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1. Introduction

Structured metallic nanoparticle assemblies, particularly if fab-
ricated with a high degree of specificity and under controllable 
conditions with respect to surface dimensions and densities,[1–6] 
promise highly interesting physicochemical characteristics. 
Such properties can render these structures suitable candi-
dates for sophisticated further applications, which comprise, 
e.g., the fields of biosensing,[7–9] information storage,[10,11] or  

A method for the fabrication of well-defined metallic nanostructures is pre-
sented here in a simple and straightforward fashion. As an alternative to 
lithographic techniques, this routine employs microcontact printing utilizing 
wrinkled stamps, which are prepared from polydimethylsiloxane (PDMS), 
and includes the formation of hydrophobic stripe patterns on a substrate via 
the transfer of oligomeric PDMS. Subsequent backfilling of the interspaces 
between these stripes with a hydroxyl-functional poly(2-vinyl pyridine) then pro-
vides the basic pattern for the deposition of citrate-stabilized gold nanoparticles 
promoted by electrostatic interaction. The resulting metallic nanostripes can be 
further customized by peeling off particles in a second microcontact printing 
step, which employs poly(ethylene imine) surface-decorated wrinkled stamps, 
to form nanolattices. Due to the independent adjustability of the period dimen-
sions of the wrinkled stamps and stamp orientation with respect to the sub-
strate, particle arrays on the (sub)micro-scale with various kinds of geometries 
are accessible in a straightforward fashion. This work provides an alternative, 
cost-effective, and scalable surface-patterning technique to fabricate nanolat-
tice structures applicable to multiple types of functional nanoparticles. Being 
a top-down method, this process could be readily implemented into, e.g., the 
fabrication of optical and sensing devices on a large scale.

optoelectronics.[12–14] Thereby, templating 
by surface patterns represents a popular 
method to obtain fine metallic nanostruc-
tures. Different types of advanced litho-
graphic techniques have been utilized to 
fabricate functional surface patterns, such as 
photo-,[15,16] electron-beam or dip-pen lithog-
raphy,[6,17–20] self-assembly patterns (SAPs) 
of (macro-)molecules,[21–24] soft lithog-
raphy and others.[25–27] Photo- or non-photo 
lithography as well as dip-pen lithography, 
however, require specialized and expensive 
equipment, which drastically limits their 
applicability. The preparation of SAPs is 
difficult to be scaled up over large areas or 
volumes. On the contrary, soft lithography, 
which is a combination of SAPs and large-
area surface patterning, constitutes a more 
convenient method. As such, microcontact 
printing (µCP), as the most prominent vari-
ation of soft lithography, represents a cheap 
and straightforward method that does not 
require sophisticated instrumentation.[28,29]

An excellently suited material for soft 
lithography is the elastomer polydimethyl-

siloxane (PDMS). PDMS can be surface-structured in a straight-
forward and inexpensive fashion into (sub-)micrometer-sized 
regular patterns by plasma-induced surface wrinkling.[30–33] 
These patterns can be used to guide particle assembly, thereby 
avoiding the utilization of expensive masters, which are usually 
fabricated by the already mentioned methods of photo or non-
photo lithography. In recent years, PDMS wrinkle templates have 
been widely used to directly assemble organic[34–36] and inorganic 
particles[37–39] as well as biomaterials,[40,41] which led to functional 
nano- or micro-structures applicable for, e.g., plasmonics,[37–39] 
or wetting switches.[42] Nevertheless, up to now there are only a 
limited number of studies about chemical patterns fabricated by 
using PDMS wrinkles to guide self-assembly of particles.

Motivated by the ease and adjustability of their preparation, 
we developed a fast and feasible method for chemical pat-
terning based on µCP via the utilization of wrinkled PDMS. 
Our aim was to take advantage of the oligomeric PDMS, which 
is inherently present within cured PDMS and usually repre-
sents a nuisance for µCP, and turn it into a useful tool for the 
preparation of sophisticated surface patterns on the micro- to 
nanoscale. This led us to a consecutive routine, which consists 
of few easy-to-apply preparation steps yielding nanoparticular 
patterns of different adjustable geometries with high regularity. 
Hence, this work contributes to the effort of improving the 
applicability of surface patterning by reducing cost, which may 

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. 
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be of potential use for the efficient fabrication of functional 
nanodevices.

