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involves counterfeit and pirated goods.[1] 
Expectations suggest further increase of 
such illegal trade considering the ease 
of access to technologies provided by the 
internet.[2,3] Counterfeiting activities not 
only cause significant loss of income for 
original product owners, but also threaten 
human health, adversely affect the econo-
mies of countries, and disrupt the social 
balance.[4–8] A conventional approach to 
solving this problem has been the use 
of security labels.[9,10] Different forms of 
barcodes have been developed to encode 
information. The unique and size-
dependent properties of nanomaterials 
offer unprecedented routes to increase 
the complexity of such barcodes.[11,12] Pho-
toluminescent quantum dots,[13,14] mag-
netically responsive structures,[15–17] and 
plasmonic nanomaterials[18,19] have been 
actively used as encoding materials.

The field of plasmonics exploits light–
matter interactions in materials that are 

confined at the nanoscale. The ability to tune the absorption, flu-
orescence and scattering of light via plasmonic structures provide 
novel routes for preparation of encoded surfaces. The focusing 
of light near plasmonic structures results in strong electric field 
enhancements. One consequence of such enhancement is ampli-
fication of Raman scattering associated from molecules. Com-
monly referred as surface-enhanced Raman scattering (SERS), 
this approach has attracted growing interest in applications that 
range from molecular biology to sensing technologies.[20–29] 
SERS provides unique capabilities in anti-counterfeiting appli-
cations. First, fingerprint vibrations of molecules observed 
in Raman spectroscopy enable generation of unique security 
labels with high levels of encoding capacity. Second, patterning 
plasmonic structures allow for geometric encoding of informa-
tion and preparation of different forms of barcodes. Third, the 
dependence of SERS on the concentration of molecules, polariza-
tion of light and other intrinsic characteristics enable formation 
of additional security layers, further challenging counterfeiters. 
Several recent efforts have focused on preparation of SERS based 
barcodes.[30–42] Ling and coworkers demonstrated the potential 
of multiplex SERS security labels encoded with multiple probe 
molecules using spatially and spectrally defined silver plasmonic 
nanostructures.[43] Li et al. reported patterning of colloidal silver 
nanocubes through a stencil mask as flexible SERS barcodes.[44] 
In another study, Pekdemir  et  al. demonstrated microscopic 
linear SERS-barcodes fabricated by microfluidics assisted fabri-
cation.[45] In a recent study, SERS inks composed of star-shaped 
gold nanoparticles and taggants were written with a ballpoint pen 
for anti-counterfeiting.[39] Another study showed that Au@SiO2 
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1. Introduction

According to a recent report by the Organization for Eco-
nomic Co-operation and Development and the European 
Union’s Intellectual Property Office, >3% of the global trade 
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core-shell nanoparticle-electrospun fiber composites modified 
with Raman active molecule can be used to encode QR codes.[40] 
All these studies highlight that SERS based encoding is an effec-
tive route for anti-counterfeiting applications. The challenge is 
to develop practical ways for preparing multiplex SERS barcodes 
and, in particular, overcome the limitations in the applicable 
substrates.

To address these challenges, we developed a practical, 
entirely solution-processing based and substrate independent 
approach for preparation of SERS barcodes. First, we study ink-
jet printing of particle-free silver inks to generate SERS-active 
barcodes. Upon printing and brief heating, the silver inks form 
plasmonic structures with high-levels of SERS activity. The par-
ticle-free ink formulation allows for smooth printing process 
for additive fabrication of SERS-active patterns. Raman active 
taggant molecules can be further incorporated in the ink, for 
one step fabrication of multiplex SERS barcodes, in an analogy 
to the color printing on a paper. To completely decouple the 
substrate from the barcode preparation process, we use a tem-
porary tattoo approach. Ink-jet printing of particle-free silver 
inks on a temporary tattoo paper enables versatile transfer 
of the SERS barcodes on surfaces of interest. This capability 
greatly improves the application potential, providing a route for 
direct attachment of SERS barcodes on goods.

