IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received August 22, 2020, accepted September 20, 2020, date of publication October 21, 2020, date of current version November 6, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3032836

Preliminary Study on Double Enhanced Raman
Scattering Detection of Gas Phase

Trace Explosives

ZHIBIN CHEN'2, MENGZE QIN"“12, AND CHENG XIAQ"3

! Department of Electronics and Optical Engineering, Army Engineering University at Shijiazhuang Campus, Shijiazhuang 050003, China

232181 Unit of PLA, Shijiazhuang 050003, China
3China Satellite Maritime Tracking and Controlling Department, Jiangyin 214400, China

Corresponding author: Zhibin Chen (shangxinboy @ 163.com)

This work was supported by the National Defense Research Program of Science and Technology, China, under Grant 2004053.

ABSTRACT The demand of continuous detection technology for gas phase trace explosives (GPTE)
in explosion-proof stability maintenance, public security, explosive security storage and other occasions
is summarized. By studying the development status and research trends of surface enhanced Raman
scattering (SERS) detection technology to detect GPTE, an application of a double enhanced Raman
scattering (DERS) substrate consisted of a novel 1D composite silver grating and gold nanospheres
colloids in the GPTE detection was presented. The detection sensitivity of 2,4,6-trinitrotoluene (TNT) and
cyclotrimethyltrinitroamine (RDX) was 10~ mol/L. Combining with microfluidic technology, it can realize
in-situ and continuous GPTE detection. This DERS substrate has a significant reference for the application
of SERS detection technology in food safety, health care and environmental monitoring, et al.

INDEX TERMS Composite sinusoidal grating, continuous detection, gas phase trace explosives, gold

nanoparticles colloids, surface enhanced Raman scattering.

I. INTRODUCTION

In recent years, with the increasingly rampant global terrorist
activities and the gradual intensification of local regional
conflicts, a large number of hidden explosives, such as time
bombs, landmines and other forms of explosive devices, are
threatened in the process of peacekeeping, stability mainte-
nance and riot handling. Therefore, it is necessary to search
and locate these hidden explosives. In the subway, airport,
station, shopping mall and other public security work, also
need to carry out explosive ordnance. With the emergence
of new types of explosives, in the process of explosive stor-
age, explosives need to be classified and arranged, safety
monitoring and early warning [1]-[3]. At the same time,
these explosives, in addition to the risk of severe explosion,
also pose an important threat to environmental safety. Leak-
age in the natural environment often occurs in production,
manufacturing and transportation, which requires real-time
monitoring. A high sensitivity, fast, portable, easy to operate,
and continuous detection of GPTE detection instrument is
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urgently needed to complete these detection and monitoring
work.

Traditional trace explosive detection technology mainly
includes spectroscopic technology, chemical reaction sensor
technology and biosensor technology. These technologies
have problems such as large equipment quality and vol-
ume, inability to continuously repeat sampling, poor envi-
ronmental adaptability, low selectivity, and environmental
pollution [4]-[11].

Surface enhanced Raman scattering (SERS) detection
technology has become a trend and hot spot in the field
of trace explosives detection because it can recognize the
structural information of substances at the molecular level,
and has high detection sensitivity (or even single molecule
detection) and high selectivity. At the same time, it has the
characteristics of small interference by water, quenching flu-
orescence, good stability and so on [12], [13].

The key to realize SERS detection of trace explosives was
to study a SERS substrate with simple preparation process,
good reproducibility and continuous detection. According
to the specific functional structure and characteristics of
SERS substrate, it can be divided into the following five
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categories: (1) SERS substrate with rough noble metal
[14]-[20]; (2) SERS substrate with periodic array struc-
ture [21]-[24]; (3) SERS substrate with assembled ordered
particle [25]-[28]; (4) Core shell SERS substrate [29]-[32];
(5) Graphene composite SERS substrate [33]-[38]. Two
novel SERS substrates with special functions, diatom cell
environmental protection substrate [39] and photocatalytic
self-cleaning substrate [40], were also introduced in the lit-
eratures. To a certain extent, these substrates can realize the
detection of GPTE with high detection sensitivity. But there
are still some defects such as complex processing technology,
poor reproducibility, memory effect and poor reusability.