2. Results and Discussion

Our method to create (sub)micro-scale lattices of gold nano-
particles implements multiple µCP as well as spin coating and 
solution immersion steps. A typical workflow of the procedure 
is depicted in Scheme 1. The overall process comprises two 
major consecutive parts, which are a routine for the preparation 
of a coating mask onto the surface Scheme 1a, and a routine 
involving the deposition and customization of nanoparticles 
onto said coating mask Scheme 1b. In a first step of the first rou-
tine, oligomeric polydimethylsiloxane (oPDMS) is transferred to 
a substrate surface from a wrinkled PDMS (wPDMS) stamp at 
the area of contact using µCP, whereby silicon wafers may serve 
as a typical substrate. After washing and annealing, this results 
in the formation of a striped pattern of oPDMS, which provides 
a hydrophobic mask for the selective deposition with another 
chargeable or charged polymer on the remaining free sites via 
spin coating, washing, and annealing. As a result, the origi-
nally imprinted surface consists of a striped mask of alternating 
hydrophobic and hydrophilic stripes with a significantly dif-
fering electrostatic surface potential. In a typical routine, aiming 
for the deposition of negatively charged nanoparticles, the 
functional polymer should provide protonatable or quaternized 
functional groups, e.g., amino functionalities. These functional 
groups serve as electrostatic anchors for the deposition of oppo-
sitely charged nanoparticles from suspension as conducted in 
the deposition routine exemplified in Scheme 1b. Following this 
step, another wPDMS stamp coated with a polymer exhibiting  

attractive electrostatic interaction to the as-deposited nanopar-
ticles is brought into contact with the nanoparticular stripe 
pattern, thereby selectively peeling off nanoparticles. The pat-
tern remaining on the substrate depends on the used wPDMS 
dimensions (amplitude A, wavelength λ) as well as the orienta-
tion of the second wPDMS stamp during the peeling process.

In the following sections, we give a profound description of 
each preparation step in our routine focusing on the mecha-
nistic details and the resulting features of the observed struc-
tures. Furthermore, we present significant results illustrating 
the versatility of this method.

2.1. Prepatterning with Oligomeric Polydimethylsiloxane 
(oPDMS, Step 1)

Wrinkled PDMS plays a central role as stamp material for 
the transfer of oPDMS patterns using µCP. These stamps are 
feasibly prepared and easily customizable in a controlled way 
with respect to their microstructure.[27] For their preparation, 
elastomeric PDMS substrates are converted into a mechani-
cally stretched state (Figure S1a, Supporting Information), 
and subjected to a plasma treatment, which is followed by its 
controlled relaxation. During this tension release, the thin and 
rigid oxidized SiO2-surface layer, obtained by the plasma treat-
ment, is unable to contract—well in contrast to the elastomeric 
PDMS beneath said silica layer—thereby forcing the formation 
of surface wrinkles according to a sinusoidal shape (Figure S1b, 
Supporting Information). The plasma treatment conditions 
therefore, as also exemplified in Figure S2 in the Supporting 
Information, offer a precise tool for tuning the resulting wrinkle 
dimensions, which according to previous investigations can be 
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Scheme 1. General illustration of fabricating gold-nanoparticle lattices by using µCP and wPDMS-stamps. a) Stripe pattern formation yielding a 
particle deposition template: Step 1 consists of a µCP step transferring oPDMS from the top of the wrinkles to the substrate followed by annealing 
and washing, which results in the formation of pre-patterned hydrophobic stripes. Step 2 adds stable P2VP-OH polymer into the interspaces via spin 
coating from an aqueous solution, annealing and washing, which, at low pH values, results in a protonation of the surface to guide the deposition 
of negatively charged gold particles. b) Particle deposition and lattice customization by immersion and further µCP: Step 3 leads to the deposition of 
citrate@AuNPs onto the P2VP stripes due to electrostatic interaction by immersion of the stripe pattern into an aqueous suspension of citrate-capped 
citrate@AuNPs with subsequent washing. In Step 4, further µCP with a PEI-coated wPDMS-stamp (PEI-wPDMS-stamp) causes removal of citrate@
AuNPs from the substrate at the area of contact leaving behind the final citrate@AuNP-nanolattices.
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attributed to the change in thickness and mechanical modulus 
of said rigid silica surface layer.[34,41,43–46] As a substrate, silicon 
wafers provide a material with a very pronounced smoothness 
along with a defined chemical composition of the surface. This, 
accordingly, renders them very suitable for the creation of sur-
face patterns and their subsequent characterization.

