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A nanotransfer printing method, including the steps of coat-
ing a polymer thin film on a template substrate where a
surface pattern is formed, fabricating the polymer thin film
into a thin-film replica mold by using the polymer thin film
and an adhesive film, forming nanostructures on the thin-film
replica mold, selectively weakening an adhesive force
between the adhesive film and the thin-film replica mold, and
transferring the nanostructures into a target object, is pro-
vided.
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FIG. 2A
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FIG. 2B
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FIG. 2D
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FIG. 3A
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FIG. 4A
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FIG. 8A
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FIG. 8C
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FIG. 9
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FIG. 11
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NANOTRANSFER PRINTING METHOD AND
SURFACE-ENHANCED RAMAN
SCATTERING SUBSTRATE,
SURFACE-ENHANCED RAMAN
SCATTERING VIAL AND
SURFACE-ENHANCED RAMAN
SCATTERING PATCH MANUFACTURED
USING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims the benefit under 35 U.S.C.
§119(a) of a Korean patent application filed on Oct. 29, 2014
in the Korean Intellectual Property Office and assigned Serial
number 10-2014-0148502, a Korean patent application filed
on Nov. 14, 2014 in the Korean Intellectual Property Office
and assigned Serial number 10-2014-0159159, and a Korean
patent application filed on Sep. 14, 2015 in the Korean Intel-
lectual Property Office and assigned Serial number 10-2015-
0129896, the entire disclosure of which is hereby incorpo-
rated by reference.

TECHNICAL FIELD

[0002] The present disclosure relates to a nanotransfer
printing method and a Surface-Enhanced Raman Scattering
substrate (SERS), a surface-enhanced Raman scattering vial
and a surface-enhanced Raman scattering patch manufac-
tured using the method, and more particularly, to technology
of manufacturing an SERS substrate, an SERS vial, or an
SERS patch by duplicating a surface pattern of a template
substrate with a polymer thin film and manufacturing a thin
film replica, by forming nanostructures on the thin film rep-
lica, and by transferring the nanostructures into various target
objects.

BACKGROUND

[0003] When light is projected to specific molecules,
inelastic scattering occurs between light and the molecules in
the probability of 1/1,000,000 and the light partially loses its
energy by the constituents and structures of the molecules to
cause a variation in wavelength. The Raman spectroscopy is
developed to obtain information about constituents and struc-
tures of target molecules, using such a mechanism, i.e., by
projecting a mono-wavelength laser and by analyzing the
intensity of reflected light (Raman signal) in wavelength
bands. The Raman spectroscopy is nowadays rising as the
new-generation analyzing technology by virtue of its rapid-
ness, accuracy, and capability of nondestructive analysis.

[0004] However, as the Raman spectroscopy makes inelas-
tic scattering occur in very low probability of 1/1,000,000,
intensity of reflected light is very weak. Therefore, it an
amount of molecules to be analyzed is minutely little, the
Raman spectroscopy is regarded as being unsuitable for
inspecting trace materials because an obtained Raman signal
cannot be differentiated from a background signal.

[0005] To solve such low signal intensity, there has been
proposed a methodological technique using an effect of Sur-
face-Enhanced Raman Scattering (SERS). The SERS is the
technology of increasing a Raman signal, which is obtained
from molecules absorbed on a nanostructured surface, 103 to
1,015 times by greatly increasing intensity of light by locally
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focusing the projected light through a Surface Plasmon Reso-
nance (SPR) effect of the nanostructured surface such as Au
or Ag.

[0006] Nanostructures utilizing such an SERS effect may
be generally disposed on a plane substrate. Nanostructures
may be manufactured in a form of SERS substrate to perform
an analysis by laser after spreading trace molecules, which
are to be analyzed, on the surface of the substrate through a
suitable process such as drop casting. An SERS substrate
should be high in signal enhancement effect to allow an
analysis of trace molecules, superior in signal equality and
reproducibility due to a high uniformity rate of nanostruc-
tures on the substrate, and inexpensive in manufacturing cost
because of difficult recycling.

[0007] General SERS substrates have been manufactured,
roughly, in two methods. One is using a photolithography
process such as photolithography or E-beam lithography to
form a pattern and to deposit Au or Ag for nanostructures,
accomplishing topological uniformity, but disadvantageous
with a high price of lithography equipment for pattering and
with a high processing cost thereof. The other one is com-
pounding nanostructures into a solution and then scattering
the solution on a substrate to manufacture an SERS substrate,
having a simple and inexpensive process, but disadvanta-
geous with remarkably low signal equality and reproducibil-
ity because the nanostructures are randomly distributed on
the substrate.

[0008] Therefore, to widely utilizing the Raman spectros-
copy using SERS in analyzing trace molecules, there is aneed
of technology for manufacturing an SERS substrate having
high signal enhancement capability, superior signal equality
and reproducibility, and low manufacturing cost.

SUMMARY

[0009] Aspects of the present disclosure are to address at
least the above-mentioned problems and/or disadvantages
and to provide at least the advantages described below.
Accordingly, an aspect of the present disclosure is to provide
a high-performance SERS device (SERS substrate, SERS
vial and/or SERS patch) with high signal enhancement capa-
bility, and superior signal equality and reproducibility in a
low cost by performing, instead of a lithography process, a
nanotransfer printing process which forms and transfers
nanostructures into a target object.

[0010] Additionally, another aspect of the present disclo-
sure is to provide a method of using a nanotransfer printing
process having high resolution without pretreatment and con-
trolling an adhesive force during a process of manufacturing
an SERS device.

[0011] Additionally, another aspect of the present disclo-
sure is to provide an SERS device in which nanostructured
thin films are staked to allow a coupling effect between the
nanostructured thin films to secure a high Raman signal.

[0012] In accordance with an aspect of the present disclo-
sure, a nanotransfer printing method may include the steps of
coating a polymer thin film on a template substrate where a
surface pattern is formed, fabricating the polymer thin film
into a thin-film replica mold by using the polymer thin film
and an adhesive film, forming nanostructures on the thin-film
replica mold, selectively weakening an adhesive force
between the adhesive film and the thin-film replica mold, and
transferring the nanostructures into a target object.
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[0013] The step of forming the nanostructures may include
a step of depositing a functional material on the thin-film
replica mold through an angled deposition.