A double enhanced Raman scattering (DERS) substrate for
detection of GPTE is proposed. The substrate is based on the
coupling between the SPP of silver sinusoidal grating (AgSG)
and the LSP of gold nanoparticles (AuNPs). The substrate has
the characteristics of simple preparation, good reproducibility
and continuous detection. Combined with microfluidic tech-
nology, continuous and real-time detection of GPTE can be
realized.

Il. STRUCTURAL DESIGN OF DERS SUBSTRATE
Continuous repeatable detection has always been a difficult
problem in the SERS detection field, which is of great sig-
nificance to reduce the cost of SERS detection and improve
the efficiency of SERS detection, and realize online continu-
ous detection. Especially during the extensive application of
SERS detection technology and microflow control technol-
ogy, continuous repeated detection is particularly important.

The key to continuous SERS detection of GPTE is that
the substrate has a sufficiently high enhancement factor (EF)
to achieve high-sensitivity detection and there is no “mem-
ory effect” [41], that is, explosive molecules are not easily
adsorbed on the surface of the substrate.

In this paper, a kind of DERS substrate with AgSG and
AuNPs colloids is proposed. Combined with microfluidic
technology, the GPTE can be continuously detected by SERS,
as shown in FIGURE 1. AuNPs colloids can adsorb the
explosive molecules in the air. Moreover, AuNPs and explo-
sives are not easy to adsorb on the surface of AgSG. The
DERS substrate is integrated into the open microchannel to
keep the AuNPs colloid flowing continuously in the micro
channel. The GPTE can be continuously sampled to achieve
high sensitivity and continuous SERS detection of the DERS
substrate for airborne explosive molecules.

A. SILVER SINUSOIDAL GRATING SERS SUBSTRATE

In the process of studying the AgSG structure, the Finite
Difference Time Domain (FDTD) simulation method was
adopted. In order to obtain the optimal grating structure,
the grating parameters (period P, silver thickness d and
sinusoidal amplitude A) are studied in detail. The working
wavelengths used in the simulation are 532 nm and 785 nm,
which are the corresponding working wavelengths of Raman
spectrometer and other supporting equipment commonly
used in the field of SERS detection of explosives.
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FIGURE 1. Schematic diagram of gas phase trace explosives detected by
substrate.

Assuming that the amplitude of the sinusoidal curve of the
silver grating is 50nm, the enhancement factor of the grat-
ing under different periods and different thickness of silver
layer was simulated and calculated. As shown in Table 1,
the selected thickness of silver layer ranges from 20 to
200 nm, and the grating period ranges from 450 to 1540 nm.

The structure parameters of grating have great influence on
the EF of SERS. It can be seen from TABLE 1 that when the
sinusoidal amplitude of the grating is 50 nm, the EF can reach
103 by optimizing the grating period and the thickness of
silver layer. Therefore, in order to obtain the maximum EF of
SERS, the optimal matching relationship between the grating
period, the thickness of silver layer and the wavelength of
incident light must be considered.

FIGURE 2 shows a two-dimensional gray scale diagram of
the absorbance of incident light corresponding to four kinds
of gratings with different periods varying with the wavelength
of incident light and the thickness of silver layer. The gray
value in the image represents the absorbance. In the corre-
sponding response wavelength region, when the thickness of
silver layer is greater than 50 nm, the absorbance remains
basically unchanged, so the thickness of silver layer is set to
100 nm in the next simulation.

