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Sub-100 nm wrinkling of polydimethylsiloxane by dou-
ble frontal oxidation‡

Manuela Nania,a Fabrizia Foglia,aOmar K. Matar,a and João T. Cabral∗a

We demonstrate nanoscale wrinkling on polydimethylsiloxane (PDMS) at sub-100 nm length
scales via a (double) frontal surface oxidation coupled with a mechanical compression. The kinet-
ics of the glassy skin propagation is resolved by neutron and X-ray reflectivity, and atomic force
microscopy, combined with mechanical wrinkling experiments to evaluate the resulting pattern for-
mation. In conventional PDMS surface oxidation, the smallest wrinkling patterns attainable have
an intrinsic lower wavelength limit due to the coupling of skin formation and front propagation at
fixed strain ε prestrain, whose maximum is, in turn, set by material failure. However, combining two
different oxidative processes, an ultra-violet ozonolysis followed by air plasma exposure, we break
this limit by fabricating trilayer laminates with excellent interfacial properties and a sequence of
moduli and layer thicknesses able to trivially reduce the surface topography to sub-100 nm dimen-
sions. This method provides a powerful, yet simple, non-lithographic approach to extend surface
patterning from visible to the deep UV range.

1 Introduction
Nano-structured surfaces exhibit unique optical, physical, me-
chanical and electronic properties1,2. Conventional nanofab-
rication techniques, including electron and focused ion beam
lithography (EBL,FIB)3–6 nanoimprint lithography7–9 and pho-
tolithography10, are generally low throughput and costly for
large area patterning11. Bottom-up methods12, including block-
copolymer self-assembly13 or a range of surface instabilities14

provide thus attractive alternatives. Mechanically-induced wrin-
kling of bilayers15–17 has been extensively used for a plethora
of applications in surface science, optics and photonics, biology
and microfabrication18–20 . These range from the fabrication of
super-hydrophobic or directional wetting surfaces21 , to tuneable
lasers22 and cell sorting23 and proliferation24. Highly-ordered
patterns can be formed by compression of bi- or multi-layer struc-
tures with mismatched moduli, which can be readily induced
mechanically, thermally or due to a volume change (e.g. film
drying), in both uni- and multi-axial geometries. Whilst several
film fabrication methods yield laminate structures25–31, surface
modification of the substrate material is an attractive route to
skin formation due to its simplicity, good adhesion inter-layer
adhesion properties promoting resilience to delamination upon
strain25,32–35.
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Elastomeric polydimethylsiloxane (PDMS) has been the sub-
strate of choice for soft lithography36, in part due to its optical
transparency, nm-replication fidelity, surface adhesion and bulk
mechanical properties, and ease of handling. PDMS readily un-
dergoes surface oxidation and vitrification via plasma exposure or
UV ozonolysis (UVO)37–40, yielding a high modulus (∼ GPa41)
silica-like layer. While UVO exposure yields glassy skins of ap-
proximate 1-10 µm thickness,38,42,43 oxygen or air plasmas gen-
erally lead to much thinner films, of the order of a few to tens of
nm.

Uniaxial bilayer compression (ε) of thin layers of PDMS results
in a well-known mechanical instability44 yielding sinusoidal sur-
face patterns, in the low deformation limit, with wavelength

λ = 2πh
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) 1
3
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(

ε
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−1

) 1
2
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where h and Ē f are, respectively, the skin thickness and plane
strain modulus, Ēs is the modulus of (thick » h) substrate, and
εc is a critical strain45,46 which must be exceeded to induce the
instability. In this limit, only A depends on ε, providing a powerful
means to decouple λ from A in surface patterning. Taking typical
values for the elastic modulus of PDMS EPDMS=1.6 MPa, Poisson
ratio ν=0.5 (yielding Ēs = E/(1− ν2) ' 2.1 MPa), and for the
glassy skin Ē f '1-30 GPa, one can expect a lower limit for λ to
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be of the order of 100 nm for plasma oxidation and tens of µm
for UVO.

Significantly, skin formation by oxidation has been found to
evolve as a frontal process,47–49 where the surface densification
occurs alongside an increase in skin thickness. Three stages -
induction, formation, and propagation - could be identified, de-
tailed in the Supplementary Information , and sufficient modulus
contrast between the skin and PDMS substrate shown to occur by
the first stage. The skin thickness was found to increase logarith-
mically with exposure time, h ∝ ln(t), and a change of log slope
was observed after saturation (i.e. when maximum skin conver-
sion takes place, and only the layer thickness increases).

