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ABSTRACT: Alternating layers of organic and oxide thin films used as diffusion barriers in 

emerging flexible device technologies are vulnerable to degradation under the influence of 

mechanical stresses, temperature cycling, photodegradation, and chemically active 

environmental species. Delamination of the internal organic to oxide interfaces often limits the 

operational lifetime of the barrier system. We demonstrate a method for increasing the adhesion 

of organic and oxide thin films by generating nanostructures at the interface. We show that the 

adhesion of an acrylate to silicon oxide model system can be increased by up to an order of 

magnitude (from ∼2 J/ m2 to 24 J/m2). By altering the diameter and depth of the patterns in the 

model systems, the adhesion energy can be changed, and the delamination pathway can be 

controlled. In addition, we show that a patterned interface maintains a higher adhesion than its 

planar counterpart for all durations of UV-A and UV-B exposure. 
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Emerging light-emitting diode display technologies require flexible electronics, photovoltaics, and 

organic flexible 

barrier films with ultralow water diffusion rates.1-5 To achieve water vapor transmission rates of 

less than 10-6 g/m2/day while maintaining the desired flexibility, barrier films are often 

constructed from multiple, alternating layers of organic and oxide thin films.6-9 In operation, 

these barriers are subjected to degradation from mechanical stresses, temperature cycling, 

photodegradation, and chemically active environmental species. The internal interfaces between 

the organic and oxide films are particularly susceptible to degradation, and delamination can 

occur between the thin films, significantly degrading the performance of the barrier. Therefore, 

the adhesion of the organic to oxide interface is correlated with operational lifetimes. We 

demonstrate a method to increase adhesion energy of a representative acrylate to silicon oxide 

interface by fabricating interfacial nanoscale structures. 

A poly(methyl methacrylate) (PMMA) to silicon oxide nanostructured interface was fabricated 

using a nanosphere lithography process.10-12 A modified Langmuir-Blodgett process was used to 

deposit a monolayer of microspheres onto a PMMA beam, which was then subsequently etched to 

the desired nanometer dimensions.13 The PMMA beams (10 mm × 50 mm × 5 mm) were 

submerged in a Petri dish filled with distilled water. A suspension of 1250 nm diameter 

sulfonated polystyrene microspheres (Thermo Scientific OptiBind Polystyrene Sulfate Particles) 

in butanol was pipetted into the Petri dish. The butanol and the distilled water phase separated 

and the microsphere suspension spread across the surface of the water. As the butanol 

evaporated, a monolayer of microspheres remained on the surface of the water. Water was then 

drained from the bottom of the Petri dish, and the monolayer of microspheres was deposited onto 

the submerged PMMA beams. The beams were dried in an oven at 65 °C to leave a monolayer of 

polystyrene microspheres on the beams, as shown in the optical image in Figure 1a. The areal 



coverage of the PMMA surface by the microspheres after deposition was determined from the 

optical images. Both close packed and nonclose packed regions were present in the monolayer, 

resulting in an average areal cover of 60-70%. Larger close packed regions and higher areal 

coverage can be obtained by altering the surface functional groups of the microspheres,14 the pH 

and surfactant content in the water,14,15 and the deposition rate of the microsphere 

suspension16,17 but was not attempted in the present study. 

The microspheres were reduced to the desired diameter using a reactive ion etch process (60 

sccm O2, 40 sccm CF4 at 20 W, and 160 mTorr). Due to contact between the microspheres, the 

reactive ion etch was not completely isotropic. Surfaces adjacent to other spheres were etched 

more slowly than the free surfaces, leaving small bridge-like residues between spheres as shown 

in Figure 1b. Next, a 30 nm layer of chromium was evaporated onto the surface through 

thermionic evaporation. The nanospheres were washed away, leaving a chromium mask with 

circular opening on the surface of the PMMA as shown in Figure 1c. An anisotropic oxygen plasma 

etch (20 sccm O2, 25 mTorr, and 55 W) was used to etch into the PMMA beams to form cylindrical 

holes. The etched surface was characterized with both SEM and AFM as shown in Figure 1d and e, 

respectively. To complete the model interface, a 500 nm layer of silicon oxide was conformally 

deposited onto the surface of the PMMA beam using a chemical vapor deposition process. For 

comparison, interfaces with no nanostructures were fabricated by deposition of silicon oxide 

onto a PMMA beam. 