[0014] The step of depositing the functional material on the
thin-film replica mold may include a step of depositing the
functional material on the thin-film replica mold, which is
slanted to have a specific angle with a surface prepared for the
deposition of the thin-film replica mold in a direction of the
deposition, to deposit the functional material only on pro-
truded parts of the surface prepared for the deposition of the
thin-film replica mold.

[0015] Thetemplate substrate may be formed witha rugged
type of the surface pattern through a reactive ion etching
process and a patterning process including at least one of
photolithography, block copolymer self-assembling lithogra-
phy, or E-beam lithography.

[0016] The step of coating the polymer thin film may
include one of steps of spreading a monolayered thin film and
forming the polymer thin film, and sequentially spreading a
first thin film and a second thin film and forming the polymer
thin film as a multilayered thin film.

[0017] The step of coating the polymer thin film may
include a step of spreading the polymer through at least one of
spin coating, deep coating, or spray coating.

[0018] The step of fabricating the polymer thin film into the
thin-film replica mold may include steps of uniformly attach-
ing the adhesive film to a side of the polymer thin film, and
separating the polymer thin film, to which the adhesive film is
attached, from the template substrate.

[0019] The step of selectively weakening the adhesive
force between the adhesive film and the thin-film replica mold
may include a step of injecting an organic solvent vapor
between the adhesive film and the thin-film replica mold to
reduce interfacial detachment energy.

[0020] The step of injecting the organic solvent vapor
between the adhesive film and the thin-film replica mold may
include one of steps of touching a polymer pad, which con-
tains an organic solvent, to the thin-film replica mold and
providing the organic solvent vapor, and providing the
organic solvent vapor that is evaporated from a liquid organic
solvent.

[0021] The organic solvent may be similar to the polymer
thin film, which composes the thin-film replica mold, and the
adhesive film in solubility parameter within a specific range.
[0022] The step of transferring the nanostructures into the
target object may include steps of touching the adhesive film
and the thin-film replica mold, in which the nanostructures
are formed, to a polymer pad to make the nanostructures meet
the polymer pad, separating the thin-film replica mold and the
adhesive film from the polymer film to leave the nanostruc-
tures in the polymer pad, touching the polymer pad, in which
the nanostructures remain, to the target object to make the
nanostructures meet the target object, and separating the
polymer pad from the target object to make the nanostructures
transferred into the target object.

[0023] The step of separating the thin-film replica mold and
the adhesive film from the polymer pad may include steps of
separating the adhesive film from the thin-film replica mold
that is touched to the polymer pad, and using an organic
solvent to remove the thin-film replica mold that is touched to
the polymer pad.

[0024] The step of transferring the nanostructures into the
target object may include steps of touching the adhesive film
and the thin-film replica mold, in which the nanostructures
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are formed, to the target object to make the nanostructures
meet the target object, and separating the thin-film replica
mold and the adhesive film from the target object to make the
nanostructures transferred into the target object.

[0025] The steps of separating the thin-film replica mold
and the adhesive film from the target object may include
separating the adhesive film from the thin-film replica mold
that is touched to the target object, and using an organic
solvent to remove the thin-film replica mold that is touched to
the target object.

[0026] The nanotransfer printing method may further
include a step of repeating the step of transferring the nano-
structures into the target object to generate a three-dimen-
sional nano structured SERS device with a stack of a plurality
of layers.

[0027] The step of transferring the nanostructures into the
target object may further include a step of transferring the
nanostructures into a metallic thin film.

[0028] In accordance with another aspect of the present
disclosure, a surface-enhanced Raman scattering (SERS)
device may use nanostructures. The nanostructures may be
formed by a process including the steps of coating a polymer
thin film on a template substrate where a surface pattern is
formed, fabricating the polymer thin film into a thin-film
replica mold by using the polymer thin film and an adhesive
film, forming the nanostructures on the thin-film replica
mold, selectively weakening an adhesive force between the
adhesive film and the thin-film replica mold, and transferring
the nanostructures into a target object.

[0029] The SERS device using the nanostructures may be
formed in a type of substrate, vial, or patch according to the
target object into which the nanostructures are transferred and
may be used for analyzing ingredients of a material.

[0030] The SERS device using the nanostructures may
include at least one of an SERS substrate, an SERS vial, or an
SERS patch.

[0031] The SERS device using the nanostructures may
include a three-dimensional structure having the nanostruc-
tures which are staked in plurality by repeating the process.
[0032] The step of transferring the nanostructures into the
target object may include a step of transferring the nanostruc-
tures into a metallic thin film, and the SERS device using the
nanostructures may include a hybrid structure in which the
nanostructures are transferred into the metallic thin film.

[0033] According to embodiments of the present disclo-
sure, it may be accomplishable to provide a high-performance
SERS device (SERS substrate, SERS vial and/or SERS
patch) with high signal enhancement capability, and superior
signal equality and reproducibility in a low cost by perform-
ing, instead of a lithography process, a nanotransfer printing
process which forms and transfers nanostructures into a target
object.

[0034] Additionally, it may be accomplishable to provide a
method of using a nanotransfer printing process having high
resolution without pretreatment and controlling an adhesive
force during a process of manufacturing an SERS device.
[0035] Accordingly, it may be permissible to manufacture
SERS services in various forms by performing a nanotransfer
printing process into various types of target objects.

[0036] Additionally, it may be accomplishable to provide
an SERS device in which nanostructured thin films are staked
to allow a coupling effect between the nanostructured thin
films to secure a high Raman signal.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0037] FIG.11isaschematic diagram illustrating a process-
ing flow of manufacturing an SERS device using nanotransfer
printing according to an embodiment of the present disclo-
sure.

[0038] FIG. 2A shows an SEM image on a surface pattern
of'a template substrate used in a process of manufacturing an
SERS device according to an embodiment of the present
disclosure.

[0039] FIG. 2B shows an SEM image on a surface pattern
of'a template substrate used in a process of manufacturing an
SERS device according to another embodiment of the present
disclosure.

[0040] FIG. 2C shows an SEM image on a surface pattern
of'a template substrate used in a process of manufacturing an
SERS device according to still another embodiment of the
present disclosure;

[0041] FIG. 2D shows an SEM image on a surface pattern
of a template substrate formed through a photolithography
process according to an embodiment of the present disclo-
sure.