Recalling the critical strain condition, where ε > εc, given by

εc =
1
4

(
3Ēs

Ē f

) 2
3

(3)

the film modulus must exceed Ē f > 3Ēs(4εc)
−3/2 which corre-

sponds to a minimum glassy thickness hmin set by the planar front
propagation kinetics. In simple terms, reducing the skin thickness
by a shorter oxidation process should no longer meet the buckling
condition, at constant ε, and is thus not a viable strategy for de-
creasing λ .

We have recently examined the PDMS frontal vitrification by
oxygen and air plasma exposure and experimentally attained a
lowest boundary for the wavelength of '100 nm at ε prestrain ≈
20%48,49. This λ min was obtained by an optimal choice of plasma
frequency, gas pressure, oxygen content, and exposure time,49

already in the high deformation (sinusoidal) regime50–55. Un-
der these conditions, the wavelength (λHD) and amplitude (AHD)
decrease with ε according to

λHD =
λ

(1+ ε)(1+ξ )1/3
(4)

AHD =
A

(1+ ε)1/2(1+ξ )1/3
(5)

where ξ = 5ε(1+ ε)/32, with λ and A defined in eqs. 1 and 2.,
respectively.

Inspection of eqs. 1-5 suggests that, in addition to decreasing
h, which is constrained by the frontal skin growth itself, increas-
ing EPDMS or decreasing Ē f would also yield a reduction in λ (or
λHD). However, the cubic root dependence of the ratio of moduli
ratio yields a weak variation of λ by tuning EPDMS (e.g. stiffen-
ing the substrate by curing conditions or addition of reinforcing
fillers). For instance, doubling the PDMS modulus decreases λ by
only 20% but increases εc by 60% and, as discussed above, ε is
generally limited by material failure.

This paper seeks to devise strategies to extend the pattern di-
mensions attainable by mechanical wrinkling of surface-oxidised
PDMS to the sub-100 nm range, with application ranging from
nano-patterning to optics and photonics in the visible to deep UV,
without resorting to lithographic or clean-room facilities.

2 Experimental
2.1 Sample preparation

PDMS elastomers (Sylgard 184, Dow Corning) were prepared at
selected base:crosslinker ratios, degassing for 15 min under vac-
uum, casting onto a glass plate at room temperature for 3h, and
then thermally cured in a convection oven at a temperature T .
Unless stated otherwise, base:crosslinker=10:1, and T = 75 ◦C.
Coupons of 1 cm × 2 cm and approximately 2 mm thickness were
clamped onto a strain stage and stretched by a prestrain εprestrain

prior to surface oxidation. X-ray (XRR) and neutron reflectiv-
ity (NR) samples were cast onto 3 inch diameter silicon wafers
(Si-Mat, Landsberg/Lech, Germany) previously cleaned by UVO
exposure, and the bottom surface of 1 cm thick samples was in-
vestigated.

2.2 Surface oxidation

Surface oxidation was performed by means of plasma and/or
UVO exposure. A 13.6 MHz plasma chamber (Harrick PDC-002)
with a gas mixer (PDC-FMG-2, Harrick Plasma) was employed,
generally at a power of p = 7.16 W and (air) pressure of P = 1
mbar. Selected experiments were also carried out with a 40 KHz
plasma (Diener FEMTO), which generally yields larger h and was
thus not pursued further. A UVO chamber (PSD Pro Series NO-
VASCAN) with distance d ' 1 cm between sample and UV lamp
was used for the UVO oxidation.

2.3 Specular X-ray and neutron reflectivity

XRR measurements were carried out with a PANalytical X’Pert
PRO MPD diffractometer/reflectometer equipped with a Cu W/Si
parabolic mirror (2.2 kW; λ r = 1.54Å), beam attenuator (Ni
0.125mm), parallel plate collimator (0.09◦) and generator power
of 40 kV and 40 mA, and reflection angles 0.1◦ ≤ θ ≤ 0.3◦. NR
experiments were performed at the Figaro reflectometer (Insti-
tut Laue Langevin, Grenoble) at two angles 0.723◦ and 2.723◦.
Reflectivity data were normalised and plotted as a function of
momentum transfer Q = 4πsin(θ)/λr. The scattering length den-
sity (SLD) profiles were modelled (Abeles method implemented
in Motofit56 and RasCal57) to determine the thickness, rough-
ness and composition of the glassy-layer at the PDMS surface;
UVO-oxidised specimens yield h> 1 µm and thus only the glassy
SLD and roughness were determined.