The adhesion energy of the organic-to-inorganic interface was measured using a double 

cantilever beam mechanics method.18-20 During the test, the silicon oxide film was delaminated 

from the PMMA substrate. Multiple measurements were taken over a 250 mm2 of interface, and 

as a result, the adhesion energy was insensitive to microscopic variations in feature density. The 

interfacial feature diameter (2R) was varied from 0 nm for a planar interface to ∼1000 nm with a 

constant feature depth (h) of 1000 nm. The effect on interfacial adhesion energy is shown in 

Figure 2a. The adhesion energy between the PMMA and silicon oxide increased by an order of 

magnitude from ∼2 J/m2 for the planar interface to a maximum of ∼24 J/m2 for the 

nanostructured interface. Similarly, the interfacial feature depth (h) was varied from 0 nm for a 

planar interface to ∼1100 nm with a constant feature diameter (2R) of 800 nm, and the effect on 

interfacial adhesion energy is shown in Figure 2b. For the feature depth and diameter studied, the 

maximum adhesion between the PMMA and the silicon oxide film was achieved for interfacial 

features of ∼1000 nm in both diameter and depth. Note that, as the feature sizes were controlled 

through etching of the microspheres, the density of features per unit area at the interface was 

constant and their effect on adhesion was attributed to the differences in feature dimensions 

The adhesion energy is a function of two competing delamination mechanisms at low and high 

interfacial feature aspect ratios. For features with lower aspect ratios (h/2R ≤ 1), delamination 

between the silicon oxide film and the PMMA substrate predominantly occurred through pullout 

of the oxide pillars from the PMMA surface, shown in Figure 3a. AFM images of the PMMA surface, 

Figure 3b, showed preserved lithographic features after delamination, indicating pullout of the 

silicon oxide pillars. XPS characterization of the PMMA surface, Figure 3c, showed no silicon 

peaks, indicating complete pullout of silicon oxide features. The measured adhesion energy is 

increased due to the energy dissipated as a result of frictional sliding during pullout of the silicon 

oxide pillars from the surrounding PMMA matrix. 

In contrast, for features with higher aspect ratios (h/2R ≥ 3), delamination between the silicon 



oxide film and the PMMA substrate predominantly occurred through fracture of the silicon oxide 

pillars, shown in Figure 3d. AFM images of the PMMA surface showed circular protrusions, which 

were remnants of the silicon oxide pillars left embedded in the PMMA matrix, shown in Figure 3e. 

XPS characterization of the PMMA surface, Figure 3f, after delamination showed both silicon and 

carbon peaks, indicating that fragments of silicon oxide pillars were present in the PMMA matrix. 

Delamination through this mechanism had a lower adhesion energy because the system could not 

access frictional sliding available to lower ratio pillars. 

In the intermediate regime of aspect ratios (1 < h/2R < 3), both pullout and fracture of the oxide 

pillars occurred during delamination. The transition from pullout to fracture during delamination 

was responsible for the larger error bars in the higher pattern diameter regime in Figure 2a and 

higher pattern depth regime in Figure 2b. The competition between the two delamination 

pathways in this regime resulted in the larger scatter in measured adhesion energy. The process 

of delamination was similar to fiber bridging and pullout. The adhesion energy, Gc, for the 

interface can be approximated using a simple fiber pullout model21. The effect of variation in 

aspect ratio is mainly manifested in h, the height of the oxide pillars pulled out, σ0, the stress in 

the silicon oxide pillars during pullout, and φ, the fraction of oxide pillars pulled out. φ was 

determined experimentally by compiling multiple AFM scans of the delaminated PMMA surface 

and aggregating the number of pillars pulled out versus the number of pillars fractured. The 

results are plotted in Figure 2a and b. 