2. Results and Discussion

A schematic representation of our approach to fabricating 
transferable SERS barcodes is given in Figure 1. First, desired 
patterns, such as barcodes and butterfllies, were generated in 
a computer-aided design program. The colors in the design 
represent Raman-active taggant molecules. For example, R6G 
refers to red and MB refers to blue in the design. The particle-
free reactive silver ink and its mixtures with Raman-active tag-
gants were added to the cartridges. The printing was carried 
out on the tattoo paper. Ink-jet printing allows material effi-
cient deposition of inks using low volumes of liquid, thereby 
enabling deposition of silver patterns without degrading the 
water-soluble layer of the tattoo paper. In the last step, the 
printed-tattoo paper was heated at 135 °C for 2  min. This 
annealing step ensures the reduction of the reactive silver ink 
and removal of volatile compounds, resulting in the forma-
tion of plasmonic silver nanostructures in the printed regions. 
Plasmonic nanostructures provide enhancement of Raman 
scattering and thereby SERS activity. The SERS barcodes can 
now be easily transferred to objects of varying composition, pla-
narity, and stiffness. The tattoo paper is sticked to the object 
of interest by gentle application of pressure and the backing 
paper is removed by wiping the surface with a damped cloth 
(Figure  1b). A practical demonstration is shown through the 
famous the Tortoise Trainer painting. This example demon-
strates SERS barcodes can be attached to different goods for 
anti-counterfeiting purposes (Figure 1c). Figure S1 (Supporting 
Information) presents a range of different geometries of silver 
patterns that were attached to a variety of objects and materials, 
including fruits, vegetables, bone, eggs, fabric, ceramic, wood, 
glass, and porcelain. The authentication of the SERS-active 
security labels by Raman mapping is presented in Figure 1d.

We first studied the patterning process by ink-jet printing 
of the particle-free reactive silver ink in the absence of tag-
gant molecules. Figure 2 presents a structural analysis of 
the silver inks printed on the tattoo paper. Temporary tattoo 
papers usually consist of a durable backing paper and a silicon 
release coating that separates the print from the backing paper. 
There is also a cellulose-derived transparent transfer layer on 
the tattoo paper, where the patterns are printed.[46–48] Upon the 
printing and thermal annealing process, silver nanoparticles 
with an average diameter of 152 nm formed on the tattoo paper 
(See Figure S2, Supporting Information for particle size histo-
gram). We hypothesize that the reactive silver ink penetrated 
throughout the transfer layer, thereby enabling the presence 
of plasmonic hot-spots on the opposite side, which becomes 
the air interface following the transfer process. We used XPS 
analysis to investigate this hypothesis because XPS probes 
the top surface composition with limited depth of penetra-
tion (<5–10  nm). Figure  2b presents XPS survey scans of the 
silver ink printed tattoo paper, before and after the transfer of 
this sample to the silicon substrate. The XPS measurements 
showed the presence of Ag, C, O, N, and Si elements on both 
surfaces. The characteristic peaks associated with C and O are 
probably due to the cellulose-derived transfer layer, whereas Si 
element is due to the release layer. As shown in Figure 2c, the 
binding energies of Ag3d peaks at 375.1  and 369.1 eV are attrib-
uted to Ag 3d5/2 and Ag 3d3/2, respectively. The spin orbital 
separation of 6  eV confirms the presence of metallic silver 
(Ag0) on both surfaces.[49] The XRD analysis was performed to 
examine the crystal structure of these metallic silver nanostruc-
tures (Figure 2d). XRD peaks located at 38°, 44°, 65°, 77°, and 
82° refer to (111), (200), (220), (311), and (222) planes of face-
centered cubic crystal structure of metallic Ag (JCPDS, file no. 
04–0783), respectively.[50] Furthermore, the presence of silver 
on the transferred tattoo was also confirmed by EDX mapping 
(Figure S3, Supporting Information) and EDX elemental anal-
ysis. In Figure 2e, the EDX spectrum showed a strong peak at 
≈3 keV, which correlated with silver and the surface contained 
55% silver by weight.