[0042] FIG. 3A is a schematic diagram illustrating a pro-
cessing flow of forming a thin-film replica mold during an
SERA manufacturing procedure according to an embodiment
of the present disclosure.

[0043] FIG. 3B shows an SEM image on a surface of a
thin-film replica mold according to an embodiment of the
present disclosure.

[0044] FIG. 3C shows an SEM image on a surface of a
thin-film replica mold according to another embodiment of
the present disclosure.

[0045] FIG. 4A is a schematic diagram illustrating a pro-
cessing flow of forming nanostructures during an SERS
device manufacturing procedure according to an embodiment
of the present disclosure.

[0046] FIG. 4B shows an SEM image of nanostructures
according to an embodiment of the present disclosure.
[0047] FIG. 5 is a graphic diagram showing weight varia-
tion rates along time respectively under specific conditions of
temperature in the case that a polymer pad according to an
embodiment of the present disclosure soaks in an organic
solvent.

[0048] FIG. 6 shows an SEM image of a polymer pad in
which nanostructures remain by a first mode of an S-nTP 2
process according to an embodiment of the present disclo-
sure.

[0049] FIG. 7 is a schematic diagram illustrating a process
of using an organic solvent vapor evaporated from a liquid
organic solvent according to an embodiment of the present
disclosure.

[0050] FIG. 8A shows an SEM image of an SERS substrate
according to an embodiment of the present disclosure.
[0051] FIG. 8B is a graphic diagram showing a Raman
signal of the SERS substrate of FIG. 8A.

[0052] FIG. 8C shows an SEM image of an SERS substrate
according to another embodiment of the present disclosure.
[0053] FIG. 8D shows a GISAXS pattern image of Al nano-
structures included in an SERS substrate according to an
embodiment of the present disclosure.

[0054] FIG.9 shows an SEM image of a threeOdimensional
SERS device which is formed of stacked nanostructure thin
films according to an embodiment of the present disclosure.
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[0055] FIG. 10 is a graphic diagram showing SERS Raman
signals depending on the number of the stacked nanostructure
thin films of FIG. 9.

[0056] FIG. 11 shows an SEM image of a three-dimen-
sional SERS device having a hybrid structure according to an
embodiment of the present disclosure.

[0057] FIG. 12 is a graphic diagram showing SERS Raman
signals according to the number of the stacked nanostructure
thin films of FIG. 11.

[0058] FIG. 13 shows SEM images of a three-dimensional
hybrid SERS device having a hybrid structure according to
another embodiment of the present disclosure.

[0059] FIG. 14 shows optical images and SEM images of
various SERS devices according to embodiments of the
present disclosure.

DETAILED DESCRIPTION

[0060] Hereinafter, various embodiments of the present
disclosure will be described in conjunction with the accom-
panying drawings. Various embodiments described herein,
however, may not be intentionally confined in specific
embodiments, but should be construed as including diverse
modifications, equivalents, and/or alternatives. With respect
to the descriptions of the drawings, like reference numerals
refer to like elements.

[0061] The terms used in this specification are just used to
properly describe various embodiments of the present disclo-
sure and may be changed according to intentions of users or
operators, or may be modifiable according to usual practices
of the art. Therefore, the terms used herein may be defined
based on the overall definition throughout this specification.
[0062] Embodiments of the present disclosure are con-
cerned with technology of manufacturing an SERS device
including an SERS substrate, an SERS vial, and an SERS
patch, using a nanotransfer printing method which forms and
transfers nanostructures into a target object.

[0063] According to an embodiment of the present disclo-
sure, after coating a polymer thin film on a template substrate
in which a surface pattern is formed and forming a thin-film
replica mold from the polymer thin film by using the polymer
thin film and an adhesive thin film, nanostructures are formed
on the thin-film replica mold and transferred into a target
object through nanotransfer printing to result in an SERS
device. An SERS device may be manufactured in a form of
substrate, vial, or patch according to a target object into which
nanostructures are transferred. This feature will be described
in conjunction with the accompanying drawings.

[0064] FIG.11isaschematic diagram illustrating a process-
ing flow of manufacturing an SERS device using nanotransfer
printing according to an embodiment.

[0065] Referring FIG. 1, a system of manufacturing an
SERS device according to an embodiment of the present
disclosure (hereinafter, referred to as ‘SERS device manufac-
turing system’) may fabricate an SERS device through a
Solvent-vapor-injection nanoTransfer Printing (S-nTP) pro-
cess using an organic solvent vapor.

[0066] Indetail, an S-nTP process may include two succes-
sive steps. A first step may be performed by depositing a
polymer thin film on a template substrate in which a surface
pattern is formed, forming a thin-film replica mold from the
polymer thin film with the polymer thin film and an adhesive
film, and thereafter forming nanostructures on the thin-film
replica mold.



US 2016/0202123 Al

[0067] During this, on the template substrate, a rugged
surface pattern may be formed using a Reactive lon Etching
(RIE) process and a patterning process including at least one
of photolithography, block copolymer self-assembling
lithography, or E-beam lithography.

[0068] For example, an SERS device manufacturing sys-
tem may perform surface etching by an RIE process, after
forming a specific-sized surface pattern on a template sub-
strate through a patterning process, and then allow the surface
pattern to be rugged. In more detail, for example, an SERS
device manufacturing system may fabricate a template sub-
strate through a patterning process of block copolymer self-
assembling lithography on a silicon wafer to form ultrami-
croscopic surface patterns equal to or smaller than 20 nm.
This processing feature will be described later in conjunction
with FIG. 2A.

[0069] An SERS device manufacturing system may coat a
polymer thin film by spreading the polymer thin film on a
template substrate through at least one of spin coating, deep
coating, or spray coating. During this, a polymer spread as a
polymer thin film may have a solubility parameter of 20 to 40
Mpa'’?, and glass transition temperature higher than the nor-
mal temperature 25° C. Accordingly, the polymer may stably
retain its solid state at the normal temperature.

[0070] Additionally, an SERS device manufacturing sys-
tem may form a polymer thin film by spreading a monolay-
ered thin film, or by spreading a first thin film and a second
thin film in sequence. This processing feature will be
described later in conjunction with FIGS. 3A and 3B.
[0071] An SERS device manufacturing system may form
nanostructures by depositing a functional material through
oblique deposition. This processing feature will be described
later in conjunction with FIG. 4A.

