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Elastic broadband antireflection coatings for flexible optics using 
multi-layered polymer thin films  

Yineng Zhao,a Ni Huo,b Sheng Ye,c and Wyatt E. Tenhaeff *a, b 

Flexible optics and optoelectronic devices require stretchable and compliant antireflection coatings (ARC). Conventional 

optical coatings, typically inorganic thin films, are brittle and crack under strain, while porous or patterned surfaces often 

lack environmental endurance and/or involve complex processing. Polymeric optical thin films prepared by initiated 

chemical vapor deposition (iCVD) comprise a promising alternative class of materials. With iCVD, multilayered, uniform thin 

film coatings can be synthesized conformally on the surface of a temperature-sensitive substrate near room temperature 

with precise compositional and thickness control. In this study, a model two-layer coating design consisting of 

poly(1H,1H,6H,6H-perfluorohexyl diacrylate) (pPFHDA) with a refractive index at 633 nm of n633=1.426 was deposited atop 

poly(4-vinylpyridine) (p4VP, n633=1.587). Broadband antireflection over the visible wavelength range (400-750 nm) was 

conferred to a transparent, flexible thermoplastic polyurethane (TPU) substrate (n633~1.51), reducing the front-surface 

reflectance from ~4% to ~2%. The superior mechanical compliance of polymer ARCs over conventional inorganic coatings 

(MgF2, SiO2, and Al2O3) on the TPU substrate was thoroughly investigated by monitoring the evolution of film morphology 

and tensile fracture with applied equibiaxial strain. The polymer ARC withstood at least ε=1.64% equibiaxial strain without 

fracture, while all inorganic coatings cracked. Through a repeated application of strain over hundreds of cycles, the 

antireflection by the polymer film was shown to possess excellent stability and fatigue resilience. Finally, simulations of 

established iCVD polymer chemistries possessing larger index contrast revealed that reflectance can be further reduced to 

<1% or better.

Introduction 

Antireflection coatings (ARCs) are essential components in 

modern high-performance optical and optoelectronic devices. 

They reduce the reflection of light at the interface between the 

optical material and its medium, minimize undesired lens flare 

and glare, and increase transmission. Antireflection coatings 

typically consist of single or multiple thin film coatings with 

precisely engineered optical thicknesses, such that reflected 

light at the layer interfaces interferes destructively to minimize 

reflectance.1-4 Practical broadband antireflection coating 

designs require thin film materials that 1) are transparent in the 

desired wavelength range (minimal absorption and scattering); 

2) offer a wide range of accessible refractive index; 3) can be 

created with high thickness precision; 4) possess good 

mechanical properties, such as scratch resistance and adhesion 

to the substrate; and 5) are chemically and physically stable in 

the targeted environment. 

Conventional antireflection coatings are dominated by 

inorganic compounds, such as MgF2, Al2O3, SiO2, and TiO2.1, 4-6 

Inorganic fluorides, oxides, and sulfides offer excellent 

transparency over a broad wavelength range, from near-UV to 

near-IR, and a wide range of accessible refractive indexes. 

Among dense films, MgF2 possesses one of the lowest refractive 

indexes (~1.38). It is widely used as a single-layer ARC for 

common glass (index ~1.51; ideal index of its single-layer ARC is 

~1.23), as well as the low index component in multilayer ARCs.1 

TiO2 has a reported index of 2.56, providing an index contrast of 

1.18 relative to MgF2, which is oft exploited in ARC designs.7-10 

Moreover, these materials are stable in the air over wide ranges 

of temperature and humidity. In fact, some of these layers find 

application as transparent barrier layers, replacing opaque 

metallic thin films.11-13 Given the importance of these inorganic 

thin films, a multitude of vacuum deposition techniques based 

on either physical vapor deposition or chemical vapor 

deposition have been developed, providing high throughput 

fabrication of precisely controlled optical layer designs.10, 14  

However, the brittleness of inorganic-based ARCs is a 

significant limitation when applied to flexible, elastomeric 

substrates, which are being explored for next-generation 

optical systems. As optical and optoelectronic devices are 

becoming increasingly compact, flexible, and adaptive in recent 

years–the development of wearable displays, adaptive 

augmented reality/virtual reality hardware, and flexible 

photovoltaics are a few examples–there is a critical need for 
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ARCs that can be incorporated with flexible substrates.15-19 The 