The SERS performance of the fabricated barcodes was studied 
by analyzing the limit of detection, intensity-concentration rela-
tion, and enhancement factor. Varied concentrations of R6G 
solutions were drop-cast on the barcodes that were transferred 
to silicon substrates. The characteristic vibrational bands of 
R6G at positions of 614 cm−1, 773 cm−1, 1364/1649 cm−1 are 
clearly detected, which are attributed to in-plane CCC, out-
of-plane CH, and aromatic CC stretch vibrational mode, 
respectively.[51,52] The Raman spectra of the tattoo paper trans-
ferred without the printed silver ink and printed ink in the 
absence of taggant molecules did not exhibit these character-
istic vibrational bands (Figure S4, Supporting Information). 
The characteristic bands of R6G could be detected at concentra-
tions as small as 1 × 10−9 m (Figure 3a). This limit of detection 
shows that the platform offers a high level of SERS activity. An 
important figure of merit for SERS platforms is the intensity-
concentration relationship (Figure  3b). The intensity of the 
Raman band at 1649 cm–1 scales well with the concentration of 
the probe molecule. The dependence of the Raman intensity 
on the logarithm of the concentration can be well represented 
using a line with a correlation coefficient (R2) of 0.983. These 
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results support the quantitative determination ability of mole-
cules with the presented transferrable SERS active platform. 
The SERS performance of the barcodes on the tattoo paper was 
higher in comparison with the barcodes that were transferred 
to the silicon substrate (Figure S5, Supporting Information). 
On the tattoo paper, for example, R6G could be detected at con-
centrations as small as 10 × 10−12 m, whereas the detection limit 
was 1 × 10−9 m on the barcodes that were transfer printed. This 
result shows the high performance of the SERS platform that 
can be simply fabricated by ink-jet printing of the particle-free 
silver ink and thermal annealing. The contrast in the SERS per-
formance before and after the transfer process is reasonable 
considering the structural difference (Figure  2a SEM images) 
on the top surface of the barcodes. Note that the surface was 

brought upside down during the transfer step and the SERS 
measurements were performed on the two opposite surfaces 
for the samples before and after the transfer.

The analytical enhancement factor (AEF) was calculated 
using the equation (1) to measure the SERS performance of the 
surface. Where ISERS (650) and IRaman (54) are the peak intensi-
ties at 1649 cm–1 in the spectrum obtained on the SERS bar-
code and reference Si wafer, respectively. CSERS (1  ×  10−9  m) 
and CRaman (1  mM) are the concentrations of R6G deposited 
on these substrates, respectively (Figure S6, Supporting Infor-
mation). Accordingly, AEF was calculated as 1.2 × 107. Overall, 
the SERS characteristics of the presented platform are com-
parable with recently reported rigid platforms.[53–58] The SERS 
activity of the transfer printed barcodes can be attributed to 

Figure 1. A schematic illustration of the approach for generating transferrable SERS barcodes a) Patterning of SERS barcodes via ink-jet printing on the 
tattoo paper. Different combinations of particle-free silver and Raman-active taggants are used as inks. b) The process of transferring SERS barcodes. 
c) A demonstration using a copy of the famous The Tortoise Trainer painting. The original version of the Tortoise Trainer (Osman Hamdi Bey, oil on 
canvas, 221,5 × 120 cm. 1906) is found in Suna and İnan Kıraç Foundation Orientalist Paintings Collection. The painting was published with permission 
from Suna and İnan Kıraç Foundation. d) Raman spectra and Raman mapping images of the barcodes and butterfly. The Raman mapping images were 
generated by using the characteristic Raman shifts at 1649 cm–1 and 1624 cm–1 for R6G and MB, respectively.
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the electromagnetic enhancement mechanism. The formation 
of silver nanoparticles with small separation distances likely 
favor formation of plasmonic hot-spots, where strong elec-
tromagnetic fields are present. This argument is further sup-
ported by the decrease in SERS activity with the increasing 
number of printed layers (Figure S7a, Supporting Information). 

At repeated printing of the ink over the same region the silver 
particles merge (Figure S7b, Supporting Information) and form 
a continuous network, which likely reduces the ability to gen-
erate plasmonic hot-spots.

The uniformity, reproducibility, and stability of the SERS 
response are highly important. Figure 3c shows R6G (100 µM) 

Figure 2. Chemical and structural analysis of SERS barcodes. a) Schematic representation of the tattoo paper structure, printing and transfer process, 
and corresponding SEM images. b,c) XPS analysis of the silver printed tattoo paper and following the transfer of this sample on the silicon substrate 
c) High-resolution regional XPS spectra of Ag 3d. d) XRD diffraction pattern of the SERS barcode. e) EDX elemental analysis of the SERS barcode.
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signals collected from ten different SERS barcodes. Signals 
of approximately the same intensities were collected from all 
samples. Table S1 (Supporting Information) shows the standard 