2.4 Pattern characterisation

Wrinkling morphology was evaluated by atomic force microscopy
(AFM) with a Bruker Innova microscope in tapping mode at
0.2 Hz with Si tips (MPP-11100-W, Bruker), and analysed with
NanoScope software, as well as reflection optical microscopy
(Olympus BX41M) for λ > 1 µm.

3 Results and discussion
3.1 Frontal glassy skin growth

Following the procedure shown in Figure 1a, pattern λ can be
readily tuned by the glassy skin thickness h, which can be set by
plasma exposure time48,49. In order to lower λmin and access sub-
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Fig. 1 a) Schematic the glassy skin formation and mechanical wrinkling: an in-plane, uniaxial stretch (ε prestrain) is applied to the PDMS coupon, which
is then plasma-oxidised leading to the formation of a stiff skin (shown in red); wrinkles are formed upon compression due to strain release. b) XRR of
plasma-oxidised PDMS (P = 1 mbar, p = 7.16 W) for different time intervals, up to 20 min, and fitted with scattering length density (SLD) profiles shown
in (c). Data shifted vertically for clarity. c) Corresponding XRR SLD profiles with inset showing the initial stages of densification of the oxide layer, up to
the critical time tc = 90 s when the SLD value ‘saturates’. d) NR profiles and corresponding SLD shown in inset, for selected plasma exposure times.
e) Oxide layer thickness as function of plasma exposure time (P = 1 mbar, p = 7.16 W) obtained from XRR, NR wrinkling data (ε prestrain ≈ 20%) in the
high deformation (HD) regime.

100 nm patterns, we first elucidate the glassy skin film formation
by XRR of plasma-oxidised samples, in their relaxed state, with
plasma exposure times t, from 30 to 1200 s, as shown in Figure
1b.

All data could be modeled with a single oxide layer sandwiched
between air (SLD=0) and a PDMS substrate (SLD (PDMS)XRR =
9.61 × 10 −4 nm−2, h>> 1µm), with roughness at both inter-
faces, as shown in Figure 1c. The inset depicts the SLD profiles
for samples exposed for times up to tc = 90 s, when the SLD of
the oxide layer reaches a first plateau. This value coincides with
the exposure yielding the smallest λ in mechanical wrinkling ex-
periments, corroborating our interpretation that a finite thickness
(h '3 nm) and sufficient PDMS conversion are required for the
instability to be triggered (further explanation in Supplementary
Information).

NR provides complementary measurements of the same lami-
nate profiles, whose contrast now arises from the neutron SLD, as
shown in Figure 1d. Data were fitted with the same model, but
now with SLD(PDMS)NR = 6× 10 −6 nm−2. Figure 1e compiles
data for h, the oxide layer thicknesses, as a function of air plasma

exposure time (air, P = 1 mbar, p = 7.16 W) obtained from XRR,
NR and wrinkling experiments (eq 4) at εprestrain ≈ 20%, with
values of Ē f from 3 to 6 GPa. The three independent measure-
ments are in good agreement and establish the kinetics of the
glassy skin formation. As predicted by our frontal front propaga-
tion model47 (detailed in Supplementary Information), a double
logarithmic kinetics is found, where h = a ln(t)+b (a=495.5, b=-
463.7 in the ’ formation regime’; a=1684.3, b= 2898.5 in the ’
propagation regime’). We find hmin to be 3 nm for ε > εc at 20%,
corresponding to Ē f = 3 GPa.

3.2 Plasma duration, power, pressure, gas and prestrain
We next turn to surface topography measurements by AFM. As
a reference, we take the wrinkling of PDMS elastomer cured at
a base:crosslinker = 10:1, T = 75 ◦C, oxidised by air plasma
(P = 1 mbar, p = 7.16 W, t = 2400 s), uniaxially strained by
εprestrain ≈ 20 %, shown in Figure 2a. We have previously found
that plasma dose (D ≡ p×t) enables the collapse of all λ data
acquired at different powers and times48, establishing D as the
control variable. Further control of the skin growth kinetics, could
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be achieved by systematically investigating gas composition and
pressure P49.

Figure 2b compiles results for plasma-induced wrinkling λ as
a function of D/P (air plasma), including the reference point. By
decreasing D/P a minimum wavelength λmin ≈ 100 nm could be
obtained by reducing exposure time to t = 90 s, for a 13.6 MHz
air plasma, with a high pressure of P = 1.2 mbar, and lowest
induction power p = 7.16 W, and ε prestrain ≈ 20%.