mismatch in elastic properties and coefficients of thermal 

expansion between the optical layers and polymeric substrate 

results in fracture (cracking) and/or film delamination with 

slight strain or temperature excursions.18 Even minute moisture 

absorption can lead to volumetric stresses that result in coating 

failure.20 Another practical challenge can arise due to the heat 

flux on the polymer substrate during vacuum deposition, which 

can lead to undesirable morphological changes in the polymeric 

substrate and/or residual film stresses.21, 22 

On the other hand, polymer thin film coatings possessing 

elastic properties and thermal expansivities that are 

comparable to the underlying substrate are expected to be 

better suited for flexible optics, yet an important limitation is 

their limited range of refractive indexes. Conventional 

thermoplastics have refractive indexes that fall into a relatively 

small range - approximately between 1.35 to 1.70.23 This index 

contrast of 0.35 is markedly smaller than that can be achieved 

with established inorganic coatings.24, 25 To compensate for this 

limited index contrast, a common design strategy is to increase 

the number of layers in the multilayer coating to give a higher 

degree of freedom in manipulating interference so more 

significant antireflection over a larger bandwidth can be 

achieved.26 However, the fabrication of multiple polymer layers 

with nanometer-level precision in thickness is a challenge for 

conventional solution processing of polymers. Wet coating 

techniques, such as spin coating and dip coating, typically 

require sequential application of polymers from solutions. 

However, the solvents can also cause swelling and even 

dissolution of the previously coated layers.27-29 Although careful 

selection of polymer combinations with orthogonal solubilities 

can mitigate these problems at the expense of design freedom, 

solvent penetration into the multilayer structure can still 

damage buried layers and lead to deleterious film stresses that 

compromise the coating.29-33 Another mature technique, melt 

polymer coextrusion, can successfully fabricate a large number 

of polymer multilayers at a large scale with thickness down to 

tens of nanometers of each layer.34-36 However, the film stacks 

usually consist of layers with repeated thickness combinations; 

the thicknesses of an individual layer cannot be independently 

tuned. Moreover, its thickness control is highly dependent on 

precise control of the laminar flow of melt polymers and a 

thorough understanding of the rheological behavior of each 

polymer during the coextrusion.37 Both solution processing and 

coextrusion techniques lack the key ability to in situ monitor 

nascent film thickness during fabrication, which complicates 

reproducible thickness control and tuning. Vacuum deposition 

techniques, on the other hand, enable in situ monitoring of 

layer thicknesses during sequential multilayer deposition. Only 

a select few polymers can be deposited by physical vapor 

deposition, such as sputtering, pulsed laser, or thermal 

evaporation, and the process often leads to chain 

fragmentation and other compositional defects.38-44 Molecular 

layer deposition (MLD) and conventional CVD offer greater 

control over film chemistries, but often require elevated 

temperatures, making integration with temperature-sensitive 

thermoplastic substrates difficult.45, 46 Finally, plasma-enhanced 

CVD (PECVD) is a well-established technique, but the energetic 

plasma generates a distribution of highly reactive intermediates 

resulting in undefined chemical composition and possibly light 

absorption.27, 46 Another promising approach alternative to 

coatings is to engineer antireflection through surface patterns 

or porous structures directly applied to the flexible substrate, 

but their complex multi-step fabrication processes and limited 

mechanical durability currently limit their practical 

implementation.2, 47-51 

In this work, initiated chemical vapor deposition (iCVD) was 

introduced to deposit a model two-layer polymeric interference 

antireflection coating on an aliphatic thermoplastic 

polyurethane (TPU) elastomeric substrate with a precisely 

designed structure. The optical-grade TPU was chosen as the 

substrate in this work because of its high transparency and 

excellent mechanical flexibility, suitable for flexible optics. It 

was also used as the substrate in our previous study of 

developing a barrier layer for flexible optics.52 The two polymer 

layers were poly(1H, 1H, 6H, 6H-perfluorohexyl diacrylate) 