[0072] Once the first step is completed as such, after selec-
tively weakening an adhesive force between an adhesive film
and a thin-film replica mold, a second step (S-nTP 2 process)
is performed to transfer nanostructures into a target object.
[0073] During this, an SERS device manufacturing system
may selectively weaken an adhesive force between an adhe-
sive film and a thin-film replica mold, by injecting an organic
solvent vapor between the adhesive film and the thin-film
replica mold, to reduce interfacial detachment energy.
[0074] An S-nTP 2 process may be differently applied
thereto, according to a mode of providing an organic solvent
vapor, in transferring nanostructures into a target object. For
example, an S-nTP 2 process may include different transfer-
ring processes in accordance with a first mode which uses a
polymer pad containing an organic solvent, and a second
mode which uses a liquid organic solvent.

[0075] According to the first mode of the S-nTP 2 process,
an SERS device manufacturing system may provide an
organic solvent vapor by touching a polymer pad, which
contains an organic solvent, to a thin-film replica mold. For
example, an SERS device manufacturing system may control
an adhesive film and a thin-film replica mold, in which nano-
structures are formed, to be touched to a polymer pad for a
specific time (e.g., 10 to 60 seconds), touching the nanostruc-
tures to the polymer pad.

[0076] A polymer padis akind of pad absorbing an organic
solvent and expanding thereby, for example, a polydimetyl-
siloxane (PDMS) pad, and may be formed through crosslink
and separation after mounting a mixture of precursors and a
curing agent on a silicon wafer and then heating up the struc-
ture. During this, a polymer pad may be formed using a
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crosslinked polymer which has a solubility parameter ranging
from 10 to 40 MPa'’?. An organic solvent absorbed in a
polymer pad may have a solubility parameter similar to that of
apolymer thin film, which composes a thin-film replica mold,
and/or that of an adhesive film in a specific range. Addition-
ally, an organic solvent may be used with a single ingredient,
or with two or more different ingredients. This processing
feature will be further described later in conjunction with
FIG. 5.

[0077] An organic solvent provided in contact with a thin-
film replica mold may be injected between an adhesive film
and a thin-film replica mold and weaken an adhesive force
between them. If this injection is performed, an SERS device
manufacturing system may separate a thin-film replica mold
and an adhesive film from a polymer pad to leave nanostruc-
tures on the polymer pad. During this, it may be permissible
to remove a thin-film replica mold from a polymer pad by
using an organic solvent after separating an adhesive film
from the polymer pad.

[0078] For example, an SERS device manufacturing sys-
tem may separate only an adhesive film therefrom mold after
touching the adhesive film to the thin-film replica mold to
make nanostructures meet a polymer pad. Subsequently, the
SERS device manufacturing system may remove a thin-film
replica mold from a polymer pad by washing the structure
with an organic solvent, such as toluene, acetone, or IPA
solvent, to leave only nanostructures on the polymer pad, or
by precipitating the polymer pad, which is touched to the
thin-film replica mold, in an organic solvent. This processing
feature will be further described later in conjunction with
FIG. 6.

[0079] Accordingly, it may be allowable to transfer a poly-
mer pad, in which nanostructures remain, into a target object.
For example, an SERS device manufacturing system may
separate a polymer pad from a target object to allow nano-
structures to be transferred into the target object after touch-
ing the polymer pad, in which the nanostructures remain, to
the target object (e.g., for 1 to 5 seconds) to make the nano-
structures meet the target object.

[0080] On the other hand, according to the second step of
the S-nTP process, an SERS device manufacturing system
may provide an organic solvent vapor which is evaporated
from a liquid organic solvent. For example, an SERS device
manufacturing system may weaken an adhesive force
between an adhesive film and a thin-film replica mold by
injecting an organic solvent, which has a solubility parameter
similar to that of a polymer thin film composing the thin-film
replica mold, and/or similar to that of the adhesive film in a
specific range, between the adhesive film and the thin-film
replica mold. This processing feature will be further
described later in conjunction with FIG. 7.

[0081] After performing such a process, an SERS device
manufacturing system may touch an adhesive film and a thin
film replica (e.g., for 1 to 5 seconds), in which nanostructures
are formed, to a target object to make the nanostructures meet
the target object. Subsequently, the SERS device manufac-
turing system may separate the thin film replica and the adhe-
sive film from the target object to allow the nanostructures to
be transferred into the target object.

[0082] For example, an SERS device manufacturing sys-
tem may touch a thin-film replica mold to an adhesive film to
make nanostructures meet a target object, may separate the
adhesive film therefrom, and then may remove the thin-film
replica mold from the target object by using an organic sol-
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vent. For example in more detail, an SERS device manufac-
turing system may remove a thin-film replica mold from a
target object by washing away the thin-film replica mold with
an organic solvent, or by precipitating the target object, which
is touched to the thin-film replica mold, in an organic solvent.
[0083] As aforementioned, an SERS device may be manu-
factured through the S-nTP 1 and S-nTP 2 processes which
form metallic nanostructures made of Au, Ag, Cu, Ni, Pt, Cr,
Co, or Pd and transfer-print the nanostructures into a target
object. During this, since a nanotransfer printing process by
the S-nTP 1 and S-nTP 2 processes can be applied to a flexible
substrate, or a biological surface such as a part of food or
body, as well as a general substrate, it may be permissible to
manufacture various kinds of SERS devices. These applica-
tions will be further described later in conjunction with FIG.
14.

[0084] Especially, an SERS device manufacturing system
may fabricate a high-performance SERS device having supe-
rior signal equality and reproducibility with a high signal
enhancement effect by uniformly forming a large area of
ultramicroscopic nanostructures, which are scaled equal to or
smaller than 20 nm, through a nanotransfer printing process
(the S-nTP 1 and S-nTP 2 processes) capable of conducting
high resolution without a pretreatment process and control-
ling an adhesive force, even without any expensive lithogra-
phy process such as photolithography or E-beam lithography.
[0085] Sincean area of nanostructures ofan SERS deviceis
same with a surface area of a template substrate based
thereon, the nanostructures with a large area of nanowired
thin films may be implemented in the SERS device as extend-
ing the surface area of the template substrate.

