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Silver has been considered as one of the most promising materials for surface-enhanced Raman scattering (SERS)
thanks to its ultra-high sensitivity. Nevertheless, Ag based nanostructures suffer from both thermal and chemical
instability, inhibiting their practical applications. Surface coating is effective for improving their stability,
nevertheless, which sacrifices the SERS sensitivity. Here we proposed a novel strategy to fabricate highly sen-
sitive and stable SERS substrates using atomic layer deposition (ALD) protected Ag nanogaps. The purpose of this
work is to provide an ultrathin and conformal protective layer without destroying the hot spots in nanogaps. This
idea was implemented in ALD protected Ag dendrites. Ultrathin ALD layer with precisely controlled thickness
can be conformally coated on the Ag surface without blocking the nanogaps between adjacent branches.
Experimental results revealed Ag dendrites@10-cycle ZnO exhibit the improved SERS sensitivity compared to the
pristine Ag dendrites. COMSOL theoretical simulations also demonstrated that ultrathin ZnO coating can pro-
mote the plasmonic coupling in Ag nanogaps. More importantly, this SERS substrate also shows excellent thermal
stability at high temperature of 200 °C. Therefore, both SERS sensitivity and thermal stability of Ag dendrites can

be enhanced via ALD surface protection.

1. Introduction

Surface enhanced Raman scattering (SERS) technology can signifi-
cantly amplify weak Raman signals with the characteristics of high
sensitivity, molecular fingerprint recognition, rapid and non-destructive
detection. Therefore, SERS has been widely used in biological detection,
medical imaging, trace analysis, security and other fields [1-3]. SERS
enhancement mechanism can be divided into electromagnetic
enhancement and chemical enhancement. In most cases, electromag-
netic enhancement is the main mechanism for SERS, which can cause a
much higher enhancement factor than chemical enhancement. Usually,
excellent electromagnetic enhancement can be achieved in noble metal
(e.g. Au and Ag) nanostructures thanks to their unique localized surface
plasmon resonance (LSPR) properties [4-6].

Ag has been considered as the most promising material for SERS due
to its high electromagnetic enhancement effect and low cost (compared
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to Au). Therefore, tremendous efforts have been made to develop
various Ag nanostructures for sensitive SERS substrates, such as nano-
particles, nanowires, nanocubes, nanorods, and dendrites [7-9]. Besides
high sensitivity, stability is also a very important factor for practical
applications. However, Ag nanostructures usually suffer from both
structural and chemical instability. Ag surface can be oxidized or sulf-
ured in air, moreover, the morphology of Ag nanostructures can’t be
maintained at high temperature. Both structural and chemical instability
seriously dampen the sensitivity of Ag based SERS substrates [10]. Thus,
it is important to improve the stability of Ag based SERS substrates for
practical applications. Moreover, good thermal stability is essential for
extending SERS’s application at high temperature, such as in situ char-
acterization of high temperature processes [10,11] and thermal
annealing based self-cleaning [12].

It has been reported that surface coating is an effective strategy to
enhance both structural and chemical stability of Ag nanostructures
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[10]. Among various surface modification methods, ALD has been
proven to be the most promising technology due to its great 3D con-
formality, precise thickness control, and low deposition temperature
[13,14]. ALD oxide coatings with nanometer scale have been demon-
strated to elevate the stability of Ag based SERS substrates [12,15-18].
For example, Formo et al. protected the Ag nanowires with ~1.2 nm
Al»03, whose SERS sensitivity can be kept after annealing at 400 °C
[15]. Ma et al. demonstrated that various ultrathin ALD oxides (Al;03
[17], TiO2 [18], HfO4 [12]) can improve the stability of Ag nanorods.
Although nanometer even sub-nanometer coating can be precisely pre-
pared via ALD, the SERS sensitivity always decreases after surface
coating. With the help of highly precise thickness control from ALD,
Masango et al. reported a high-resolution distance-SERS study via in-situ
SERS during ALD process, which demonstrated that SERS intensity of
silver film on nanosphere (AgFON) would decrease even with only one
cycle of ALD Al»O3 [19]. Therefore, it is still very challenging to stabilize
the SERS substrates at high temperature via surface coating without
sacrificing the SERS sensitivity.