(pPFHDA) and poly(4-vinyl pyridine) (p4VP), which have distinct 

refractive indexes of 1.43 and 1.59, respectively (measured at 

633 nm). iCVD is an established vacuum deposition technique 

capable of conformally synthesizing uniform polymer thin films 

in situ on a substrate surface near room temperatures, which is 

critical to avoid unwanted phase transformations and/or 

thermal stresses in the substrate.46, 53-55 The solvent-free nature 

of the technique is especially critical as it spares the 

multilayered systems from the complications associated with 

swelling or dissolution as discussed above. Moreover, through 

precise control of the process chemistry, polymer film 

compositions can be carefully engineered to tune optical 

properties, and crosslinking can be incorporated as needed to 

modulate mechanical properties.56 It was reported in our 

previous work that the highly crosslinked pPFHDA used in this 

work as the top layer also functions as a highly effective barrier 

layer.52 

We demonstrate for the first time the preparation of a fully 

polymeric model two-layer antireflection coating by iCVD and 

explore the mechanical compliance relative to other 

conventional inorganic optical layers through direct in situ 

evaluation of coating failure as a function of applied equibiaxial 

strain. The work builds upon previous studies where pPFHDA-

based barrier layers were deposited onto flexible TPU 

substrates with excellent compositional fidelity, thickness 

uniformity, and adhesion.52 Several conventional coating 

materials (MgF2, SiO2, Al2O3) and thicknesses were also explored 

to understand the generality of film fracture of inorganic 

coatings on elastomeric substrates. Subsequently, cracks were 

deliberately generated in the polymer coating through cyclic 

application of aggressive strain to monitor their evolution over 

time and impact on antireflection performance. 

Experimental Section 

Film synthesis 
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A custom-built vacuum system was used to execute initiated 

chemical vapor deposition (iCVD). A 35×30×10 cm stainless steel 

reaction chamber was connected to a rotary vane vacuum 

pump. The pressure in the reaction chamber was monitored 

and controlled by a pressure gauge (Brooks, XacTorr CMX100) 

and a downstream throttle control valve (MKS 653B) connected 

by a digital pressure controller (MKS 600 Series). A hot filament 

array (Master Wire, Nichrome 80) was fixed 2.5 cm above a 

temperature-controlled stage (~16×15×2 cm) with a power of 

46.5±0.4 W (0.7 A × 66.4 ±0.6 V) provided by a DC power supply 

(TDK Lambda, GEN 150-5-USB-U). The temperature stage 

(aluminum base, copper surface) (Wieland MicroCool) was 

back-chilled by a recirculation chiller/heater (VWR, AD07R-20) 

to maintain a constant substrate temperature. Flows of carrier 

gas (MKS, Type 1179), diluent gas (MKS, Type 1479A), and 

initiator (Horiba STEC, SEC-4400) were regulated by mass flow 

controllers. Argon (Airgas, high purity grade) was used as the 

carrier and diluent gas.  

Transparent aliphatic thermoplastic polyurethane (TPU) 

membranes were provided by Sheedom Co. TPU was stretched 

and fixed to a round stainless-steel ring using a Schmidt ring 

press. The back side of the ring was embedded with an O-ring 

to ensure gas-sealing so the membrane can be deformed 

pneumatically. The TPU membrane was 7.7 cm in diameter with 

a thickness measured to be about 230 μm by a micrometer. 

During the deposition, the TPU membrane was placed on a 

copper base, making solid contact between the temperature-

controlled stage and the substrate to ensure thermal transport. 

The temperature stage was kept at 35°C. 1H,1H,6H,6H-

perfluorohexyl diacrylate (PFHDA, SynQuest Laboratories, 99% 

purity) and 4-vinylpyridine (4VP, ACROS, 97% purity) were kept 

in monomer jars immersed in a 25°C water bath (Cole-Parmer, 

StableTemp WB05). Di-tert-butyl peroxide initiator (TBPO, 

Acros Organics, 99% purity) vapor flow rate was fixed at 2 sccm. 

The p4VP was deposited on the TPU first, with a carrier gas flow 

at 5 sccm and diluent gas at 10 sccm. The deposition rate was 

around 1.7 nm/min. The thickness was in situ monitored by 

laser interferometry. After the target thickness of p4VP was 

reached, the flow of 4VP was stopped and the chamber was 

pumped down to base pressure with 100 sccm pure argon 

purging for 1 min. Shortly, the carrier gas of PFHDA was turned 

on at a flow rate of 50 sccm and the diluent gas flowed at 100 

sccm to coat the second layer–pPFHDA. The deposition rate of 

pPFHDA was about 1.0 nm/min. The chamber pressure was kept 

at 750 mTorr during the deposition of both polymers.  

