap, which results in the red shift of the
peaks in the EL spectra.
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FIGURE 4: The relation between the positions of the first and second
peaks and the injection current.

On the other hand, the state density of conduction band
and the Fermi level increases with the strength of the in-
jection current, and it would lead to the blue shift of the
peaks in the EL spectra. The combined action of the two
factors brings about the red shift of the peaks of the
wavelengths of 365 nm and 386 nm.

4. Conclusion

In summary, micropyramid vertical GaN-based UV LED
was fabricated on 2-inch n-Si (111) by SAG in a low-pressure
MOCVD system. The top of the pyramid is the high-
brightness region due to the lower TDs, the lower polari-
zation effects, and the larger emitting area of six semipolar
planes. However, no-light emission comes from the bottom
and six planes of the pyramid at a low current due to the
leakage current and nonradiative recombination of the
dislocation at the bottom and the 90° TDs on six planes of the
pyramid. The turn-on voltage, series resistance, and reverse
leakage current of the single micropyramid UV LED are
~2.5V, 52x10°Q, and 2nA at —10V, respectively. The
series resistance of unit area is only a quarter of the con-
ventional vertical LEDs, and the micropyramid UV LED has
a high optical output intensity under a small current in-
jection. It means the micropyramid UV LED can be used as a
subminiature UV light source, and it would have a high
output power under a small current injection. In addition,
the reason why the peaks of the wavelengths of 365 nm and
386 nm in the EL spectra show a red shift with increasing the
injecting current has been explained.
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