We achieve an initial surface patterning by placing a freshly 
prepared wPDMS stamp on the Si wafer substrate. Notewor-
thily, Step 1 of Scheme 1 represents a rather unconventional µCP 
variation, as no additional ink is required. Instead, this process 
relies on the transfer of oPDMS from the wPDMS stamp to the 
substrate. The oPDMS originates from precursor materials that 
remain unreacted during the curing process of the PDMS elas-
tomer and is, thus, intrinsically present within the matrix of the 
stamp. Accordingly, these stamps can be considered as self-inking, 
which is quite convenient, since it simplifies the µCP routine. 
Furthermore, ink transfer merely occurs at the contacted area, and 
oPDMS will only functionalize the bare substrate at the wrinkle 
tips of the wPDMS stamps during the printing process. As a 
result, stable hydrophobic oPDMS stripes form on the substrate.

We implemented atomic force microscopy to investigate the 
morphology of the oPDMS-functionalized substrates. A corre-
sponding AFM image of the substrate wafer immediately after 
the µCP process is shown in Figure 1a (height image and cor-
responding height profile). Indeed, we can observe the presence 
of a striped pattern on the substrate showing a maximum height 
of about ≈30 nm, while experiencing a significant decrease to 
≈10–15 nm, after washing and annealing. In contrast thereto, 
the wavelength remains constant at 1.7 µm. This observation 
can be explained by the fact that unbound oPDMS material is 
removed during this washing step, so that only covalently bound, 
and hence, immobilized material remains on the wafer surface. 
Moreover, the morphology seems to change toward a triple peak 

shape, whereby the overall feature width remains constant. A 
possible explanation for this observation could be a collapsing 
oPDMS framework during annealing caused by removal of 
traces of solvent, yielding a wrinkled peak morphology.

Here, one might argue that the stripe morphology originates 
from a transfer of pieces of PDMS, which are torn out from 
the stamp upon its removal during the µCP process rather than 
being a result of oPDMS transfer. However, in that case an inho-
mogeneous stripe morphology due to incontrollable tearing out 
of PDMS would be expected. Accordingly, also the wPDMS 
stamps should show an inhomogeneous surface corresponding 
to the stripe morphology. In our experiments, however, we were 
not able to observe such an effect. On the contrary, we observe 
smooth profiles along the wrinkle surface as well as the oPDMS 
stripes before and after the µCP process, as illustrated in Fig-
ures S3 and S4 in the Supporting Information. Furthermore, 
also a high degree of reproducibility of the thicknesses of the 
imprinted stripes hints toward the rather controlled process 
of oPDMS transfer (Figure S5, Supporting Information). We, 
for the sake of completeness, additionally mention here that 
we were not able to achieve regular oPDMS patterns at wave-
lengths <0.7 µm due to the merge of the resulting stripes by 
smearing effects (Figure S6, Supporting Information).

Concerning the chemistry of oPDMS, the oPDMS species 
originate from PDMS precursor materials, namely methylvinyl-
siloxane-dimethylsiloxane copolymers forming the polymeric 
backbone and methylhydrosiloxane-dimethylsiloxane as cross-
linker, which remain unbound and floating within the PDMS 
network. These oligomers can react actively with the silanol 
groups on the oxidized surface of the activated Si-wafer yielding 
covalent SiOSi bonds, whereby a precedent hydrolysis 
step triggers the condensation reaction.[47] Said hydrolysis pro-
cess is moisture-dependent since the presence of water promotes 
the formation of silanol groups. Accordingly, higher humidity 
during the printing process could enhance the success of stripe 
formation. The detailed experimental investigation process with 
respect to humidity conditions is discussed in the supporting 
information (Figure S7, Supporting Information). In order to 
gain an even more profound understanding of the printing pro-
cess, we aimed for the elucidation of the chemical characteristics 
of the printed oligomer patterns.[48–50] For this purpose, angle 
resolved X-ray photoelectron spectroscopy (AR-XPS, Figure S8, 
Supporting Information) was employed. At a take-off angle of 
20°, these measurements revealed an approximate elemental 
molar ratio [O]/[Si] of ≈1 within the siloxane network, which 
is expected for PDMS.[48,51–53] We would like to note here, that 
at a take off angle of 20°, the analysis depth of the X-ray beam 
reduces to 3.4 nm (compared to 10 nm at 90°). Therefore, the 
XPS signal of the oPDMS stripes (≥15 nm height) can be iso-
lated from the underlying substrate surface. Consequently, these 
observations further solidify the concept of oPDMS transfer. For 
more details about the AR-XPS measurements, we would like to 
refer the interested reader to the Supporting Information of this 
article (Figure S9 and Table S1, Supporting Information).