Inorganic coatings, MgF2, SiO2, and Al2O3, were all prepared 

by electron beam deposition (e-beam) in a Kurt J. Lesker PVD-

75 deposition chamber. The deposition target materials were 

placed in a graphite crucible, and the TPU sample was fastened 

to the substrate holder above the target. The chamber was 

pumped down to 5×10-6 Torr before each deposition. The e-

beam currents for MgF2, SiO2, and Al2O3 were about 0.5 mA, 12 

mA, and 50 mA, respectively; a slow deposition rate of around 

0.5 Å/s was maintained aiming to achieve a low-stress high-

quality optical-grade film. 1.5 sccm O2 and 0.75 sccm Ar were 

introduced to create an oxidizing environment for SiO2 and 

Al2O3 depositions to compensate for possible oxygen loss and 

maintain the correct stoichiometry. The chamber pressure 

during e-beam depositions is around 5×10-5 Torr for MgF2 and 

2.5-3.5×10-4 Torr for the oxides. The thickness of the inorganic 

coatings was monitored by a quartz crystal microbalance (QCM) 

inside the chamber during the deposition and also characterized 

by ellipsometry directly on TPU after the deposition. 

Material characterizations 

Fourier transform infrared spectroscopy (FTIR) was conducted 

on Thermo Fisher Scientific Nicolet iS50. The spectra of TPU 

coated with the p4VP and pPFHDA double layer, the uncoated 

TPU, pure p4VP, pure pPFDA, pure 4VP, and pure PFHDA 

monomers were all characterized by attenuated total 

reflectance (ATR, Specac GoldenGate) with the ATR correction 

applied. The pure polymers of p4VP and pPFHDA were 

scratched from a monolayer coating deposited on a Si wafer 

under the same condition as the two-layer deposition on TPU. 

For all measurements, the resolution was set to 4 cm-1 and a 

total of 64 scans were integrated to improve the signal-to-noise 

ratio of the spectra. 

The optical constants and the film thicknesses were 

characterized by multi-angle spectral ellipsometry (J.A. 

Woollam RC2). The complex refractive index of pPFHDA and 

p4VP coatings was resolved from ellipsometry data collected at 

the full wavelength range from 210 nm to 1690 nm and seven 

different incident angles (45º, 50º, 55º, 60º, 65º, 70º, 75º) from 

a single-polymer monolayer film (~200 nm) coated on a Si 

wafer; the multi-angle experiment was to improve the reliability 

and accuracy of the result. The thickness of p4VP/pPFHDA two-

layer on TPU was collected at the 70º incident angle with focus 

probes (J.A. Woollam) to minimize backside reflections of the 

transparent TPU. The thickness of each layer was resolved with 

the known complex refractive index spectra pre-collected on 

the single-polymer monolayer film, and the wavelength range 

400 nm to 1400 nm was used to calculate film thickness using a 

Cauchy model to avoid modeling complexities associated with 

absorption and interference from residual backside reflection. 

Surface topography characterizations 

White-light interferometry profilometer (Zygo, NewView 600) 

was used to examine the surface topography of the coatings. 

TPU membranes were fixed on a stainless-steel ring embedded 

with an O-ring on its bottom. The side with coating was denoted 

as the front side. The backside of the membrane was 

pressurized pneumatically by a custom-built ‘bulging’ device to 

deflect the membrane and generate strain. The membrane 

deflection was measured by a laser profiler (Keyence, LJ-X8080), 

and the pressure was recorded by a pressure gauge (Dwyer 

DPGAB-04). An equibiaxial strain of the pneumatically 

deformed membrane can be calculated using the following 

Equation (1): 

𝜀 =
√𝐴−√𝐴0

√𝐴0
=

√2𝜋𝑟ℎ−√𝜋𝑎0
2

√𝜋𝑎0
2

      (1) 

 

where A is the membrane area in the deformed state and 𝐴0 is 

the membrane area in the undeformed state (𝐴0= 46.57 cm2). 

Page 3 of 12 Journal of Materials Chemistry C



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

The 𝑎0 is the radius of the membrane in the undeformed state 

(𝑎0= 3.85 cm). Assuming a geometrical relation for a spherical 

cap, valid for a small strain, one can calculate A from the radius 

of curvature, r, and the measured deflection, h. It should be 

noted that r can be calculated using h and 𝑎0, as shown in 

Equation (2): 

𝑟 =
𝑎0
2+ℎ2

2ℎ
     (2) 

For in situ monitoring of the surface topography of the coating, 

the TPU and the ‘bulging’ device were placed under the 

objective lens of the Zygo profilometer. The strain was then 

generated pneumatically and determined by the pressure 

reading which had been calibrated against the deflection 

previously in the laser profiler. The profilometer was focused on 

the surface of the TPU at each targeted strain individually after 

the pressure was stabilized and the vibration was dissipated. 