Nanogaps based substrates were chosen for research here, where
highly enhanced electromagnetic field can be obtained at the gap area
[20-22]. If an ultrathin coating can cover the whole surface of Ag
without blocking the gap area, reserving the hot spots in gap area, then
both high sensitivity and stability may be achieved simultaneously.
Various methods have been developed for fabricating metal nanogaps
based SERS substrates in recent years, such as electron beam lithography
and focused ion beam etching [23,24]. Although a variety of metal
nanogap based SERS substrates with high sensitivity can be obtained,
these microfabrication technologies suffer from high cost, high opera-
tion requirements, and low yield. The cost and large-scale fabrication
must be taken into consideration for the practical applications of SERS
substrates, too. Electrochemical deposition is a very facile, convenient,
and cost-effective method to fabricate large area metal nanostructures,
such as nanosheets [25], nanorods [26], nanowires [27], and dendrites
[28]. Among them, metal dendrites have been demonstrated as the
promising structures for SERS with plenty of branches and nanogaps,
which can act as “hot spots” to generate high electromagnetic field
[28-31]. For example, Zhao et al. reported that strong plasmon coupling
formed in the nanogaps between adjacent branches of Ag dendrites. In
addition, the enhancement increases with decreasing the gap size [28].
In this work, Ag dendrites prepared by electrochemical deposition were
used as SERS substrates. The effect of ALD ZnO coating on the Raman
sensitivity and thermal stability of Ag dendrites were investigated. The
ZnO was chosen to construct semiconductor-metal junction with Ag,
where surface plasmon resonance (SPR) can couple with electron
transfer and trapping at defect states [32-34]. It was demonstrated that
ultrathin ZnO layer (10 cycles, ~1.6 nm) can be conformally coated on
the Ag surface without blocking the gap. As a result, both improved
SERS sensitivity and thermal stability were achieved simultaneously.

2. Experimental section
2.1. Electrochemical deposition of Ag dendrites

The fabrication process of SERS substrates is illustrated in Fig. S1. Ag
dendrites were first prepared in a two-electrode electrochemical depo-
sition system using an electrochemical workstation (CHI660E). The ITO
glass and silver plate were used as cathode and anode, respectively.
AgNOs3 (0.01 M) and citric acid (0.2 M) mixture solution was employed
as electrolyte. ITO glasses were ultrasonically cleaned in isopropanol,
ethanol, and DI water for 5 min, respectively. The deposition current
density and time were optimized to be 2 mA cm~2 and 180 s, respec-
tively. After electrochemical deposition, Ag dendrites were rinsed with
DI water and dried in air.
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2.2. Synthesis of ZnO coated Ag dendrites

A home-made viscous-flow, hot-walled ALD reactor was utilized,
where high purity N2 (99.999%) was adopted as carrier and purging gas
at a pressure of 0.9 Torr. The ZnO ALD process was conducted by
alternating 2 s diethylzinc (DEZ, 6 N, Nanjing ai mou yuan Scientific
equipment Co., Ltd.) and 2 s water dose, separated by 8 s Ny purging.
The thickness of ZnO was controlled by the ALD deposition cycles
(5-50). Both DEZ and water were at room temperature. A low deposition
temperature of 80 °C was chosen for ALD process to avoid damage to Ag
dendrites.

2.3. Characterizations

Crystallinity and phase structures were measured by X-ray diffrac-
tion (XRD, XD6, Beijing Pgeneral) with Cu Ko radiation. Surface
chemical information was detected using X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher K-Alpha) with standard Al Ka (1486.7 eV)
X-ray source, where the binding energy of Cls (284.6 eV) was used for
calibration. Microstructures and morphology were observed by both
field emission scanning electron microscopy (FESEM, Ultra 55, ZEISS)
and transmission electron microscopy (TEM, FEI Tecnai F20 S-Twin).
Reflectivity was measured by a UV-NIR spectrometer (SR-303-iA,
Andor).

2.4. SERS test

SERS substrates were first immersed into the 10~* M methylene blue
(MB) solution for 3 h. Then the substrates were rinsed with DI water and
blown dry by Na. A confocal Raman microscope (B&W TEK) was
adopted for collecting Raman spectra of MB, whose excitation laser
wavelength is 532 nm. The beam spot of laser was focused to be ~5 pm
in diameter with the power of 0.4 mW. The collection time of each
spectrum was set as 500 ms. 10 spectra were collected for each sample to
measure and average the signals. For limit detection measurement, 10~
M rhodamine 6G (R6G) solution was prepared, then various R6G (10~ *
1071 M) can be obtained by diluting above solution. For thermal sta-
bility test, all the samples were heated in air for 30 min at various
temperatures (100, 150, and 200 °C).