2.2. Backfilling of oPDMS Stripes with P2VP-OH (Step 2)

Its natural occurrence within commonly prepared PDMS repre-
sents a rather useful aspect of oPDMS, which could be exploited 
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Figure 1. AFM-height images of oPDMS stripes with corresponding 
height profiles: a) before and b) after annealing and washing treatments. 
In the right column, the respective height profiles corresponding to the 
area highlighted by the dashed blue boxes are shown. For visualization, 
the wavelengths (λ) and amplitudes (A) of the stripes are indicated by the 
black arrows: (a) λ1 = 1.7 µm, A1 = 30 nm; (b) λ2 = 1.7 µm, A2 = 15 nm. 
As it can be seen, the annealing process leads to a substantial decrease 
in stripe amplitude (by about 50%), while the wavelength stays constant 
(Scale bars: 1 µm).
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to create a structured hydrophobic pattern on a silicon wafer 
in a straightforward fashion. Moreover, we were interested, to 
which extent these patterns can promote further surface func-
tionalization. Accordingly, we modified the oPDMS-striped 
pattern by spin coating an aqueous solution of poly(2-vinylpyr-
idine-co-2-hydroxyethyl acrylate), which we will further on refer 
to as P2VP-OH for the polymer in solution and as P2VP for 
the surface bound molecules, respectively (Step 2 of Scheme 1). 
The experimental preparation as well as the characterization 
details of the P2VP-OH are presented in the Supporting Infor-
mation (Figure S10 and Table S2, Supporting Information). 
Owing to the hydrophobic nature of the oPDMS stripes, the 
hydrophilic P2VP-OH is expected to accumulate exclusively 
within the interspaces and, thus, to backfill the gaps in-between 
said stripes forming a striped pattern of alternating oPDMS 
and P2VP. In analogy to oPDMS, the P2VP-OH, undergoes 
an annealing process after coating, during which the hydroxyl 
groups in the side chains of the polymeric framework of P2VP-
OH are expected to form silica esters with the Si-OH groups 
on the free activated wafer surface.[54,55] Accordingly, this would 
result in the covalent attachment of the polymer to the sub-
strate surface and, therefore enhance its adhesion thereon. In 
order to examine the chemical nature of oPDMS–P2VP sub-
strate in more detail, XPS measurements were performed on a 
substrate as shown in the Supporting Information of the article 
(Figure S11, Supporting Information). The presence of the 
characteristic XPS signal for nitrogen on the washed substrate 
strongly suggests the successful deposition of the P2VP-OH. 
For further elucidation of the morphology of the oPDMS–P2VP 
patterns, different AFM techniques were employed and sum-
marized in Figure 2. We provide the AFM results of the oPDMS 
patterns (Figure 2a) alongside the respective characteristics of 
the oPDMS–P2VP templates (Figure 2b) for comparison. In a 

first instance, height profiles were acquired which are displayed 
as a blue line plot in Figure 2. A thorough comparison of both 
height profiles, thereby, reveals an insignificant height differ-
ence between the different stripe domains in both plots (merely 
1–2 nm). Hence, this method alone cannot sufficiently answer 
the question whether the P2VP-OH polymer exclusively back-
fills the gaps between the oPDMS stripes. For deeper investi-
gations, further AFM modes were performed, such as phase 
contrast imaging, which depends on many material properties 
such as adhesion, stiffness, and friction (see tapping mode 
AFM results in Figure S12 in the Supporting Information).[56,57] 
The frequency-modulated Kelvin probe force microscopy 
(FM-KPFM), however, promises to provide a more pronounced 
contrast here. KPFM is very sensitive to even small differences 
in work functions of materials, which in turn depend on sur-
face potential. This renders this technique a suitable method 
to unravel the lateral inhomogeneities in surface potential.[58–61] 
The difference in surface potential is given by the contact 
potential difference (CPD) value ΔCPD (Equation (1))

CPD
tip sample

e
∆ =

Φ − Φ  (1)

where Φtip and Φsample are the work functions of the tip and 
sample, respectively, and e represents the elementary charge.[61] 
Considering a structured substrate pattern consisting of two 
distinct domains, ΔCPD simply translates to Equation (2)

CPD 1/ 1/domains tip domain,1 tip domain,2 domain,1 domain,2e e( )∆ = Φ − Φ − Φ − Φ = Φ − Φ  (2)

where domain 1 represents the oPDMS-striped area and 
domain 2 represents the interspaces.

The potential curves resulting from KPFM measurements 
are drawn in red within the plots of Figure 2. A thorough inves-
tigation reveals that ΔCPD on the surface of the oPDMS-striped 
wafer is significantly less pronounced than for the oPDMS–
P2VP wafers (180 mV vs 470 mV). According to previous litera-
ture, it can be expected that the potential difference stays lower 
between SiO2/oPDMS in comparison to P2VP/oPDMS.[62–64] 
The samples presented in Figure 2 indeed follow this trend, 
which essentially underlines our hypothesis that P2VP-OH 
selectively covers the SiO2 domains of the sample within the 
interspaces of the oPDMS stripes.