The same area of 400×300 μm was imaged as the strain 

progressing. Filmetrics ProfilmOnline platform was used to 

process the imaged data. The images were flattened using 

forth-order fitting and artificial interference patterns caused by 

persistent vibrations were also removed. No smoothing 

algorithm was used to preserve the original surface 

information. Bare TPU was also imaged using Zeiss optical 

microscope. 

Optical properties 

The reflectance of the TPU was measured by reflectometry 

(Filmetrics F-20 UV) at the normal incident angle. The same TPU 

was measured before and after the AR coating. The reflection 

from the front (coating) side and the uncoated backside were 

both included in the reflectance spectrum. The reflectometer is 

properly baselined before each measurement using a standard 

Si wafer placed at the same distance as the TPU membrane from 

the probe to ensure a consistent intensity. The transmittance of 

the coated and uncoated TPU was measured by a spectrometer 

(PerkinElmer Lambda 900) in transmission mode. 

Simulation 

The reflectance simulation of TPU substrate coated with 

different multi-layer polymer ARCs was conducted by 

CompleteEASE ellipsometry software from J.A. Woollam 

(version: 6.61). All reflectance data are at the normal incident 

angle. The optical constants of TPU for the simulation were 

collected by ellipsometer at 45°, 50°, 55°, 60°, 65°, and 70° 

incident angles (reflection), and transmission mode. A pPFDA 

(1H,1H,2H,2H-perfluorodecyl acrylate) film was deposited on a 

Si wafer and its spectrum of the complex refractive index was 

precisely obtained by ellipsometry. The deposition parameters 

of pPFDA are available at the end of the supplementary 

information. The optical constants of pPFHDA, pPFDA, p4VP, 

and TPU were used as input variables for the simulation. 

Results and Discussions 

Preparation of the two-layer polymer ARC by iCVD 

The two-layer polymer antireflection coating (ARC) was 

prepared by a custom-built iCVD system depicted in Figure 1. A 

layer of p4VP and a second layer of pPFHDA were sequentially 

deposited onto a soft TPU substrate of which the structure is 

shown in Figure 2a. The monomers, 4-vinylpyridine (4VP) and 

1H,1H,6H,6H-perfluorohexyl diacrylate (PFHDA), were 

separately introduced into the vacuum chamber using a bubbler 

system, which injects argon through a dispersion tube into 

liquid monomer carrying the vapor into the reaction chamber. 

This forced vapor delivery enables deposition of monomers 

with extremely low volatility, which are otherwise infeasible in 

conventional iCVD relying on vapor pressure for flow.52 The 

initiator, di-tert-butyl peroxide (TBPO), was introduced as vapor 

(without carrier gas) and decomposed by the hot filament to 

form gas-phase radicals. The two-step initiation process is 

complete after the radicals encounter adsorbed monomers on 

the substrate. Gas phase reactions of the radicals are 

insignificant due to the low chamber pressure of 750 mTorr, 

ensuring heterogeneous polymerization on the surface and 

          

    

                 

         

     

  

         

   

  

            

                                           

                        

                   

                                 

  

  

                                       

Figure 1 Cartoon depiction of the iCVD deposition system and process.
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conformal coatings with controllable chemical compositions.46, 

57, 58 The substrate was placed on a temperature stage to keep 

the temperature constant and stable, usually around room 

temperature (35°C). 

The complex refractive index of p4VP and pPFHDA were 

characterized by ellipsometry and plotted in Figure 2b. The 

refractive indexes of p4VP and pPFHDA are 1.59 and 1.43 at 633 

nm, respectively. The imaginary component of the refractive 

index, the extinction coefficient, shows both polymers have 

negligible absorption (κ<10-8) from near-UV (360 nm) to near-IR 

(1690 nm)–essential for optical transparency. The total 

thickness of the two-layer system and the individual films were 

mapped over the TPU substrate using ellipsometry - see Figures 

2c to 2e. The total thickness of the two-layer ARC is 258 nm with 

±7.0 nm standard deviation. The thickness of p4VP and pPFHDA 

are 163 ±4.8 nm and 96 ±2.4 nm, respectively – evidence of 

good uniformity of iCVD films. Judging by the similar thickness 

distribution in both layers, the areal thickness variation is likely 

induced by a local temperature difference due to imperfect 

contact between the TPU membrane substrate and the 

temperature stage coupled with the low thermal conductivity 

of the TPU substrate. In iCVD, the deposition rate is highly 

correlated to substrate temperature, which governs the 

adsorption of monomers to the surface; low temperatures 

result in a larger monomer concentration and a higher 

deposition rate.46, 57-59 The uniformity was similar to that 

achieved in our previous study of a single-layer pPFHDA. 52 

Therefore, high uniformity was preserved for multilayer 

coatings by iCVD, which is a prerequisite for meaningful 

thickness control and optical coating fabrication. 