deviation of the intensities of the R6G characteristic peaks. The 
percentage of standard deviation to mean is below 8% for all 
characteristic peaks of R6G, clearly demonstrating the sample-
to-sample reproducibility of this SERS response. Similarly, the 
SERS spectra taken from ten different points across a single 
substrate were highly uniform (Figure S8, Supporting Informa-
tion). This uniformity is particularly important in generating 
Raman mapping images of the barcodes presented later (vide 
infra). Finally, we investigated the ambient air and mechanical 
stability of the fabricated SERS barcodes. In a first experiment, 
the SERS activity of the transferred barcodes was measured 
after varying periods (15, 30, 45, 60, 90 days) of ambient air 
storage at dark. Figure S9 (Supporting information) shows that 
the silver patches retained their activity even after 90 days of 
ambient storage. The SERS activity showed ≈25% reduction 
after 90 days of ambient air storage in comparison to the freshly 
prepared samples. This slight decay is likely a result of the oxi-
dation of silver. In another experiment, the freshly prepared 
SERS barcodes were exposed to sand abrasion for 1  min and 
then washed with water. The barcodes remained on the surface 
and the SERS intensity was mostly retained following the sand 
abrasion (Figure S10, Supporting information). The penetration 
of the silver nanoparticles to the transfer layer during thermal 
annealing likely contributes to the adhesion of the barcodes. 
Collectively, these results support the strong promise of the pre-
sented platform for real-world applications.

For effective and practical fabrication of SERS barcodes, it is 
necessary to simultaneously print taggant molecules and the 
particle-free silver ink. One particular disadvantage of the sub-
sequent deposition of the taggant molecules on the printed bar-
codes is the contamination of the entire substrate (Figure S11, 
Supporting Information). To address this issue and enable 
one-step fabrication of the SERS barcodes, we investigated 
direct printing of mixtures of taggant molecules and particle-
free silver ink. Figure 4a presents SEM images together with 
EDX mapping of silver on the barcodes fabricated by printing 
the mixture of the silver ink and taggants consisting of R6G, 
MB and RB. Upon the printing and thermal annealing, silver 
nanoparticles were formed effectively with an average particle 
size of less than 200 nm (Figure S12, Supporting Information). 
EDX mapping confirmed the uniform deposition of silver over 
the substrate. Figure 4b presents XPS analysis of the barcodes 
fabricated by printing the mixture of particle-free silver inks 
and taggant. For all three-silver ink-taggant mixtures, the XPS 
analysis revealed similar composition with characteristic ele-
ments of Ag, C, and O. As shown in Figure  4c, the barcodes 
contain metallic silver with binding energies positioned at 375.1 
and 369.1  eV. These binding energy values are same with the 
barcodes obtained by printing only the particle-free silver ink. 
These results suggest that the incorporation of the taggants 
does not alter the silver particle formation facilitated by the 
thermal annealing.

The barcodes fabricated by simultaneous printing of the 
particle-free silver ink and taggant exhibited high SERS-activity. 
Figure 5 shows the SERS spectra for three different concen-
trations of three taggant molecules mixed with the particle-
free silver ink. These SERS spectra were obtained following 
the transfer of the printed patterns on a silicon substrate. The 
characteristic bands of all taggant molecules could be clearly 

Figure 3. SERS performance characterization. a) Raman spectra of dif-
ferent concentrations of R6G on the SERS barcodes. b) The intensity of 
the Raman band at 1649 cm–1 for varying concentrations of R6G. c) Raman 
signals collected on ten different samples showing the sample-to-sample 
reproducibility.
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Figure 5. SERS characterization of the SERS barcodes prepared by co-deposition of the silver ink and taggants. The top row refers to SERS spectra for 
taggants of varied concentrations. The bottom row includes Raman mapping images of the printed features. The mapping image was generated using 
the Raman shift at positions of 1649 cm–1 for R6G, 1624 cm–1 for MB, and 1280 cm–1 for RB.

Figure 4. Chemical and structural characterizations of barcodes prepared by co-deposition of taggant molecules and the silver ink. a) SEM images and 
EDX mapping of silver on the barcodes. b) XPS analysis. c) High-resolution regional XPS spectra of Ag3d.

Adv. Mater. Interfaces 2022, 9, 2200048
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distinguished. For RB, these bands are located at 1196 cm−1 
(β(C–H) bend vibration), 1280 cm−1 (ν (C–C) bridge band stretch 
vibration), and 1359/1648 cm−1 (aromatic stretch vibrations).[59,60] 
For MB, these bands include 451 cm−1 (δ(C−N−C) skeletal defor-
mation mode), 1392/1432 cm−1 (ν(C−N) symmetric and asym-
metric stretches), and 1624 cm−1 (ν(C−C) ring stretches).[61] These 
results show that the taggant molecules retain their chemical 
composition during the processes of mixing with the silver ink, 
printing, thermal annealing, and transferring. The ability to 
detect taggant molecules at relatively low (e.g., 1 × 10−9 m) concen-
trations shows the high SERS activity obtained by co-deposition 
of the silver ink and taggants. The Raman mapping of the SERS 
activity reveals homogeneity across the substrate. Furthermore, 
the simultaneous deposition of the silver ink and taggants results 

in barcodes that are visually indifferent from the ones fabricated 
by just printing the silver ink. This characteristic is important for 
an advanced anticounterfeiting system, where even the presence 
of a SERS based security layer will not be obvious to the users 
and counterfeiters (Figure S11, Supporting Information).