At this point, we would like to remind the reader of the  
tunability of the oPDMS stripes’ wavelength (Figures S2  
and S5, Supporting Information). This tunability readily trans-
lates into the adjustability of the oPDMS–P2VP patterns, and 
therefore enables a high degree of customization of the stripe 
dimensions. This so formed mask serves as an efficient guide 
for the deposition of charged particles from suspension as will 
be further described in the following section.

2.3. Deposition of Citrate Stabilized Gold Nanoparticles (Step 3)

The preparation steps discussed above allow for the creation of 
mask onto a flat surface, which exhibits alternating oPDMS and 
P2VP stripes. In a moist atmosphere, the pyridine containing 
moieties of the P2VP domains partially show a positive charge 
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Figure 2. The FM-KPFM potential images: a) pristine oPDMS samples 
and b) oPDMS–P2VP. The left column shows the height (top) and poten-
tial profiles (bottom). In the right column, the corresponding profile 
graphs are given, with the height profile shown in blue and the potential 
given in red. Even though the height differences between (a) and (b) 
do not vary notably, the potential curves show that this difference rises 
after coating with P2VP-OH, thereby proving its collection in-between the 
oPDMS domains. The scale bars are 1 µm.
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due to protonation, which is well in contrast to the neutral 
oPDMS. Consequently, the prepared oPDMS–P2VP patterns 
may serve as a guiding template for the assembly of negatively 
charged nanoparticles, which can adhere to the P2VP domains 
due to their electrostatic interaction. For this purpose, citrate 
stabilized gold nanoparticles (citrate@AuNPs) were employed 
(≈15 nm, Figure S13, Supporting Information). The particle 
suspension used throughout our experiments possessed a 
pH value of ≈5.5. This pH approximately matches that of the 
pyridine moieties of the P2VP domains leaving a substantial 
amount thereof in a protonated state.[65–67] Thus, by immersing 
the oPDMS–P2VP patterned substrates in the citrate@AuNP 
suspension (Step 3 of Scheme 1), the particles get electrostati-
cally adsorbed onto the P2VP domains. Figure 3 shows exem-
plary AFM images of the initial oPDMS striped samples (left 
column) and the correspondingly resulting citrate@AuNP 
stripes (right column) for differently prepared wavelengths λ. 
These images clearly depict the presence of striped domains 
of closely packed citrate@AuNPs. The adjustability of the 
stripe dimensions directly coverts into a high variety of the 
nanoparticular stripes, as illustrated in Figure 3. Here, we show 
representative examples of differently dimensioned citrate@
AuNP stripes with the wavelengths of a) 0.8 µm, b) 1.7 µm, and 
c) 3.3 µm, respectively.

2.4. Particle Removal with a Further Wrinkled Stamp (Step 4)

Striving for even more complexity of the created lattice struc-
tures, we applied a peeling off-step to the as-formed citrate@
AuNP stripes by employing a second µCP-step with another 

wPDMS stamp (Step 4, Scheme 1). This second µCP step leads 
for instance to the preparation of rectangularly shaped patterns 
as depicted in Figure 4. Therefore, the second stamp needs to 
be tailored in such a way that it attracts the particles to a greater 
extent than compared to the P2VP-decorated substrate. This 
was achieved by employing a PEI-wPDMS (polyethylenimine-
coated wPDMS) stamp (Figure 4a), whereby PEI was utilized 
as branched derivative. The PEI-wPDMS stamp is placed on 
the citrate@AuNP-stripe surface, which is again depicted in 
Figure 4b. The orientation of the grooves of this PEI-wPDMS 
stamp in this case was in an orthogonal direction to the orienta-
tion of the citrate@AuNP stripes, whereupon citrate@AuNPs 
at the area of contact transfer from the substrate wafer to the 
PEI-wPDMS stamp. Figure 4c shows the transferred citrate@
AuNPs rectangles on the PEI-wPDMS stamp after the peeling 
step. The dimensions of the rectangles are ≈0.18 × 0.8 µm. 
The citrate@AuNPs remaining on the wafer substrate form 
lattice squares with dimensions of ≈0.8 × 0.8 µm as exempli-
fied in Figure 4d. There, the gaps of ≈0.18 × 0.8 µm between 
the squares along the original citrate@AuNP stripe direc-
tion correspond to the rectangularly shaped particle fields at 
the PEI-wPDMS stamp. It can, therefore, be concluded here, 
that the dimensions of the wPDMS stamp (λwPDMS, step 1, 
Scheme 1) and the one used for the peeling step (λpeel, step 4, 
Scheme 1) determine the dimensions of the formed citrate@
AuNP rectangular lattices.