The other variables are characteristic of the model system; χ is a shape function that describes 

the pullout stress during pullout delamination, and G0 is the adhesion energy of the interface 

during fracture delamination. The two terms of the equation account for the adhesion energy 

associated with the two delamination mechanisms for features with high and low aspect ratios. 

G0 is the adhesion energy term associated with generating new surface area and fracturing of the 

silicon oxide pillars in the high aspect ratio regime, and φσ0h is the adhesion energy term 

associated with frictional pullout of the silicon oxide pillars from PMMA matrix in the low aspect 

ratio regime. Using a constant friction model, σ0 can be related to h and R using where τ is the 

frictional stress between oxide pillar and the PMMA matrix.22 σ0 is the stress in the pillar at the 

beginning of the pullout process. As we used a constant friction model, the stress in the silicon 

oxide pillar decreases linearly during the pullout process, which results in a value of 0.5 for the 

integral of the shape function, χ(ε). Using this value, the model relating the adhesion energy to the 

lithographic feature depth and radius can be then simplified to To model the adhesion energy of 

the system, φ needs to be determined for all combination of pattern radius and depth. A linear fit 

of the experimentally determined values of φ was used to predict the fraction of pullout for 

various dimensions. For interfacial feature dimensions that gave a value of φ greater than 1, the 

value was set at 1 for complete pullout during delamination. For interfacial feature dimensions 

that gave a value of φ less than 0, the value was set at 0 for complete fracture during 

delamination. 

G0 of fracture delamination accounts for delamination of the silicon oxide film from the PMMA 

surface and fracture of silicon oxide pillars. The relative contribution of the two processes 

depends on the area undergoing each process during fracture delamination. Therefore, as the 

pillar diameter increases, the area and relative contribution to G0 increases as well. However, at 

higher pillar diameters, pillars are less likely to fracture and more likely to undergo pullout. In 

this regard, the contribution of fracture of silicon oxide pillars to G0 is negligible. G0 can be 



approximated with by extrapolating the plot of pullout fraction versus adhesion energy to a 

theoretical no pullout regime. G0 is determined to be 2.13 J/m2, which is reasonable for a Griffith 

fracture model for the energy required to generate two new surfaces. 

With an extrapolated value of G0, the frictional stress, τ, can be calculated for each point on both 

plots in Figures 2 with their corresponding experimentally measured fractional pullout, φ. The 

average frictional stress was calculated to be 9.4 MPa. The frictional resistance during pullout 

likely originated from interface roughness between the silicon oxide pillars and the PMMA matrix 

and strain mismatch during fabrication.23 The predicted effect of varying pattern diameter on 

adhesion energy is shown in Figure 2a. The model overpredicts the adhesion energy for lower 

pattern depth and under-predicts the adhesion energy for higher feature depth. This effect is 

likely a combination of artifacts of lithography and the simple model used to account for friction 

in pullout. At lower feature depth, the frictional stress is likely lower than the calculated average 

due to the sloped nature of the features. At higher feature depth, the frictional stress is likely 

higher than the calculated average due to undercutting caused by isotropic etching that occurs 

during the oxygen plasma etch. This in effect creates a zipper-like lock between the two layers, 

which would increase the frictional stress during pullout and increase the adhesion energy. A 

more rigorous analysis with a Coulomb friction model and normal stresses experiences by the 

surface of the silicon oxide pillars can be used to achieve a better fit with experimental data.22,24 

The increase in adhesion energy with increase in feature depth can be attributed to the increase 

in pullout length. As shown in Figure 2b, the pullout fraction remains relative high for all feature 

depth. With a longer pillar to pullout, more energy is dissipated during the delamination process. 