In addition, it can be found that there is a strong absorbance
region near the incident wavelength of 400 nm. This is not the
light absorption caused by exciting the surface SPP resonance
wave, but the reason that silver naturally absorbs light in
this wavelength region relatively strongly. The shorter the
wavelength of the incident light, the stronger the natural
absorption of silver. Therefore, for the 1D AgSG substrate,
the wavelength of the incident light is selected to be 785 nm.

In order to further analyze the situation when the inci-
dent wavelength is 785nm, the relationship between the
absorbance of the grating with four periods and the thick-
ness of silver layer when the wavelength is 785nm is shown
in FIGURE 3 (a). When the grating period is 770nm, the
absorbance is the largest. When the thickness of silver layer
is greater than 70nm, the absorbance is basically maintained
at 0.17. This is because when the thickness of silver layer
continues to increase, the reflection of incident light plays a
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TABLE 1. Enhanced factor at two excitation wavelengths as a function of silver layer thickness and grating period.

P(nm)

770 950 1010 1300 1540

A d

(m) - (am) 450 505 700
20 237 515 18
40 408 520 31
80 807 1552 37
100 841 1640 37

532
120 847 1726 36
160 900 1665 34
180 841 1655 32
200 841 1624 31
20 20 14 202

785
40 23 26 237
80 2 27 231
100 23 27 231
120 23 27 231
160 24 28 234
180 24 28 234
200 24 28 234

18 18 18 18 18
32 26 96 32 27
37 38 424 38 30
37 40 441 38 30
36 40 445 37 29
34 38 441 34 28
31 37 441 32 27
30 37 437 31 27
454 25 27 24 24
4489 31 32 31 185
8464 26 29 32 534
8649 22 23 27 566
8649 22 22 22 581
8464 22 22 22 576
8281 22 22 22 566
8100 21 22 22 566

leading role. When the thickness of silver layer is less than
70nm, the absorbance changes rapidly, so it is reasonable
to choose the optimized thickness of the silver layer to be
100nm.

As can be seen in FIGURE 3 (b), there are two
absorbance peaks (A = 435nm and 790nm) when the grat-
ing period is 770nm. Moreover, at these two correspond-
ing wavelengths, the grating with a period of 770 nm has
the highest absorbance. This shows that when the wave-
length is 785nm, the matching optimized grating period
is 770nm, that is, the 1D AgSG with the correspond-
ing period of the surface SPP resonance wave has the
largest surface electric field enhancement. The grating period
plays an important role in the generation of SPP resonance
waves.

The amplitude of the AgSG is another parameter that plays
an important role in the formation of SPP resonance waves.
FIGURE 3 (c) shows the relationship between the absorbance
of four AgSGs with different amplitudes and the thickness of
silver layer when the incident wavelength is 785nm and the
grating period is 770nm. When the amplitude is 15nm, the
grating absorbance is larger. It can be obtained from TABLE
2 that when the amplitude is 15 nm, the SERS enhancement
factor has a maximum value. When the thickness of the silver
layer is greater than 75nm, the light absorption rate of the
grating remains basically unchanged, which also shows the
rationality of choosing the grating to optimize the thickness
of silver layer to 100nm.
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TABLE 2. EF as a function of amplitude of AgSG.

d(nm) SERS enhancement factor
10 91204
15 122283
20 96100
25 66564
40 17424
50 8649

It can be seen from Figure 6 that there is an absorbance
peak at the incident light wavelength of 790 nm, and the
absorbance peak does not change with the amplitude. Accord-
ing to TABLE 2, by optimizing the grating amplitude,
the SERS enhancement factor can reach the order of 10°.

According to the above structural optimization analysis,
the specific structural parameters of the optimized SERS
substrate matched with A = 785nm are: P = 770nm,
d = 100nm and A = 15nm.