2.5. COMSOL simulation

Simulation of the electric field enhancement was performed by the
commercial software COMSOL Multiphysics based on the finite element
method (FEM). The structural parameters of Ag dendrites for modeling
were set according to the size measured from SEM/TEM images, and the
complex refractive indices of Ag and ZnO were fitted to experimental
dates [35,36]. A typical discretization of Ag dendrites is given in Fig. S2.
In the frequency-domain calculation, the perfectly matched layers
(PML) were applied in the x and z directions and the periodic condition
was applied in the y direction. A plane wave polarized in the x direction
was incident to the structure along -z direction to excite the surface
plasmons.

3. Results and discussions

The composition and microstructures of Ag dendrites prepared at 2
mA cm 2 for 180 s were first characterized. Fig. 1(a) presents the XPS
spectrum of Ag 3d, exhibiting the doublet of Ag 3ds,2 and Ag 3ds3/, at
368.4 and 374.4 eV. It implies that Ag dendrites are at metallic state.
Fig. 1(b) displays the XRD pattern of Ag dendrites. Besides the signal
from substrate of ITO, four diffraction peaks at 38.1, 44.4, 64.5, and
77.5° correspond to the (111), (200), (220), and (311) crystal planes
of Ag structure (JCPDS No. 04-0783) can be observed, indicating Ag
dendrites are well crystallized. Moreover, intensity from (11 1) plane is
much higher than other planes, indicating that Ag dendrites grow
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Fig. 1. (a) XPS spectrum of Ag 3d and (b) XRD pattern of the as deposited Ag dendrites. (c,d) SEM and (e) TEM images of Ag dendrites obtained at 2 mA cm™2 for
180 s. (f) SERS spectra of 10~* M MB on Ag dendrites with various deposition time from 30 to 300 s.

preferentially along in the direction of {111} crystal plane. The typical
morphology of Ag dendrites prepared by electrochemical deposition was
characterized by SEM and TEM, as presented in Fig. 1(c-e). Highly
branched dendrites were formed on the whole substrate, where each Ag
dendrite is consisted of the central long backbone and many side
branches, similar with previous literatures [28-31]. Further observation
shows that the angles between backbone and branches are nearly the
same (~60°), as identified in Fig. 1(d), also implying that Ag dendrites
grow preferentially/selectively in the definite direction. Therefore, the
obtained the silver nanostructures can possess plenty of branches and
nanogaps, which can act as “hot spots” to generate high electromagnetic
field.

The parameters of current density and deposition time were opti-
mized to be 2 mA cm™2 and 180 s, respectively, as shown in Fig. S3 and
Fig. 1(f). The ITO glass shows no SERS activity, a high Raman signal can
be detected after a short deposition time of 30 s. But only few short
dendrites can be observed with some flower-like nanoparticles scattered
on the ITO surface for short deposition time, as shown in Fig. S4(a).
When the deposition time is extended to be 180 s, the Ag dendrites grow
longer and more complicated with plenty of branches on the whole
substrate (Fig. 1¢,d). Further prolonging the deposition time to be 300 s,
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similar multi-level branched Ag dendrites were obtained, as displayed in
Fig. S4(b). As a result, Raman intensity increases with extending the
deposition time first, then it keeps nearly unchanged when deposition
time is between 180 and 300 s, as displayed in Fig. 1(f) and S3(b).

Then various cycles of ALD ZnO were coated on Ag dendrites, and the
effect of ALD ZnO coating on the SERS sensitivity was first explored. The
samples were marked as Ag D@x-cycle ZnO, where x refers to the ALD
cycle number. Interestingly, the Raman intensity increases first then
decreases with increasing the cycles of ALD ZnO coating, where 10 cy-
cles ZnO coated Ag dendrites exhibit the highest SERS sensitivity. While
50 cycles ZnO coated Ag dendrites show nearly no SERS activity,
therefore, whose Raman spectra was presented at 10 times magnifica-
tion for comparison here, as shown in Fig. 2. The above phenomenon is
quite different from previous literatures, where the SERS sensitivity al-
ways decreases after ALD coating, as presented in Table 1.