The trend continues until the increase in aspect ratio causes significant decrease in percent of 

pillars pulled out. To improve the fit with experimental data, the changes in the loading phase 

angle during the pullout of oxide pillars needs to be considered. It has been shown that 

deflections of the crack front due to surface roughness of an interface can affect the adhesion 

energy of the two materials.25,26 The adhesion energy can be increased by increasing the amount 

of local mode II versus mode I loading at the crack tip. Delamination along the horizontal 

interface is purely mode I and delamination along the vertical walls as a result of pulling out of 

the silicon oxide pillars is purely mode II. Therefore, by increasing the aspect ratio, the fraction of 

local mode II loading increases, and the overall loading phase angle increases. This phenomenon 

can explain why a frictional pullout model under-predicts the adhesion energy for high aspect 

ratio features during pull out of silicon oxide pillars. However, this phenomenon cannot account 

for the order of magnitude increase in adhesion energy as a result of interfacial patterning. Mode 

mixity in loading conditions can only account for up to double the adhesion energy.25,27 As we 

demonstrated, interfacial structure can increase the adhesion of an oxide film to a polymer 

substrate by over an order of magnitude. For applications in barrier films, we want to 

demonstrate that interfacial structures can maintain the high adhesion energy against UV 

degradation of the polymer substrate. We conducted UV aging studies to determine the effect of 

photodegradation on the adhesion of the patterned interface. Samples with interfacial features of 

800 nm in diameter and 1000 nm in depth were aged in an environmental chamber with UV 

irradiation, shown in Figure 4a. The temperature was kept at 23 °C, and relative humidity was 

kept at 10%. Both the effects of UV-A and UV-B irradiation were studied and both spectrum are 

shown in Figure 4b. The irradiance measured at the sample was ∼45 W/m2. The heating due to 

UV irradiation from both UV-A and UV-B source was measured to be <0.5 °C. After an initial drop, 



the adhesion energy remained constant after ∼30 MJ/m2 of UV-A or UV-B exposure, shown in 

Figure 4c. The adhesion energy of the patterned interface was ∼3 times higher than that of the 

planar interface for UV-B irradiation and ∼6 times higher for UV-A irradiation. An examination of 

the complementary delamination surfaces of both UV-A and UV-B samples indicated that the 

delamination pathway avoided the PMMA to silicon oxide interface. XPS characterization showed 

that delamination occurred within the PMMA. This could explain the trends in adhesion energy 

observed with increase UV dosage. The decrease in adhesion was a result of materials damage 

within the PMMA, which caused the failure mode to change from adhesive pullout delamination 

to cohesive failure. The plateau in adhesion energy with further UV exposure beyond ∼200 h 

reflected the rate of degradation in bulk PMMA. As UV-A is less damaging to the PMMA, the 

samples exposed under UV-A had a higher adhesion energy than those exposed under UV-B. We 

see that, by creating nanoscale interfacial structures, we can push the delamination pathway 

away from the interface into the bulk polymer. An important observation from the model in eq 3 

is that, if the ratio of h2/R remains constant for the interfacial features, the adhesion 

enhancement will remain the same. Barrier films typically utilize thin alternating layers of dense 

oxide and polymer films with a combined thickness of typically ∼1-2 μm. At these thicknesses, 

the strain and strain gradient in the films are very low during bending of the device substrate, 

and the films are not damaged in the process. To apply the adhesion promoting technique to 

multilayer barrier films, the dimensions of the features can be scaled to values appropriate for the 

film thickness. A flexible, multilayered structure with patterned interface can be constructed by 

generating patterns at each interface with the appropriate feature size. In this work, we 

demonstrate a method for increasing the adhesion energy of an oxide to polymer interface 

through interfacial patterning. The adhesion energy increased from ∼2 J/m2 for a planar interface 

to ∼24 J/m2 for a patterned interface. In addition, the adhesion energy for the patterned interface 

remains elevated after UV irradiation. The increase in adhesion energy can be attributed to the 

pullout of the interfacial features during delamination. The variation on the adhesion energy as a 

function of feature diameter and feature depth is an effect of two different delamination 

mechanisms for the interface. For low aspect ratio pillars, the pillars are pulled out which results 

in a higher adhesion energy. For high aspect ratio pillars, the pillars are unable to sustain the 

stress required for pullout and are fractured during delamination, which results in a lower 

adhesion energy. By adjusting the dimensions of the interfacial structures, the adhesion energy of 

the two materials can be engineered and strengthened. 
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