To determine the size of barcodes that can be efficiently and 
clearly fabricated using an office type ink-jet printer, we printed 
QR codes in various sizes (edge lengths of 12, 9, 6, and 3 mm). 
At all sizes, the characteristic vibration bands of the taggant can 
be clearly detected in the Raman spectrum. QR codes could 
be read effectively from the Raman mapping images when 
the edge length of the QR code is equal or greater than 6 mm 
(Figure 6a). Note that this result was obtained with an office 
type ink-jet printer and advanced printing systems[62,63] can 

Figure 6. QR Codes. a) QR code of varied sizes. Photograph of printed QR codes and their Raman mapping images. On the right, Raman spectra are given for 
QR codes of varied edge lengths. Printing was done using a mixture of 1 × 10−3 m R6G and silver ink. b) Verification of QR codes transferred to two different 
phones. c) Decoding the Raman security layer of the transferred QR code. The mapping image was generated using the Raman shift at a position of 1649 cm–1.
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further reduce the size of barcodes. As a proof of the concept, 
we transferred the SERS barcodes on the backside of a phone 
(Figure 6b). The SERS barcode was fabricated using a mixture 
of the particle-free silver ink and R6G with a concentration of 
1  ×  10−3  m. Figure  6c presents the Raman mapping image of 
the barcode transferred to the phone. An advantage of the co-
deposition of the silver ink and taggant is the absence of taggant 
molecules in the background regions. This feature enables a 
high signal to noise ratio and excellent contrast in Raman map-
ping images. This Raman mapping image was then scanned 
using a smart-phone to direct the user to a web-site (Figure S13, 
Supporting Information). QR code verification process can also 
be found in Video S1 (Supporting Information).

An inherent advantage of ink-jet printing is the additive 
deposition of materials without cross-contamination. This capa-
bility is important to further augment the complexity of the bar-
codes and achieve high encoding capacity. To demonstrate this 
capability, we used linear one-dimensional barcodes. An expres-
sion (ERNAM) was then written in linear barcodes according 
to the Code 93 system. The ink-jet printing was performed 
on the tattoo paper using mixtures of silver ink and taggant 
molecules of varying composition. The barcode becomes clearly 
visible with Raman mapping of the characteristic vibration 
bands of taggant molecules (Figure 7). In the Raman mapping 
image, the red and blue bars represent R6G and MB, respec-
tively. The background appears dark, as there are no taggant 
molecules and plasmonic nanoparticles. In the Code 93 system, 
each character is represented by three spaces and three bars 
(see Table  S2, Supporting Information, for details). Including 
start character and termination bar, the “ERNAM” expression 
consists of 28 bars. Considering that each bar can be printed 
with two different taggants, the encoding capacity equals to 228 
(268435456 combinations).

3. Conclusion

This study has demonstrated the practical fabrication of trans-
ferrable SERS barcodes using a combination of ink-jet printing 
and temporary tattoo approach. The key advantage of this 

approach is decoupling the barcode preparation process from 
the final substrate. An important contribution of this study is 
the use of a particle-free ink formulation previously developed 
for printed electronics applications for SERS studies. This ink 
can be printed over large areas in designed patterns without 
clogging problems that are associated with particle containing 
compositions. The incorporation of the taggants into the ink 
and thermal annealing at relatively low temperatures are key for 
effective fabrication of SERS-active barcodes. In addition to the 
commonly used active reporter molecules, future studies may 
employ other Raman-active molecules for encoding. The addi-
tive operation of ink-jet printing is important for generating 
large numbers of SERS barcodes. The substrate independent 
fabrication, simplicity, minimal usage of materials, and mul-
tiplex deposition of taggants offer unprecedented avenues of 
research in encoding applications.