[0086] FIG. 2A shows an SEM image on a surface pattern
of'a template substrate used in a process of manufacturing an
SERS device according to an embodiment, FIG. 2B shows an
SEM image on a surface pattern of a template substrate used
in a process of manufacturing an SERS device according to
another embodiment, FIG. 2C shows an SEM image on a
surface pattern of a template substrate used in a process of
manufacturing an SERS device according to still another
embodiment, and FIG. 2D shows an SEM image on a surface
pattern of a template substrate formed through a photolithog-
raphy process according to an embodiment. The SEM images
described hereinafter are taken by Scanning Electron Micros-
copy (SEM) on scale of 200 nm.

[0087] Referring to FIG. 2A, an SERS device manufactur-
ing system according to an embodiment may fabricate a tem-
plate substrate with a rugged surface pattern of 20-nm line
width by performing an RIE process under oxygenic condi-
tion after forming a linear surface pattern after self-assem-
bling poly(styrene-b-dimethylsiloxne) (PDMS) block
copolymer with a silicon trench substrate having a width of 1
pm to 1 cm and a depth of 1 nm to 1 cm.

[0088] Additionally, an SERS device manufacturing sys-
tem may control the surface of a template substrate to have
low surface energy equal to or lower than 30 mJ/m? by per-
forming a coating process with a PDMS brush polymer or
hexamethylene disilazane (HDMS). This is to easily separate
a thin-film replica mold from a template substrate in the
following process. The surface of a template substrate does
not need to be retreated because of its semipermanent usabil-
ity.

[0089] Additionally, referring to FIG. 2B showing an SEM
image of a surface pattern of a template substrate used in a
process of manufacturing an SERS device according to
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another embodiment, and referring to FIG. 2C showing an
SEM image on a surface pattern of a template substrate used
in a process of manufacturing an SERS device according to
still another embodiment, an SERS device manufacturing
system may even fabricate a template substrate with a rugged
surface pattern ofline widths in 15 nm and 8 nm, respectively,
by performing an RIE process under oxygenic condition after
forming a linear surface pattern by self-assembling a PS-
PDMS block copolymer in a silicon trench substrate having a
width of 1 um to 1 cm and a depth of 1 nm to 1 cm.

[0090] Additionally, an SERS device manufacturing sys-
tem may perform various patterning processes to fabricate a
template substrate which is used for replicating a surface
pattern in a process of manufacturing an SERS device. For
example, referring to FIG. 2D showing an SEM image on a
surface pattern of a template substrate formed through a pho-
tolithography process according to an embodiment, an SERS
device manufacturing system may form a linear surface pat-
tern with a line width of several hundreds of nanometers or
several microns through a photolithography process. How-
ever, embodiments of the present disclosure may not be
restrictive hereto and an SERS device manufacturing system
may from various surface patterns, such as dots or holes, in
addition to such a linear surface pattern, through a photoli-
thography process or a block copolymer self-assembling pro-
cess.

[0091] FIG. 3A is a schematic diagram illustrating a pro-
cessing flow of forming a thin-film replica mold during an
SERA manufacturing procedure according to an embodi-
ment, FIG. 3B shows an SEM image on a surface of a thin-
film replica mold according to an embodiment, and FIG. 3C
shows an SEM image on a surface of a thin-film replica mold
according to another embodiment.

[0092] Referring to FIG. 3A, an SERS device manufactur-
ing system according to an embodiment may form a polymer
thin film with a P4VP-PS multiple thin film or a P4VP-
PMMA multi-layered thin film by first spreading a poly-4-
vinyl pyridine (P4VP) thin film as a first thin film on a tem-
plate substrate (spreading P4VP with isopropyl alcohol
(IPA)) and then by spreading one of polystyrene (PS) and
poly(methylmethacrylate) (PMMA) as a second thin film
thereon. However, embodiments of the present disclosure
may not be restrictive hereto and an SERS device manufac-
turing system may form a polymer thin film as a monolayered
thin film by spreading one of PS and PMMA on a template
substrate.

[0093] A polymer thin film coated as such may replicate a
surface pattern of a template substrate, which has resolution
equal to or lower than 10 nm, during a spreading process on
the template substrate.

[0094] Although not shown in the drawings, an SERS
device manufacturing system may use a thin-film replica
mold to form a polymer thin film by separating the polymer
thin film from, to which an adhesive film is attached, from a
template substrate after uniformly attaching the adhesive film
to a side of the polymer thin film (the counter side of the side
spread on the template).

[0095] Accordingly, a thin-film replica mold manufactured
through the aforementioned process may be helpful in greatly
reducing a cost for materials consumed during the manufac-
turing procedure, and may be available in semipermanent
durability because there is no need of heat treatment under
high pressure and tension.
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[0096] As shown in FIG. 3B for an SEM image on the
surface of a thin-film replica mold of an embodiment in
accordance with a line width of a surface pattern of a template
substrate, the thin-film replica mold may have a linear pattern
of 20 nm, or as shown in FIG. 3C for an SEM image on a
thin-film replica mold of another embodiment, may have a
linear pattern of 9 nm.

[0097] FIG. 4A is a schematic diagram illustrating a pro-
cessing flow of forming nanostructures during an SERS
device manufacturing procedure according to an embodiment
of the present disclosure, and FIG. 4B shows an SEM image
of nanostructures according to an embodiment of the present
disclosure.

[0098] Referring to FIG. 4, for the purpose of depositing a
functional material only on protruded parts of a surface where
a thin-film replica mold is deposited, an SERS device manu-
facturing system according to an embodiment may deposit
the functional material on the surface which is slanted with a
specific angle to a direction of the deposition. For example, an
SERS device manufacturing system may deposit a functional
material only on protruded parts of a surface, in which a
thin-film replica mold is deposited, through E-beam lithog-
raphy or thermal evaporation in the condition of slanting the
thin-film replica mold. In more exemplarily detail, an SERS
device manufacturing system may even use a simultaneous
deposition technique according to kinds of functional mate-
rials (metals such as Au, Ag, Cu, Ni, Pt, Cr, Co, or Pd).
Accordingly, an SERS device manufacturing system may
form nanostructures as same as a surface pattern of a thin-film
replica mold in dimensions even without an additional lift-off
process.

[0099] Referring to FIG. 4B showing an SEM image of
nanostructures according to an embodiment, Au structures
formed through the aforementioned process may be also
formed by deposition Au in line width of 20 nm on a thin-film
replica mold through E-beam evaporation.