Decreasing exposure time below 90 s, in order to further de-
crease h and thus λ , yielded no wrinkling, enabling us to define a
critical plasma tc (and Dc) that must be exceeded, at the selected
strain ε. Following eq. 3, we conclude that Ē f (t < tc) yields εc >

20 %, corresponding to the value of prestrain utilised; ε prestrain up
to 50% at this tc equally produced no wrinkling. Figure 2c shows
the effect of increasing εprestrain on λ , which is well described by
eq. 4, as previously reported58. Depending on coupon geometry,
there is an effective upper limit of approximately 65%, set by ma-
terial failure and resulting in irreproducibility. The λ reduction
with respect to reference εprestrain = 20% strain is limited to less
than 15% decrease.

Fig. 2 a) AFM scan of wrinkling pattern obtained by uniaxial strain re-
laxation with ε prestrain ≈ 20% of surface oxidised PDMS using reference
parameters: base:elastomer ratio 10:1, curing T= 75 ◦C, 13.6 MHz air
plasma, t = 2400 s, P = 1 mbar, and p = 7.16 W. b) Effect of plasma dose
to pressure ratio (D/P) on PDMS wrinkling wavelength λ with ε prestrain
≈ 20%, following 49. c) Effect of varying εprestrain, d) base:crosslinker ra-
tio and e) curing temperature on surface λ , with respect to reference
parameters. Line in b) is a log fit to the frontal model (Supplementary
information), in c) is a fit to eq. 4, and in d) and e) are guides to the eye.

3.3 PDMS modification
Having shown that h and Ē f cannot be lowered further by reduc-
ing the plasma exposure time (or dose) or tuning process param-
eters, we consider next increasing Ēs as a strategy to reduce λmin.

Increasing substrate stiffness can be achieved by decreasing the

base:elastomer ratio, by varying curing temperature (or time) or
by addition of fillers. The resulting increase in PDMS modulus
has been studied in some detail59–61and its impact on λ is shown
in Figures 2(d) and (e). Doubling the crosslinker content only
reduces λ by ' 15%, while increasing T yields a 30% decrease,
keeping all other parameters constant.

The combined effects of decreasing the base:crosslinker ratio,
increasing T (or time) on the resulting pattern morphology was
evaluated as a function of plasma dose (Figure SI2-3). The λ

reduction for a reference pattern of ≈ 1 µm reached a maxi-
mum of 32%. However, the reduction at the smallest lengthscales
are considerably smaller (≈ 20%). We therefore conclude that
these incremental methods are not enough effective to access sub-
100 nm patterning by plasma oxidation and mechanical-induced
wrinkling of PDMS.

3.4 Double frontal UVO and air plasma oxidation approach

We now consider the possibility of coupling UVO and plasma oxi-
dation, into a double oxidation approach. Like oxygen or air plas-
mas, UVO exposure of PDMS generates a glassy skin, albeit with
a much larger thickness and non-uniform profile38,41, resulting
from the combined UV exposure and oxygen reactivity at the sur-
face. Employing XRR, we resolve the densification of the PDMS
surface upon UVO oxidised PDMS, as shown in Figure 3, whose
SLD is shown in Figure 3c. While XRR is not suitable to deter-
mining the thickness of the glassy skin, this has been previously
studied38 and can be estimated from wrinkling measurements.
Evidently, hUVO >> hplasma by comparison of Figures 1c and 3b,
of the order of 1 µm, and SLD of the surface skin increases grad-
ually over tens of minutes of exposure.

Fig. 3 XRR measurements of PDMS specimens treated by UVO oxida-
tion for up to 90 min exposure. (a) Normalised reflection profiles (shifted
vertically for clarity) and corresponding fit (black lines). (b) Schematic of
PDMS UVO oxidised, yielding a thick surface glassy skin with thickness
hUVO. (c) XRR SLD profiles obtained from data fits in (a).