The microstructures and composition of ZnO coated Ag dendrites
were characterized, as shown in Fig. 3 and S5. Fig. 3(a) shows the
morphology of Ag D@10-cycle ZnO, it can be seen that there is no
obvious change compared to as prepared Ag dendrites. The Ag nanogaps
still exist after being coated with such an ultrathin ZnO. The corre-
sponding elemental mapping using EDX was conducted for Ag and Zn, as

0.0 1 1 1 1 1 1 Il 1 1 1

0 5 10 15 20 25 30 35 40 45 50

Number of ZnO cycles

Fig. 2. (a) Raman spectra of 10~* M MB on Ag dendrites, Ag D@10-cycle ZnO and Ag D@50-cycle ZnO. (b) Normalized Raman intensity at 1624 cm ™! versus the

cycles of ALD ZnO coating, where I, refers to the intensity of pristine Ag dendrites.
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Table 1
Comparation of ALD coated Ag nanostructures for SERS.
SERS ALD coating Target  Raman signal Ref
substrates /thickness(nm) reservation (%)*
Ag nanowires Al,03/1.2 R6G 68 [15]
Ag island Al,05/2.5 R6G 42 [16]
film Al,03/5 R6G 22 [16]
TiOy/3 R6G 4.3 [37]
Ag nanorod Al,03/1.5 MB 45 [17]
TiO,/1.65 (4% 43 [18]
AgFON Al,03/0.7 TMA 20 [19]
Al,03/3 TMA 7 [19]
Ag dendrites Zn0/1.6 MB 146 This

work

" Note: Raman signal reservation (%) is determined by the ratio of Raman
intensity after ALD coating to pristine SERS substrate.

shown in Fig. 3(b)(c). It is revealed that ZnO is coated on the whole
branches of Ag dendrites. XPS spectra in Fig. S5 can detect both Ag and
Zn, also confirming the formation of ultrathin ZnO on Ag surface. TEM
was further performed to characterize the micro morphology of Ag
D@10-cycle ZnO, as shown in Fig. 3(d). It can be seen that the whole
surface of Ag dendrites is uniformly coated with an ultrathin ZnO of
~1.6 nm. It should be noted that the nanogaps are not blocked after ALD
coating due to its excellent conformality, as marked in Fig. 3(d). Fig. 3(e)
presents the morphology of Ag dendrites after a thick ZnO coating with

Applied Surface Science 611 (2023) 155626

50 cycles. The silver branches become bigger and are close to each other.
TEM image in Fig. 3(f) can more clearly show the morphology of Ag
D@50-cycle ZnO. ~8 nm ZnO is observed on the tips of Ag dendrites,
while the gap areas are filled with ZnO. The hot spots area in nanogaps
are lost, therefore, Ag D@50-cycles ZnO exhibits nearly no SERS
activity.

Based on SEM and TEM, it can be seen that nanogaps can be main-
tained after ultrathin ZnO coating (~1.6 nm), resulting in high SERS
sensitivity. In order to further explore the mechanism for the improve-
ment of SERS sensitivity after ultrathin ZnO coating (5-15 cycles),
theoretical simulations were conducted using the commercial software
COMSOL Multiphysics based on the finite element method (FEM). Fig. 4
(a)(b) illustrates the field distribution in pristine Ag dendrites, it can be
found that enhanced electric field locates at the tips of Ag branches and
the nanogap area between adjacent Ag branches, indicating strong
plasmonic coupling formed in nanogaps. Then, various thickness of ZnO
(0.8-8 nm or 5-50 ALD cycles) coating were introduced into the Ag
dendritic structures, whose calculated electrical field distributions are
displayed in Fig. 4(c-h). Similarly, most of enhanced electrical field lo-
cates at the nanogaps, moreover, the electrical field in air is much larger
than that in ZnO. More interestingly, it can be found that the electrical
field in air area of nanogaps increases with increasing the thickness of
ZnO layer before blocking the nanogaps, as plotted in Fig. 4(i). The
absorptance spectra of Ag dendrites with various ZnO coating were also
calculated, as shown in Fig. S6. It can be seen that the absorption peak of