[0100] As described above, nanostructures formed on a
thin-film replica mold may be transferred into various target
objects to manufacture various types of SERS devices. For
example, in the case of transferring nanostructures into a
substrate, an SERS substrate may be manufactured. In the
case of transferring nanostructures into an inner surface of a
vial, an SERS vial may be manufactures. In the case of trans-
ferring nanostructures into a patch-type flexible material such
as PDMS which has low surface energy, an SERS patch may
be manufactured.

[0101] In the case of SERS vial, as SERS nanostructures
are formed on the inner surface of the vial, the Raman analysis
may be performed by filling the inside of the vial with an
analyzing material such as liquid and then by projecting a
laser to the surface on which the nanostructures are formed.
Accordingly, an SERS vial may be analyzed in the state of
liquid material, different from an SERS substrate, being
advantageous to the Raman analysis without exposure of
harmful materials to the outside.

[0102] An SERS patch is a custom-type SERS device
which is conveniently used by a user in accordance with
various analyzing environments because SERS nanostruc-
tures transferred on the patch can be touched and transferred
into a surface which the user desires. A polymer composing a
patch for a SERS patch has low surface energy equal to or
lower than 20 mJ/m?, allowing SERS nanostructures of the
surface to be easily transferred into various types of surfaces.
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[0103] FIG. 5 is a graphic diagram showing weight varia-
tion rates along time respectively under specific conditions of
temperature in the case that a polymer pad according to an
embodiment of the present disclosure soaks in an organic
solvent.

[0104] Referring to FIG. 5, in the case that a polymer pad as
a PDMS pad soaks in toluene for 6 hours under the normal
temperature, it can be seen that the weight thereof does not
further increase after reaching the saturated expansion rate. In
this regard, an SERS device manufacturing system may soak
a polymer pad in an organic solvent, such as toluene, in 6
hours under the normal temperature to make the polymer pad
absorb the organic solvent, and then may expand the polymer
pad until the saturated expansion rate. A polymer pad manu-
factured as such may generate the same vapor pressure with
that of pure liquid because a chemical potential of solvent
molecules contained in the polymer pad is same with that of
an organic solvent of the pure liquid state. Accordingly, a
polymer pad containing an organic solvent may continuously
emit a high-flux solvent vapor.

[0105] FIG. 6 shows an SEM image of a polymer pad in
which nanostructures remain by the first mode of the S-nTP 2
process according to an embodiment of the present disclo-
sure.

[0106] Referring to FIG. 6, an SERS device manufacturing
system may leave only nanostructures on a polymer pad by
performing the first mode of'the S-nTP 2 process as described
above. During this, a SERS device manufacturing system
may remove a thin-film replica mold from a polymer pad by
washing away a thin-film replica mold from the polymer pad
with an organic solvent such as toluene, acetone, IPA solvent,
etc., or by precipitating a polymer pad, which is touched to a
thin-film replica mold, in an organic solvent, and may thereby
leave only nanostructures on the polymer pad.

[0107] Additionally, in the case of a polymer thin film of a
thin-film replica mold is formed of a multi-layered film, it
may be permissible to remove the polymer thin film from the
highest layer thereof.

[0108] FIG. 7 is a schematic diagram illustrating a process
of using an organic solvent vapor evaporated from a liquid
organic solvent according to an embodiment of the present
disclosure.

[0109] Referring to FIG. 7, an SERS device manufacturing
system according to an embodiment may perform control to
fill a chamber, which is fabricated to fit an area of a thin-film
replica mold, with an organic solvent, to attach an adhesive
film of the thin-film replica mold to a lid of the chamber, to
seal the chamber, and then to inject an organic solvent vapor,
which is evaporated from a liquid organic solvent in the
chamber, between the adhesive film and the thin-film replica
mold. The aforementioned transferring process may be per-
formed by separating the adhesive film and the thin-film
replica mold from the lid of the chamber after a specific time.
[0110] FIG. 8A shows an SEM image of an SERS substrate
according to an embodiment, FIG. 8B is a graphic diagram
showing a Raman signal of the SERS substrate of FIG. 8A,
FIG. 8C shows an SEM image of an SERS substrate accord-
ing to another embodiment, and FIG. 8D shows a GISAXS
pattern image of Al nanostructures included in an SERS sub-
strate according to an embodiment.

[0111] Referring to FIG. 8A, an SERS substrate, as an
SERS device fabricated through the S-nTP 1 and S-nTP 2
processes, may be manufactured by nanotransfer-printing Au
nanostructures with 20-nm line width on a substrate. A sub-
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strate into which nanostructures are transferred may be
formed of at least one of metal, oxide, semiconductor, or
polymer.

[0112] Such an SERS substrate may obtain a high Raman
signal. For example, referring to FIG. 8B as a graph showing
Raman signals from the SERS substrate of FIG. 8A, in the
case of performing the Raman analysis by dripping a drop of
a solution, in which Rhodamin 6G (R6G) molecules are
melted, on the SERS substrate, the SERS substrate may have
a strong SERS signal and SERS peaks of the SERS signal
may be thus clearly noticed.

[0113] On the other hand, in the case of performing a
Raman analysis by dripping a drop of a solution, in which
R6G molecules are melted, on a substrate which is used with
conventional Raman spectroscopy without nanostructures,
the substrate used with conventional Raman spectroscopy
may have a weak SERS signal and SERS peaks of an SERS
signal may be accordingly unclear.

[0114] Additionally, an SERS substrate may be formed of
various metallic nanostructures as well as Au nanostructures
according to substances used as functional materials in the
S-nTP 1 and S-nTP 2 processes. Referring to FIG. 8C show-
ing an SEM image of an SERS substrate according to another
embodiment, the SERS substrate may be manufactured to
include Al nanostructures, Cu nanostructures, Ag nanostruc-
tures, Co nanostructures, of 20-nm line width, or Cr nano-
structures of 9-nm line width.

[0115] As such, an SERS device manufactured through
S-nTP 1 and S-nTP 2 processes according to an embodiment
may be formed with aurum (Au) or argentum (Ag) nanostruc-
tures by depositing gold or silver. In the case of transferring
argentum nanostructures to manufacture an SERS substrate,
it may be permissible to output a higher SERS signal which is
about 100 times that of aurum nanostructures.