Comparative mechanical wrinkling experiments were first per-
formed on bilayers, prestrained by εprestrain ≈ 20%, obtained by
separate air plasma or UVO exposures, whose resulting λ are
shown in Figure 4. Plasma exposure yields bilayer wrinkling with
λ ranging between ≈ 100 nm and ≈ 5 µm, compared to a much
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greater ≈ 20 to 100 µm for UVO. Despite the scale difference, the
front kinetics remain qualitatively similar, with λ ∝ ln(t) and a
‘critical time’ tc required for plasma or UVO exposure, at constant
εprestrain, below which the surface instability is not triggered. The
value tc in case of UVO oxidation is strain-dependent and while
for t < tc, εc >20%, increasing ε prestrain to 50% yields a decrease
to tc = 30 min. For plasma-exposed samples, we identify as well a
saturation time ts, where the log slope changes, and which marks
the transition between the ’film formation’, where the film densi-
fies and thickens, and ’film propagation’ regimes, where only skin
propagation takes place, after full surface conversion is attained
(further information in SI). Plasma exposure yields hplasma ≈ 1-30
nm, while UVO yields a much thicker (hUVO ≈ 3 - 20 µm) gradi-
ent, oxide layer38. In short, each vitrification process yields a
glassy skin that propagates as a planar front, yielding hplasma <<

hUVO and Eplasma smaller than EUVO, which albeit rises compara-
tively slowly upon exposure.

Fig. 4 a) Sinusoidal wrinkles wavelengths for PDMS samples pre-
stretched by ε prestrain ≈ 20% and oxidised by means of MHz plasma, as
a function of exposure time. The lines correspond to logarithmic fittings.
The values tc and ts correspond to 90 and 900 s, respectively. Induc-
tion power and air pressure were kept constant respectively at p = 7.16
W and P = 1 mbar. b) Wavelength of wrinkles obtained by applying me-
chanical strain ε prestrain ≈ 20% to bilayers resulting from UVO treatment of
PDMS, as a function of exposure time. The line represents a logarithmic
fitting. The value tc corresponds to 90 min. Optical microscopy images of
representative wrinkled samples are shown in the insets of both panels.
The schematic below the panels show the impact of the two oxidative
processes on bulk PDMS. Plasma oxidation results in the formation of
a thinner, stiffer oxide layer compared to UVO, which leads to gradient
layers 38. The differences in layer elastic moduli and thicknesses justify
the different pattern dimensions attainable with the two processes.

Encouraged by the λmin reduction afforded by the increase in
Ēs, we explore whether the thick oxide layer resulting from UVO
treatment, can serve as a substrate and be further oxidised via
plasma treatment to obtain a trilayer on which wrinkling can be
induced. The process is depicted in Figure 5. XRR experiments
on PDMS treated with UVO followed by air plasma oxidation con-
firmed the formation of two layers, with mismatching SLDs, and
hence mechanical properties, as shown in Figure 6.

Since hplasma << hUVO << PDMS thickness, we expect wrin-

kling at each interface to be decoupled. Under these circum-
stances, two critical strains can be defined, εc1 between PDMS
and the UVO skin, and εc2 between the upper plasma skin and
UVO layer. Upon strain relaxation, we expect wrinkling from the
top bilayer alone provided that εc1 < εprestrain < εc2, with

εc1 =
1
4

(
3ĒPDMS

Ē f 1

) 2
3

(6)

εc2 =
1
4

(
3Ē f 1

Ē f 2

) 2
3

(7)

with no wrinkling arising from the intermediate UVO layer and
PDMS substrate. Experiments on UVO oxidised PDMS yielded no
wrinkling for εprestrain ≈ 20%, and UVO exposure shorter than 90
min, indicating a value of εc > 20% at these conditions. Higher
order patterns are obtained beyond this threshold, when both crit-
ical strains are exceeded, resulting from trilayer62–64 wrinkling.
We therefore employ a UVO treatment time of 30 and 60 min,
on PDMS specimens prestrained by 20%, which are then oxidised
via plasma exposure for different time intervals. Figure 7a shows
wrinkling λ as a function of plasma treatment time, for different
prior tUVO. The data show that λ still increases logarithmically
with the plasma exposure time, suggesting that the frontal vitrifi-
cation model still applies47–49 (refer to Supplementary Informa-
tion). By UVO pretreating PDMS surfaces, the critical plasma ex-
posure time can be lowered to tc = 60 s (from the value of 90 s in
case of sole air plasma oxidation), when tUVO = 30 min, or tc = 30
s when tUVO = 60 min. This is expected given that UVO results in
a partial oxidation of PDMS, prior to plasma exposure thus reduc-
ing the additional tc. The coupling of an increase in the substrate
elastic modulus (Ē f 1) and a decrease in the critical exposure time
(leading to smaller hmin and Ē f 2,min compared to the case when
tUVO = 0), yielded a significant reduction in the minimum pat-
tern wavelenght attainable with this method. A λ min = 45 nm is
thus readily obtained with tUVO = 60 min and tplasma = 30 s, at
modest εprestrain=20 % and without PDMS modifications. Repre-
sentative AFM images of wrinkled surfaces produced by tUVO =
60 min and various tplasma are shown in Figure 7b. Note that the
order of the oxidation processes is crucial in attaining these low
periodicities, and a plasma followed by UVO exposure does not
yield comparable results, likely due to the glassy-skin barrier to
UVO-induced layer propagation. Modifying PDMS curing condi-
tions as described in the previous section did not lead to a further
reduction in the wavelength, as it would simply impact the wrin-
kling instability occurring between the bulk PDMS and UVO layer,
deliberately suppressed with the prestrain chosen.