Fig. 3. (a) SEM image of Ag D@10-cycle ZnO. The corresponding EDX elemental distribution of (b) Ag and (c) Zn. (d) TEM image of Ag D@10-cycle ZnO. (e¢) SEM

and (f) TEM images of Ag D@50-cycle ZnO.
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Fig. 4. COMSOL simulations of local field distribution at excitation laser wavelength of 532 nm for Ag dendrites (8 nm gap) with various thickness of ALD ZnO
coating: (a) (b) 0, (¢) 0.8, (d) 1.6, (e) 2.4, (f) 3.2, (g) 4.0, (h) 8.0 nm. (i) Local field intensity at the gap versus the thickness of ALD ZnO.

pristine Ag dendrites (8 nm gap size) locates at ~502 nm, which red-
shifts after ZnO coating. The absorption peak of Ag D@ZnO gets closer
and closer to the excitation wavelength of 532 nm in the COMSOL
simulation. Therefore, ultrathin ZnO coating on Ag dendrites can tune
the plasmonic coupling in Ag nanogaps. When the nanogaps are filled
with ZnO, the Ag dendrites lose their hotspots. The electrical field
exposed is much weaker than that in other structures with nanogaps.

ZnO can not only tune the plasmonic coupling in Ag nanogaps, but
also construct the semiconductor-metal junction with Ag. The band
alignment of ZnO-Ag is shown in Fig. S7. The conduction band (CB) of
ZnO is located at —4.19 eV vs. absolute vacuum scale (AVS), and the
Fermi level of silver is at —4.26 eV vs. AVS [32]. The SPR generated
electrons of Ag can easily transfer to CB of ZnO, as illustrated in Fig. S7.
Secondly, Edri et al. recently reported that defects (Ag-O-Zn bonds and
oxygen vacancies) at ZnO/Ag interface can also act as electronically
active traps [33]. Therefore, SPR couples with electron transfer and
trapping in Ag-ZnO nanostructures, which can prevent the recombina-
tion of SPR electron-hole pairs, thus a significant improvement of SERS
properties can be anticipated [34].

Based on above experiments and theoretical simulations, it can be

demonstrated that ultrathin ZnO coating in Ag nanogaps can promote
the plasmonic coupling between adjacent Ag branches, enhancing the
SERS sensitivity. However, when nanogaps are filled with ZnO, the SERS
sensitivity would be very weak due to losing their main hotspots. The
gap size of in Ag dendrites is not uniform, smaller nanogaps will be more
easily filled. More and more nanogaps would be filled with ZnO along
with increasing the thickness of ALD coating. In addition, the size of MB
molecule is ~1.70 nm x 0.76 nm x 0.325 nm, it may be more and more
difficult to enter the nanogap area with decreasing the gap size. As a
result, it can be observed in experiments that Ag dendrites with 10 cycles
ZnO exhibits the best SERS sensitivity.

Besides sensitivity, stability of SERS substrates is also very important
for practical applications. Both Ag dendrites and Ag D@10-cycle ZnO
are stable in air at room temperature, as shown in Fig. S8. However,
pristine Ag dendrites exhibit poor thermal stability, whose Raman in-
tensity degrades dramatically after 30 min heating in air at 150 and
200 °C, as displayed in Fig. 5(a). While Ag D@10-cycle ZnO shows
excellent thermal stability even after 30 min heating in air at high
temperature of 200 °C, as shown in Fig. 5(b). In order to investigate the
degradation mechanism of Ag dendrites after heating, composition and
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Fig. 5. Raman spectra of MB on (a) pristine Ag dendrites and (b) Ag D@10-cycle ZnO before and after annealing at 100, 150, and 200 °C, respectively. SEM images of
(c)(d) pristine Ag dendrites and (e)(f) Ag D@10-cycle ZnO after annealing at 200 °C.

microstructures were characterized. Both XRD and XPS results indicate
that Ag still stays at metallic state after 200 °C heating, as shown in
Fig. S9 and S10, which is consistent with previous reports [38]. How-
ever, the sample’s color turned into white from grey after heating, then,
the reflectivity of the samples was characterized before and after heat-
ing, as illustrated in Fig. S11. The reflectivity of pristine Ag dendrites
increases after heating, while Ag D@10-cycle ZnO exhibits the stable
reflectivity spectra.