In the aforementioned case, printing with a wPDMS-stamp 
with λwPDMS ≈ 1.7 µm and peeling with a PEI-wPDMS with 
λpeel ≈ 0.95 µm led to square citrate@AuNP lattices with an area 
of about ≈0.8 µm × 0.8 µm. We were curious, to which extent 
variations in the peeling-off process of the particles would allow 
to produce more shape variety of the resulting citrate@AuNP 
lattices. Accordingly, we varied the i) dimensions of the cit-
rate@AuNP stripes, ii) wavelengths of the utilized PEI-wPDMS 
stamps, and iii) lateral rotation angle α between the citrate@
AuNP stripe direction and the orientation PEI-wPDMS stamps. 
The results are demonstrated with SEM images in Figure 5.

Small 2020, 16, 1906721

Figure 3. Citrate@AuNP stripe patterns (right column images) for 
oPDMS patterns (left column images) with differently prepared wave-
lengths λ by using the appropriately sized wPDMS-stamps during the 
µCP process (Step 1, Scheme 1). The dimensions of the citrate@AuNP 
stripes directly depend on the stripe pattern provided by oPDMS trans-
ferred by the wPDMS-stamp: a) 0.8 µm, b) 1.7 µm, c) 3.3 µm. The insets 
within the citrate@AuNP pattern images show the indicated zoom-in 
areas containing the particles. The scale bars are 1 µm.

Figure 4. Investigation of the peeling-off process to create the citrate@
AuNP nanolattices: a) PEI-wPDMS-stamp and b) citrate@AuNP stripes 
before peeling-off; c) PEI-wPDMS-stamp and d) citrate@AuNP quadran-
gular nanolattices after peeling-off. AFM data is shown as phase images 
for the stamps and height images for the citrate@AuNP-structured sam-
ples, respectively. citrate@AuNPs are withdrawn exclusively from the sub-
strate at the area of contact with the PEI-wPDMS-stamp (λpeel ≈ 0.95 µm) 
as it can be seen by the fact that the particle fields deposited on the 
PEI-wPDMS stamp (c) correspond to the gaps at the substrate (d). The 
scale bars are 1 µm.
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The dimension tunability of citrate@AuNP stripes was 
exemplified in Figure 3. We altered the wavelength of the 
PEI-wPDMS stamp for the peeling step (λpeel) at a constant 
λwPDMS ≈ 1.7 µm. When the rotation angle α was 90°, a λpeel 
of ≈0.95 µm led to the formation of quadratic (Figure 5a), 
while ≈2.50 µm yielded rectangular citrate@AuNP lattices 
(Figure 5b), respectively. Variation of the rotation angle α of the 
PEI-wPDMS stamp with respect to the citrate@AuNP stripes 
led to different lattice structures. Figure 5c, for instance, shows 
parallelogram lattices for α ≈ 55°. We implemented even more 
complex citrate@AuNP lattices by using a second peeling-off 
step. Here, we were able to create triangular patterns as shown 
in Figure 5d. Note, that the fabrication of triangularly shaped 
nanolattices requires a careful adjustment of all dimensions of 
the citrate@AuNP stripes and stamps as well as rotation angles 
αi (αi indicating rotation angles of the peeling-off steps). If care-
fully adjusted, these parameters serve as a powerful tool for the 
creation of highly complex periodic surface patterns made from 
nanoparticulate materials.

3. Conclusion

We were able to develop a straightforward, scalable and cost-
efficient method for the fabrication of sophisticated and highly 
customizable nanolattice patterns by a dedicated series of micro-
contact printing and surface coating steps. The process relies on 
wrinkled PDMS stamps that can be precisely tuned in terms of 
groove dimensions, e.g., wavelength, via appropriate prepara-
tion conditions. These stamps natively contain free oligomeric 

PDMS, which can be transferred readily to a 
substrate surface via a simple microcontact 
printing routine. This led to the formation 
of a stable periodic stripe pattern on the sub-
strate after annealing and washing, whereby 
its dimensions directly correspond to that of 
the wrinkles. Accordingly, a heterogeneous 
surface chemistry is created allowing for the 
entrapment of polymers, such as P2VP-OH, 
in-between the oligomer stripes. When using 
polymers able to exhibit electrostatic charge, 
e.g., upon protonation, these polymer stripes 
can serve as basis for the deposition of oppo-
sitely charged nanoparticles from suspension 
yielding defined nanoparticle stripes, which 
we demonstrated by using negatively charged 
citrate@AuNP s for the positive P2VP stripes. 
Further shaping into complex geometries, 
such as quadrangular or triangular, can be 
achieved by selectively peeling-off citrate@
AuNPs using another wrinkled PDMS stamp, 
which possesses an increased affinity of the 
nanoparticles compared to the substrate. Due 
to the high tunability of the wrinkle dimen-
sions along with the adjustability of the lateral 
rotation of the stamp toward the formed nano-
particle stripes during the peeling-off step, our 
method offers an extraordinarily high degree 
of freedom in terms of aspect ratio and angu-