4. Experimental Section
Materials: Silicon wafers (⟨100⟩) were purchased from University 

Wafer. Silver acetate (99.0%), formic acid (≥95%), rhodamine 6G 
(R6G, 99%), methylene blue (MB, 97%), and rhodamine B (RB, ≥95%) 
were purchased from Sigma–Aldrich. Ethanol (96%) and ammonia 
solution (%25) were purchased from Merck. HP Deskjet Ink Advantage 
2060 office-type printer was used for ink-jet printing. Temporary 
tattoo (Yuanteng) paper was used as an aqueous transfer paper. This 
temporary tattoo paper was referred to as the tattoo paper throughout 
the manuscript.

Preparation of Particle-Free Reactive Silver Inks: Particle-free reactive 
silver ink was prepared by following the previously reported approach.[64] 
Silver acetate (0.5 g) was dissolved in 1.25 mL of ammonia solution and 
then mixed at 575  rpm using a magnetic stirrer at room temperature. 
After observing that the silver acetate was completely dissolved, 0.1 mL 
formic acid was slowly added while the solution was continued to mix. 
With the addition of formic acid, silver nanoparticles formed and the 
solution continued to be mixed for 5 min. The solution was centrifuged 
at 4000 rpm for 30 min to settle down and remove silver nanoparticles. 
The supernatant was taken and used as ink to fabricate SERS-active 
barcodes.

Fabrication of SERS Barcodes Using Inkjet Printing: Before printing, 
the cartridge was emptied, thoroughly cleaned by repeatedly washing 
in ethanol under sonication and dried with air. The particle-free reactive 
silver ink or taggant molecule-ink mixture was filled in an empty 

Figure 7. One-dimensional barcode printed with a mixture of taggant molecules (MB and R6G) and silver ink. Optical microscope (top) and Raman 
mapping (middle) images are presented. The barcode (bottom) encodes the expression of “ERNAM” in the code 93 system.
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cartridge. User designed patterns were then printed in the high-quality 
mode (600 dpi) on the tattoo paper. Silver-printed tattoo papers were 
annealed at 135 °C for 2 min to form silver nanoparticles.

Transfer of SERS Barcodes: The transfer of the SERS barcodes was 
performed by placing the sticky paper on top of the printed tattoo paper. 
The barcodes were then transferred to the object of interest by sticking 
the tattoo paper with a gentle application of pressure. The transfer 
process was completed by rubbing with a damp cloth on paper.

Characterization: Morphology and chemical composition of SERS 
barcodes were studied using scanning electron microscopy (SEM, Zeiss 
EVO LS10) and energy-dispersive X-ray spectroscopy (EDX, Bruker) at 
25  keV. The surface compositions of barcodes were studied with X-ray 
photoelectron spectroscopy (XPS, Specs-Flex) using an XRm50 (UXC1000) 
source of exciting radiation (1486.71  eV). Thin film X-ray diffraction 
(XRD) data were recorded using the Panalytical Empyrean diffractometer 
operating at 40 kV and 30 mA by using Cu Kα radiation source.

SERS Measurements: SERS measurements were acquired using a 
confocal Raman microscope (Alpha 300 M+, WITec, Germany) equipped 
with a 532 nm wavelength as an excitation source. The laser beam with 
an effective power of 3.2 mW was focused on the surface through a 100× 
microscope objective. All spectra were collected by Raman mapping 
using an integration time of 0.1 s and step size of 1 µm. The large area 
Raman mapping images (butterfly and barcodes) were generated with 
a step size of 20 µm. Patterned silver ink structures were identified by 
k-means cluster analysis (WITec Project Plus software 5.1). A baseline 
correction was performed for each spectrum.

The AEF of the SERS barcodes was calculated using the following 
Equation:[65]

=AEF
/
/

SERS SERS

Raman Raman

I C
I C

 (1)

where ISERS and IRaman are the peak intensity at 1649 cm–1 obtained 
from SERS barcodes and Si wafer, respectively. CSERS and CRaman are the 
concentration of R6G used for SERS barcode and Si wafer, respectively.

Three different taggants (R6G, MB, RB) were used for taggant ink 
mixture prints. A 1 × 10−3 m taggant-silver ink stock was prepared by mixing 
10 × 10−3 m taggants with silver ink at a 1:9 ratio. The 1 × 10−6 and 1 × 10−9 m 
taggant-silver ink mixtures were obtained from 1mM concentration.

Statistical Analysis: To probe the sample to sample variability, SERS 
intensities from ten different samples were measured using R6G with 
a concentration of 100  ×  10−6  m. The results are presented in Table S1 
(Supporting Information) with a mean value and standard deviation for 
different Raman vibrations.
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