[0116] Additionally, referring to FIG. 8D showing a
GISAXS pattern image of Al nanostructures included in an
SERS substrate according to an embodiment, it can be seen
that the Al nanostructures included in the SERS substrate
manufactured through S-nTP 1 and S-nTP 2 processes may be
arranged with superior large-area alignment. Since nano-
structures of an SERS device are equally formed in area based
on a surface area of a template substrate, it may be allowable
to implement large-area nano-wired nanostructures in the
SERS device as large as the surface area of the template
substrate.

[0117] Additionally, an SERS device may be manufactured
in high resolution without a pretreatment process, controlling
an adhesive force, and may even have a stack of nanostruc-
tured thin films through a successive nanotransfer printing
process. This processing feature will be described below in
conjunction with FIG. 9.

[0118] FIG. 9 shows an SEM image of a three-dimensional
SERS device which is formed of stacked nanostructure thin
films according to an embodiment, and FIG. 10 is a graphic
diagram showing SERS Raman signals depending on the
number of the stacked nanostructure thin films of FIG. 9.
[0119] Referring to FIG. 9, an SERS device according to an
embodiment may be manufactured as a three-dimensional
SERS device which is formed of stacked nanostructure thin
films.

[0120] A three-dimensional SERS device may be manufac-
tured by sequentially stacking nanostructured thin films on a
target object through the aforementioned successive nan-
otransfer printing process.
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[0121] For example, an SERS device manufacturing sys-
tem may fabricate a cross-wired three-dimensional SERS
device by transferring a first nanostructured thin film into a
target object (a substrate) through a first nanotransfer printing
process and then further transferring a second nanostructured
film into the top of the first nanostructured thin film through a
second nanotransfer printing process to intersect the first
nanostructured thin film in a vertical direction. During this,
the stacked nanostructure films may not be restrictive to two
layers in number and may be even designed in another plu-
rality of members (such plural nanostructured thin films may
be formed to intersect each other in a vertical direction).
[0122] Accordingly, athree-dimensional SERS device hav-
ing a stack of nanostructured thin films may obtain an SERS
signal which greatly increases more than that of an SERS
device having a monolayer of nanostructures.

[0123] For example, referring to FIG. 10 as a graphic dia-
gram showing SERS Raman signals depending on the num-
ber of the stacked nanostructure thin films of FIG. 9, in the
case of performing an SERS analysis by spreading R6G mol-
ecules with the same amount in an SERS device, it can be seen
that a larger number of nanostructure thin films stacked in a
three-dimensional SERS device leads an SERS Raman signal
to be stronger in signal intensity.

[0124] Additionally, as described above, an SERS device
manufacturing system may perform a successive nanotrans-
fer printing process to various target objects. For example, an
SERS device manufacturing system may fabricate an SERS
substrate, an SERS vial, or an SERS patch by performing a
successive nanotransfer printing process to a substrate, vial,
or a part of food or body.

[0125] FIG. 11 shows an SEM image of a three-dimen-
sional SERS device having a hybrid structure according to an
embodiment of the present disclosure, and FIG. 12 is a
graphic diagram showing SERS Raman signals according to
the number of the stacked nanostructure thin films of FIG. 11.
[0126] Referring to FIG. 11, an SERS device according to
an embodiment may be manufactured as a three-dimensional
hybrid SERS device in which nanostructures are nanotrans-
fer-printed into a metallic thin film. This three-dimensional
hybrid SERS device may have an effect of extremely
strengthening a Raman signal in virtue of a plasmonic cou-
pling phenomenon between the nanostructures and a lower
metallic thin film.

[0127] For example, an SERS device manufacturing sys-
tem may fabricate a three-dimensional hybrid SERS device
by depositing argentum in a depth of several tens nanometers
on a silicon substrate and then by transfer-printing argentine
nanostructures thereon. During this, an SERS device manu-
facturing system may deposit nanostructures in a plurality of
layers.

[0128] Referring to FIG. 12 showing SERS Raman signals
according to the number of the stacked nanostructure thin
films of FIG. 11, in the case of performing an SERS analysis
by spreading R6G molecules with the same amount in an
SERS device, it can be seen that a larger number of nano-
structured layers stacked in a three-dimensional hybrid SERS
device generates an effect of extremely strengthening the
intensity of an SERS Raman signal.

[0129] This effect of strengthening a Raman signal may be
quantified as Averaged Enhancement Factor (AEF) as shown
in Table 1. Additionally, AEF may be calculated by a ratio
between Raman signal intensity, which is taken from R6G
molecules spread on an SERS device, and Raman signal
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intensity obtained from a substrate which uses a conventional
technique of Raman spectroscopy without nano structures.

TABLE 1
Ag4 Agl Ag?2
Aul Au4 Agl layer layer layer
layer layer layer on film on film on film
AEF 2.8 x 2.6 x 1.7 x 1.5x% 1.4 x 4.1x
104 10° 108 107 107 107
Ratio 1 9.2 60.9 532 499 1437

[0130] Additionally, an SERS device manufacturing sys-
tem may fabricate a three-dimensional hybrid SERS device
which has different hybrid structures. This feature will be
described below in conjunction with FIG. 13.

[0131] FIG. 13 shows SEM images of a three-dimensional
hybrid SERS device having a hybrid structure according to
another embodiment of the present disclosure.

[0132] Referring to FIG. 13, an SERS device manufactur-
ing system according to another embodiment may fabricate a
three-dimensional hybrid SERS device by printing nano-
structures into a trench-type rugged silicon substrate, or by
transfer-printing nanostructures into a shrinkage film.

[0133] FIG. 14 shows optical images and SEM images of
various SERS devices according to embodiments of the
present disclosure.

[0134] Referring to FIG. 14, an SERS device manufactur-
ing system may fabricate an SERS device, which is employed
to analyze ingredients of a material, by forming nanostruc-
tures of metal, such as Au, Ag, Cu, Ni, Pt, Cr, Co, or Pd, and
by nanotransfer-printing the nanostructures into a target
object, through the aforementioned nanotransfer printing
process (the S-nTP and S-nTP processes)

[0135] For example, an SERS device manufacturing sys-
tem may fabricate an SERS vial by nanotransfer-printing
nanostructures into a vial, and may fabricate an SERS patch
by nanotransfer-printing nanostructures into a part of body or
a surface of food. Additionally, an SERS device manufactur-
ing system may fabricate a flexible SERS substrate by nan-
otransfer-printing nanostructures into a flexible substrate.