larity of the resulting shapes. Furthermore, this method can be 
applied to various kinds of flat silicon-based surfaces. We there-
fore believe that this new workflow, being easy to realize even 
on a larger scale and avoiding the need of expensive lithographic 
techniques for surface patterning, may serve as a powerful tool 
for the creation of highly sophisticated nanoparticle surface  
patterns of various materials, shapes, and functionality.

4. Experimental Section
Materials and Devices: PDMS was obtained as a Sylgard 184 elastomer 

kit, consisting of prepolymer and crosslinker at a ratio of 10:1, from 
Dow Corning Company. Silicon Wafers ((1,0,0), p-Type, CrysTech) with 
thin oxidized layer were cleaned with ethanol first, then treated with SC1 
solution (Standard Clean), which consists of NH4OH (28–30 wt% NH3 
basis, ACS reagent, Sigma), H2O2 (30% wt%, reag. Ph. Eur., Sigma) and 
Milli-Q H2O (18.2 MΩ cm at 25 °C, Milli-Q Reference from Merck) at a 
ratio of 1:1:5.[68] In brief, the wafers were immersed into SC1 solution 
at 70 °C for 10 min, then washed with Milli-Q water thoroughly and 
dried in air. The hydroxyl-functional polymer poly(2-vinyl pyridine-co-
2-hydroxyethyl acrylate) (referred to as P2VP-OH), was synthesized by 
radical copolymerization method, and the detailed preparation and 
characterization are shown in the Supporting Information (Figure S10 
and Table S2, Supporting Information). Gold(III) chloride trihydrate 
(≥99%, Sigma), sodium citrate hydrate (≥99%, Sigma), branched 
polyethylenimine (Mw = 25 000 g mol−1, ≤1% water, Sigma) and 
other solvents in this paper were used as purchased. The spin coater 
instrument was obtained from Laurell Technologies Corporation, Spin 
Coater WS-650MZ-23NPPB. The plasma oven was obtained from 
Plasma Technology, PlasmaFlecto 10.

Atomic Force Microscopy (AFM): Tapping mode AFM images were 
recorded on a Bruker Dimension Icon using with OTESPA-R3 tips 

Small 2020, 16, 1906721

Figure 5. SEM images of different citrate@AuNP nanolattices prepared by tuning the wave-
length λpeel of the PEI-wPDMS stamps used for the peeling step(s); the wavelength of the first 
wPDMS was kept constant at λwPDMS ≈ 1.7 µm: a) square units (λwPDMS > λpeel ≈ 0.95 µm); 
b) rectangular units (λwPDMS < λpeel ≈ 2.50 µm); c) parallelogram unit (λwPDMS < λpeel ≈ 2.3 µm) 
at a rotation angle α ≈ 55°; d) two peeling-off step (λpeel,1 = λpeel,2 ≈ 1.10 µm) with α1 ≈ 140° 
and α2 ≈ 45°; α represents the lateral rotation angle of the PEI-wPDMS-stamp with respect to 
the citrate@AuNP-stripes. Depending on the dimensions of the stamps and orientation angle 
α, a high degree of pattern customization is accessible. The scale bars are 2 µm.
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(k = 26 N m−1, f0 = 300 kHz). Kelvin probe force microscopy (KPFM) 
images were obtained by FM-KPFM mode, and the tip used was SCM-
PIT-V2 with k = 3.0 N m−1, f0 = 75 kHz. In the FM-KPFM, the contact 
potential difference (CPD) between the dip and sample surface was 
measured, and the potential image was obtained to show the CPD 
changing along with lateral dimension. The measuring software for 
tapping mode and FM-KPFM mode was Nanoscope 9.1, and all the 
images were processed by using Nanoscope Analysis 1.5.

Scanning Electron Microscope (SEM): The SEM images were acquired 
with a GeminiSEM 300 scanning electron microscope (Zeiss) with an 
acceleration voltage of 5 kV. The samples were adhered to a conductive 
bottom surface. Afterward, the samples were sputtered with a platinum 
layer (thickness 4 nm) to avoid electrical charging.