B. SPP&LSP COUPLING OF DERS SUBSTRATE

Through FDTD simulation, the EF of SERS substrate based
on AgSG can reach 10°. It is difficult to meet the needs
of trace detection. In order to improve the EF of the sub-

strate, a kind of DERS substrate was formed by combining
AuNPs colloids on the surface of AgSG. The SERS substrate
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FIGURE 2. Absorbance as a function of incident light wavelength and Ag layer thickness with different periods: (a) P = 505nm; (b) P = 770nm;

(c) P = 1010nm; (d) P = 1540nm.

effectively solves the problem of weak Raman enhancement
ability of single AgSG.

The electric field enhancement region between AulNPs is
formed by LSP. Through the coupling between LSP and SPP
on the surface of AgSG, the electric field strength between
AuNPs is further enhanced. As a result, the number and
range of hot spots per unit volume on the DERS substrate
are increased, resulting in stronger Raman signals. AuNPs
can adsorb trace explosive molecules to form dimer, trimer
and other polymers. The EF formed by the coupling effect of
LSP and SPP can reach 10°. In order to excite the SPP-LSP
coupling effect in DERS substrate, AuNPs need to sink into
the SERS long range region of AgSG. In the actual detection
process, appropriate amount of NaCl can be added into the
colloidal to promote the formation of AuNPs aggregate and
sink to the surface of the grating.

Ill. POLARIZATION-INDEPENDENT DERS SUBSTRATE

A. POLARIZATION DEPENDENCE OF 1D

AgSG SERS SUBSTRATE

Currently, the laser light source used in the SERS detection
field is usually linearly polarized light. The 1D AgSG SERS
substrate is very sensitive to the polarization direction of
the incident light. That is, the incident light has an optimal
polarization direction, and the strongest SERS signal can
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be detected only when the incident light is incident in this
polarization direction.

In order to study the enhancement ability of the 1D AgSG
SERS substrate, the polarization angle of the incident light
source was scanned in the range of 0~90° and the wavelength
of the incident light in the range of 400~900nm using FDTD
software. The scanning step of the polarization angle is 5°,
and the scanning step of the incident wavelength is 2 nm.
Obtain the absorbance of the substrate under different wave-
lengths and polarization angles, as shown in Figure 4, where
the gray value in the figure represents the absorbance. The
polarization angle of the incident light has a great influence
on the absorbance. Especially at the incident wavelength
of 785nm, when the polarization angle is 0° (the polariza-
tion direction is perpendicular to the groove of the grating),
the absorbance has a maximum value, and the SERS effect is
the strongest.

In addition, the relationship between the absorbance
and the polarization angle is analyzed when the incident
light wavelength is 785 nm. As shown in FIGURE 5,
the absorbance curve is highly like that of b cos? & function,
where b is a constant and « is the polarization angle of
incident light.

Since the SERS enhancement factor of the 1D AgSG
is very sensitive to the polarization angle of the incident
light, in order to obtain the strongest SERS response, the
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FIGURE 3. (a) Absorbance as a function of Ag layer thickness with different periods at > = 785nm; (b) Absorbance as a function of incident
light wavelength with different periods at d = 100nm; (c) Absorbance as a function of Ag layer thickness with different amplitudes at
A = 785nm; (d) Absorbance as a function of incident light wavelength with different amplitudes at d = 100nm.
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FIGURE 4. Absorbance as a function of incident light wavelength and
polarization angle.

polarization angle of the incident light must be 0°. That is,
the polarization direction of the incident light and the groove
direction of grating must be kept perpendicular to each other,
which will cause inconvenience in the actual SERS detection
application process.

B. POLARIZATION-INDEPENDENT DERS SUBSTRATE
In order to overcome the polarization dependence of 1D
AgSG substrate, a polarization-independent 2D AgSG
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FIGURE 5. Absorbance as a function of polarization angle.

substrate is proposed. The substrate can be easily fabricated
by Maskless Laser interference lithography, which makes it
possible to prepare SERS substrate with low cost, large area
and good reproducibility.

The structure of the 2D AgSG is shown in FIGURE 6,
which can be regarded as the superposition of two 1D AgSG
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FIGURE 6. Schematic diagram of 2D AgSG.