[0136] While embodiments of the present disclosure have
been shown and described with reference to the accompany-
ing drawings thereof; it will be understood by those skilled in
the art that various changes and modifications in form and
details may be made therein without departing from the spirit
and scope of the present disclosure as defined by the
appended claims and their equivalents. For example, it may
be allowable to achieve desired results although the embodi-
ments of the present disclosure are preformed in other
sequences different from the descriptions, and/or the ele-
ments, such as system, structure, device, circuit, and so on,
are combined or assembled in other ways different from the
descriptions, replaced or substituted with other elements or
their equivalents.

[0137] Therefore, other implementations, other embodi-
ments, and equivalents of the appended claims may be
included in the scope of the appended claims.

What is claimed is:

1. A nanotransfer printing method comprising:

coating a polymer thin film on a template substrate where
a surface pattern is formed;
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fabricating the polymer thin film into a thin-film replica
mold by using the polymer thin film and an adhesive
film;

forming nanostructures on the thin-film replica mold;

selectively weakening an adhesive force between the adhe-

sive film and the thin-film replica mold; and
transferring the nano structures into a target object.

2. The nanotransfer printing method of claim 1, wherein
the forming of the nanostructures comprises:

depositing a functional material on the thin-film replica

mold through an angled deposition.

3. The nanotransfer printing method of claim 2, wherein
the depositing of the functional material on the thin-film
replica mold comprises:

depositing the functional material on the thin-film replica

mold, which is slanted to have a specific angle with a
surface prepared for the deposition of the thin-film rep-
lica mold in a direction of the deposition, to deposit the
functional material only on protruded parts of the sur-
face prepared for the deposition of the thin-film replica
mold.

4. The nanotransfer printing method of claim 1, wherein
the template substrate is formed with a rugged type of the
surface pattern through a reactive ion etching process and a
patterning process including at least one of photolithography,
block copolymer self-assembling lithography, or E-beam
lithography.

5. The nanotransfer printing method of claim 1, wherein
the coating of the polymer thin film comprises one of:

spreading a monolayered thin film and forming the poly-

mer thin film; and

sequentially spreading a first thin film and a second thin

film and forming the polymer thin film as a multilayered
thin film.

6. The nanotransfer printing method of claim 1, wherein
the coating of the polymer thin film comprises:

spreading the polymer through at least one of spin coating,

deep coating, or spray coating.

7. The nanotransfer printing method of claim 1, wherein
the fabricating of the polymer thin film into the thin-film
replica mold comprises:

uniformly attaching the adhesive film to a side of the poly-

mer thin film; and

separating the polymer thin film, to which the adhesive film

is attached, from the template substrate.

8. The nanotransfer printing method of claim 1, wherein
the selective weakening of the adhesive force between the
adhesive film and the thin-film replica mold comprises:

injecting an organic solvent vapor between the adhesive

film and the thin-film replica mold to reduce interfacial
detachment energy.

9. The nanotransfer printing method of claim 8, wherein
the injecting of the organic solvent vapor between the adhe-
sive film and the thin-film replica mold comprises one of:

touching a polymer pad, which contains an organic solvent,

to the thin-film replica mold and providing the organic
solvent vapor; and

providing the organic solvent vapor that is evaporated from

a liquid organic solvent.

10. The nanotransfer printing method of claim 9, wherein
the organic solvent is similar to the polymer thin film, which
composes the thin-film replica mold, and the adhesive film in
solubility parameter within a specific range.
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11. The nanotransfer printing method of claim 1, wherein
the transferring of the nanostructures into the target object
comprises:
touching the adhesive film and the thin-film replica mold,
in which the nanostructures are formed, to a polymer pad
to make the nanostructures meet the polymer pad;

separating the thin-film replica mold and the adhesive film
from the polymer film to leave the nanostructures in the
polymer pad;

touching the polymer pad, in which the nanostructures

remain, to the target object to make the nanostructures
meet the target object; and

separating the polymer pad from the target object to make

the nanostructures transferred into the target object.

12. The nanotransfer printing method of claim 11, wherein
the separating of the thin-film replica mold and the adhesive
film from the polymer pad comprises:

separating the adhesive film from the thin-film replica

mold that is touched to the polymer pad; and

using an organic solvent to remove the thin-film replica

mold that is touched to the polymer pad.

13. The nanotransfer printing method of claim 1, wherein
the transferring of the nanostructures into the target object
comprises:

touching the adhesive film and the thin-film replica mold,

in which the nanostructures are formed, to the target
object to make the nanostructures meet the target object;
and

separating the thin-film replica mold and the adhesive film

from the target object to make the nanostructures trans-
ferred into the target object.

14. The nanotransfer printing method of claim 13, wherein
the separating of the thin-film replica mold and the adhesive
film from the target object comprises:
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separating the adhesive film from the thin-film replica
mold that is touched to the target object; and
using an organic solvent to remove the thin-film replica
mold that is touched to the target object.
15. The nanotransfer printing method of claim 1, further
comprising:
repeating the transferring of the nanostructures into the
target object to generate a three-dimensional nanostruc-
tured SERS device with a stack of a plurality of layers.
16. The nanotransfer printing method of claim 1, wherein
the transferring of the nanostructures into the target object
further comprises:
transferring the nanostructures into a metallic thin film.
17. A surface-enhanced Raman scattering (SERS) device
using nanostructures, wherein the nanostructures are formed
a process comprising:
coating a polymer thin film on a template substrate where
a surface pattern is formed;
fabricating the polymer thin film into a thin-film replica
mold by using the polymer thin film and an adhesive
film;
forming the nanostructures on the thin-film replica mold;
selectively weakening an adhesive force between the adhe-
sive film and the thin-film replica mold; and
transferring the nanostructures into a target object.
18. The SERS device of claim 17, wherein the SERS device
using the nanostructures comprises:
at least one of an SERS substrate, an SERS vial, or an
SERS patch.
19. The SERS device of claim 17, wherein the SERS device
using the nanostructures comprises:
a three-dimensional structure having the nanostructures
that are staked in plurality by repeating the process.
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