Fabrication of Oligomeric PDMS (oPDMS) Stripes on Oxidized Silicon 
Wafers: First, the flat PDMS substrates with the thickness of 2 mm were 
prepared by mixing and curing prepolymer and cross-linker at a weight 
ratio of 10:1. For this purpose, 32 g mixture was blended thoroughly, and 
poured into a clean and plane Petri dish (12 cm × 12 cm × 12 mm). After 
the removal of air bubbles by leaving the mixture at room temperature 
for 24 h, the substrates were cured at 80 °C for 2 h. These substrates 
were cut into stripes with the dimension of 25 mm × 10 mm × 2 mm 
to be used.

Second, the stripes were stretched to 130% of their original length 
by using a custom-made stretching apparatus (Figure S1a, Supporting 
Information). Remaining in this stretched state, the aforesaid stripes 
were exposed to O2 plasma (0.1 mbar, 100 W) for 30 s and released 
gradually to form wrinkled stamps, referred to as wPDMS stamps. The 
wPDMS stamps with different wavelengths were prepared by differing 
the treating time and treating pressure in this paper, and the detailed 
process is shown in the experimental area of Figure S2 in the Supporting 
Information. Note, that even though the wrinkle dimensions on a 
single stamp showed a rather low standard deviation, the wavelength 
dimensions of numerous wrinkle stamps prepared under reproduced 
experimental conditions could deviate up to 10% due to the changes of 
humidity and temperature inside the plasma chamber.[69]

For µCP, the prepared stamps were diced into 10 mm × 10 mm 
pieces and printed on the cleaned silicon wafers (10 mm × 10 mm). The 
stamps were left on the wafers for 12 h without additional pressure, and 
then peeled off from the wafers. The wafers were put into a drying oven 
to carry on the annealing treatment under vacuum (5 mbar) at 130 °C 
for 5 h. The annealed samples were washed with toluene, acetone and 
Milli-Q water sequentially and thoroughly to get stable stripe patterns, 
referred to as oPDMS stripes. These stripes were characterized by AFM 
and XPS measurements.

Preparation of (Oligomer PDMS)-Poly(2-Vinyl Pyridine) Stripe Patterns 
(oPDMS–P2VP): The P2VP-OH solution in chloroform (1%, w/v) was 
spin coated on oPDMS stripes (30 s, 2000 rpm, and 2000 acceleration), 
and the samples were annealed in vacuum oven (5 mbar) for 3 h at 
110 °C. Afterward, these samples were washed with tetrahydrofuran 
thoroughly to obtain the stable oPDMS–P2VP patterns. AFM and XPS 
were used for the characterizations.

Creation of Metallic Nanolattices on oPDMS–P2VP Patterns: The 
prepared oPDMS–P2VP patterns were immersed in a suspension of 
citrate-stabilized gold nanoparticles (citrate@AuNPs) for 10 min, and 
the obtained samples were washed with Milli-Q water thoroughly to 
obtain citrate@AuNP stripes. The suspension of citrate@AuNPs was 
obtained by Frens method and used as prepared in the course of this 
study.[70] Typically, 2 mL 34 × 10−3 m trisodium citrate aqueous solution 
was added into 50 mL 0.5 × 10−3 m HAuCl4 solution (sub-boiling at  
94 °C) quickly with strong stirring. After 10 min, the mixture turned into 
fresh red, indicating citrate@AuNPs formed. TEM, DLS, and UV–vis 
spectroscopy were implemented to characterize the obtained AuNP@
citrate (Figure S13, Supporting Information).

To form citrate@AuNP lattices, a PEI-wPDMS stamp 
(10 mm × 10 mm) was placed on the citrate@AuNP stripes, in which the 
groove direction of the stamp was placed with perpendicular orientation 
to citrate@AuNP stripes. A 30 g weight was placed on the PEI-wPDMS 
stamp to ensure the conformal contacting. After 12 h, the PEI-wPDMS 

stamp was removed to peel off parts of citrate@AuNP s from the 
citrate@AuNP stripes, which had been in contact to the wrinkle tips, 
so that nanoparticle lattices could be prepared. The printing process 
was repeated with differently dimensioned PEI-wPDMS stamps as well 
as lateral rotation angle between the groove orientation of the stamps 
and the citrate@AuNP-stripe direction. Consequently, many kinds of 
citrate@AuNP nanolattices could be formed. For characterization, 
AFM and SEM were used. The PEI-wPDMS stamps were obtained 
by immersing the plasma-activated wrinkled stamp (0.2 mbar, 100 W, 
1 min, O2 plasma) into a 5% (w/v) PEI aqueous solution for 30 min. 
Afterward, they were washed with Milli-Q water and then dried with air 
thoroughly.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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