Absorbance

FIGURE 7. Absorbance as a function of incident light wavelength and
polarization angle.

in vertical directions. The 2D AgSG has a period of 770 nm
in X and Y directions, a sinusoidal amplitude of 15 nm and
a silver layer thickness of 100 nm. The substrate consists
of silver, cured photoresist and silica. The light gray part is
silica layer, the light blue part is photoresist (XAR-N7730/30)
layer, and the dark gray part is silver layer.

The polarization angle of the incident light is in the range of
0~90° and the wavelength of the incident light is in the range
of 400~900 nm. The scanning step of polarization angle is
15° and the scanning step of incident light wavelength is

2nm. The absorbance of 2D AgSG under different incident
wavelength and polarization angle is obtained. When the
polarization angle of the incident light is equal to 0, 15, 30,
45, 60, 75 and 90 degrees, the 2D AgSG has an absorption
peak at 786 nm. Due to the structural symmetry of the 2D
AgSQG, it is easy to find that the same absorption peak can be
obtained in the range of polarization angle of 90~360°. This
is consistent with the design requirement of 785nm.

Similarly, the 2D DERS substrate can be formed by
SPP-LSP between the 2D sinusoidal silver grating and gold
nanoparticles colloids. Based on the high sensitivity and
no “memory effect” of 1D DERS substrate, the substrate
overcomes the polarization dependence and is polarization
independent.

C. PERFORMANCE TESTING

2D AgSG was fabricated in the laboratory. The SEM image
of the surface morphology of the grating is shown in
FIGURE 8(a), with a period of 770nm and a depth of about
34nm. AuNPs colloids with a diameter of about 95nm was
prepared by sodium citrate reduction method. The TEM dia-
gram is shown in FIGURE 8(b).

The polarization independent DERS substrate was
obtained by combining the 2D AgSG with AuNPs colloids.
The SERS detection of low concentration TNT solution and
RDX solution without molecular recognition reagent was
carried out using the substrate. Firstly, ethanol was used
as the solvent to prepare TNT solution and RDX solution
samples with concentrations of 10~2 mol/L, 10~ 1% mol/L. and
10~ mol/L respectively. TNT solution and RDX solution
were added to the DERS substrate without any molecular
recognition reagent. The SERS spectra of TNT and RDX
were collected, as shown in FIGURE 9. The detection con-
centration of TNT solution and RDX solution is 10~ mol/L
on the polarization independent DERS substrate. Many kinds
of explosive molecules can be detected by using the DERS
substrate. In the next research work, more common typical
explosives will be detected, and a more perfect comparison
Library of trace explosives Raman spectra will be established.

FIGURE 8. (a) SEM of 2D AgSG; (b) TEM of AuNPs colloids.
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FIGURE 9. (a) SERS spectra of TNT; (b) SERS spectra of RDX.

In addition, the continuous sampling detection perfor-
mance of the DERS substrate was tested. The ‘“‘memory
effect” could be eliminated by the continuous flow of AuNPs
colloids on the grating surface, and the Raman signal of TNT
could not be detected on the DERS substrate.

IV. CONCLUSION

In this paper, a kind of continuous detection DERS sub-
strate combined with microfluidic technology is proposed.
Microfluidic technology is used to sample the trace explosive
molecules, and the continuous flow of metal nanospheres in
the microchannel is used to realize the continuous sampling
of trace explosives. This technology has laid a technical
foundation for providing a high-sensitivity portable contin-
uous detection device for trace explosives, to realize trace,
continuous, fast, portable, stable and environmental detec-
tion of trace explosives. In addition, trace material detection
technology is also needed in environmental monitoring, food
safety and medical inspection. Therefore, the research on this
technology is of great significance to enrich and optimize
the current trace material detection technology and will pro-
mote the in-depth development of trace material detection
technology.
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