4 Conclusions
We have investigated the limits of plasma oxidation for bilayer
formation and nanoscale wrinkling of PDMS, and how these can
be overcome by a simple, sequential UVO and plasma expsoure.
A minimum wavelength of λ min ≈ 100 nm was attained when
plasma-oxidising PDMS samples prestretched by ε prestrain ≈ 20%
in a single step. X-ray and neutron reflectivity experiments on
oxidised PDMS provided insight into the mechanism of film for-

Journal Name, [year], [vol.], 1–8 | 5



Fig. 5 Formation of wrinkles on air plasma oxidised/UVO oxidised PDMS bilayers. A neat PDMS specimen is pre-strained uniaxially by ε prestrain, then
exposed to UVO for tUVO, leading to the formation of a layer with plane elastic modulus Ē f 1 , followed by air plasma exposure for tplasma (MHz, p =
7.16W, P = 1mbar) resulting in the formation of a second layer with plane modulus Ē f 2. Henceforth the strain is removed and sinusoidal wrinkling
patterns with sub-100 nm λ are observed.

Fig. 6 a) XRR measurements on PDMS specimens treated with subse-
quent UVO (tUVO = 3600 s) and air plasma oxidation (tplasma = 1800 s, P
= 1 mbar, p = 7.16 W) according to the process in Figure 5. Normalised
scattered intensity is plotted as a function of Q. Both experimental data
(scatter) and the corresponding fitting (black line, resulting from the as-
sumption of a bilayer model) using RasCal are presented. b) XRR scat-
tering length density profiles obtained from the reflectivity curves fitting.
Two distinct layers could be identified, of thicknesses hUVO and hplasma,
resulting from the subsequent oxidative processes.

mation and densification. Analyses of scattering length density
(SLD) profiles confirmed the existence of a critical exposure time
tc that must be overcome in order to yield glassy films with suf-
ficient conversion, guaranteeing the modulus mismatch required
for wrinkling (at finite ε). The findings above confirmed the im-
possibility of lowering the film’s thickness in order to reduce λmin

attainable. Based on the wrinkling equations, we explored the
impact of increasing εprestrain as well as Ēs on the corresponding
wrinkles obtained upon surface oxidation. Ēs was varied system-
atically by changing the base:crosslinker ratio, as well as the cur-
ing temperature (or time) in PDMS elastomer curing. A maximum
wavelength reduction of ≈ 30 % was achieved when tuning these
variables.
In an attempt to further lower the pattern dimensions, and ac-
cess sub-100 nm patterns, we explored the possibility of combin-
ing air plasma with ultra-violet ozonolysis(UVO) treatment. Con-
trol wrinkling experiments on UVO oxidised PDMS samples, pre-
stretched by ε prestrain ≈ 20%, showed the existence of a critical
exposure time of approximately 90 min. XRR measurements of
PDMS oxidised by UVO followed by air plasma revealed the for-
mation of two distinct layers, with mismatched SLD. Although tri-
layers exhibit complex wrinkling behaviour, by keeping the UVO
treatment time below 90 min, we could suppress wrinkling be-
tween UVO oxide layer and the bulk PDMS, allowing only the

top, plasma oxidised film, to wrinkle. In the latter mechanism, the
UVO oxidised layer acts effectively as the substrate, with an elas-
tic modulus higher than neat PDMS. Being the substrate already
oxidised to some extent, the critical time required for plasma ex-
posure descreased thus λmin was readily reduced to ≈ 45 nm via
this double expsoure method. By changing the plasma treatment
time, we observed a logarithmic increase of the wrinkling wave-
length, confirming that the process proceeds with a frontal mech-
anism, as previously found with single plasma oxidation48,49.
This simple approach considerably extends the limits of PDMS
surface oxidation for nanoscale patterning, with potential appli-
cations in optics and photonics, nanofluidics, as well as template
formation and contact printing.
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