Then, the morphology change after heating was explored. The
morphology of pristine Ag dendrites exhibits great change after 200 °C
heating, only leaving coarse branch without nanogaps, as shown in
Fig. 5(c)(d). Therefore, the morphological instability of Ag dendrites
may be the main factor leading to their SERS fading at high temperature.
On the contrast, 10 cycles (~1.6 nm) ZnO coated Ag dendrites show
excellent thermal stability, whose morphology with plenty of nanogaps
can be maintained, as shown in Fig. 5(e)(f). The corresponding EDX
mapping of Ag and Zn was shown in Fig. S12. Thus, it can be demon-
strated that an ultrathin ZnO can stabilize the morphology of Ag den-
dritic nanostructures at high temperature, then maintaining the SERS
sensitivity.

Except for sensitivity and stability, reproducibility is another

important issue for SERS substrates. To test the reproducibility, SERS
spectra of MB were recorded at 20 random spots on Ag D@10-cycle ZnO
after 200 °C heating, as displayed in Fig. S13(a). The corresponding
relative intensity variation (@1624 cm™ ) was plotted in Fig. S13(b),
exhibiting the relative standard deviation (RSD) of 9.0%. This result
indicates ZnO coated Ag dendrites can exhibit good reproducibility.

Besides, Ag dendrites or Ag D@10-cycle ZnO are capable of full
spectrum absorption in visible range, as presented in Fig. S11. This is
because that Ag dendrites are consisted of branches with various length
and width, containing various nanogap sizes. Different scale
morphology can result in a different resonance position, therefore, any
excitation wavelength laser in visible range can match a plasmon reso-
nance for Ag dendrites [36,37]. Therefore, a different excitation wave-
length laser can be used here for SERS measurement. Fig. S15 shows the
Raman spectra of MB obtained using 785 nm laser, as expected, excel-
lent SERS performance can be observed.

To further illustrate the practicability of Ag D@ZnO based SERS
substrates, rhodamine 6G (R6G), one of the most frequently used dyes,
with various concentration (10_4-10_10 M) were detected. It can be seen
that characteristic peaks of R6G molecules can be also well detected.
Fig. 6(a) displays the corresponding Raman spectra, the intensity
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Fig. 6. (a) Raman spectra of R6G (107*107° M) on Ag D@10-cycle ZnO, (b) the corresponding intensity (@610 cm™Y) versus the concentration of R6G.

decreases with decreasing the concentration of R6G. Ag D@10-cycle
7ZnO exhibits the detection limit of 107'° M for R6G, where the main
characteristic peaks can still be detected (Fig. S16). In addition, the in-
tensity (610 cm 1) versus the concentration was also plotted in Fig. 6(b),
suggesting a nice linear relationship with correlation coefficient value
(R?) of 0.990. It implies Ag D@ZnO based SERS substrates show great
prospects in nanomolar detection. Analytic enhancement factor (AEF)
was applied to evaluate the performance using the equation of AEF=
(Isgrs/Csers)/ (IRaman/CRaman) [39,40]. Isgrs and Iraman are the intensity
(@610 cm’l) obtained on Ag D@10-cycle ZnO and Au film, which can
be obtained from Fig. S16. cggrg and Craman are the concentration of R6G
under SERS and normal Raman conditions, which are 0.01 M and 10710
M, respectively. Therefore, the AEF here is estimated to be ~1.4 x 100,

4. Conclusions

In summary, Ag dendrites@ZnO based SERS substrates were pre-
pared by the combination of electrochemical deposition and ALD
modification. Both experimental results and theoretical simulations
demonstrated that an ultrathin ZnO coating in Ag nanogaps can promote
the plasmonic coupling, improving the SERS sensitivity. At the same
time, SPR can couple with electron transfer and trapping in Ag-ZnO
junctions. More importantly, ZnO coating can stabilize the nano-
structures of Ag dendrites at high temperature of 200 °C. Therefore, both
enhanced SERS sensitivity and improved thermal stability can be
simultaneously achieved on Ag dendrites with ultrathin ALD coating. Ag
D@10-cycle ZnO exhibits the detection limit of 107° M for R6G with a
high AEF of 1.4 x 10'°. Results presented here demonstrate that it is a
promising strategy to fabricate highly sensitive and stable SERS sub-
strates by the combination of ALD and metal nanogaps, bringing SERS
technology into practical applications.
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