Chemical structure analysis 

Fourier-transform infrared spectroscopy  (FTIR) was used to 

characterize the chemical composition of the coating. The 

spectra of the two-layer polymer coating on TPU, pPFHDA 

homopolymer, p4VP homopolymer, and bare TPU from 1800 

cm-1 to 700 cm-1 (the “fingerprint” region of the spectra) are 

shown in Figure 3. The full spectra over the entire mid-infrared 

range are available in Figure S1. The strong stretching mode of 

the pyridine ring at 1598 cm-1 is observed in both the p4VP 

homopolymer and the coated TPU but not in the other spectra. 

Also, in Figure S2, aromatic C-H stretch modes of the pyridine 

ring in p4VP are observed in the coating, indicating that p4VP 
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Figure 2 (a) Structure of the two-layer ARC on TPU, and (b) optical constants of individual polymer layers in the design: p4VP and pPFHDA. Contour map of the 

thicknesses of the (c) two-layer ARC, (d) p4VP layer, and (e) pPFHDA layer on TPU. The mapped area is 18 cm2. 

Figure 3 FTIR-ATR spectra of the two-layer polymer coating on TPU, pPFHDA 

homopolymer, p4VP homopolymer, and bare TPU substrate at fingerprint region 

from 1800 cm-1 to 700 cm-1. Homopolymers spectra were acquired from iCVD films 

deposited on Si wafers separately.
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was successfully incorporated into the coating. It is important 

to note that the evanescent wave from the diamond prism of 

the ATR has a penetration depth of approximately 1 μm–much 

larger than the coating thickness. Thus, the spectrum of the 

two-layer coating is dominated by the TPU vibrational modes. 

Despite the pPFHDA layer being less than 100 nm thin, the 

strong symmetric and asymmetric C-F stretching modes of -CF2- 

observed in the pPFHDA homopolymer are also present in the 

coated TPU–no other vibrational modes from bare TPU or p4VP 

in this wavelength range. This indicates the existence of pPFHDA 

in the coating of TPU. In addition, a comparison of  IR spectra 

between the monomers and the coated homopolymers on a Si 

wafer is shown in Figure S3. The C=C stretching mode at 1637 

cm-1 in PFHDA (medium intensity) and the =C-H out-of-plane 

deformation band of the vinyl group at 927 cm-1 in 4VP (strong 

intensity), are completely absent in the polymer coatings, 

indicating that the monomers have been fully polymerized and 

few residual vinyl groups remain.60 Hence, it can be concluded 

that the two-layer coating of pPFHDA and p4VP coating has 

been successfully prepared on the TPU substrate by iCVD. 

In situ coating surface topography with progressing strain: 

polymers vs inorganics 

To assess the fracture resistance of the polymer ARC and its 

superiority over inorganic coatings for flexible optics, an in-situ 

characterization method was designed to compare their 

fracture behavior with applied strain. Progressive equibiaxial 

strain was generated stepwise using an established approach  

(experimental configuration shown in Figure S4), where 

pressure was applied pneumatically to the coated TPU 

sample.61, 62 The cell was placed under a white-light interference 

profilometer so the surface topography evolution of the 

coatings could be monitored in situ. Profilometry images were 

collected at strains of ε=0.30%, ε=0.84%, and ε=1.64%, which 

were calculated by Equation (1) using previous pressure-

deflection calibration measured with a laser profiler. A larger 

strain was not attempted as the corresponding deflection 

exceeded the maximum measurable by the laser profiler. 

Initially, comparisons were made between the polymer ARC and 

films of MgF2, a conventional inorganic ARC material used as a 

control sample. MgF2 films (thickness mapping by ellipsometry 

shown in Figures S5a and b) were deposited onto the TPU 

substrates by electron-beam evaporation. Figure 4a to 4c 

reveals how the surface topography of the polymer ARC 

evolved–no sign of any cracks was observed even after it was 

strained to an aggressive value of 1.64%. It is worth noting that 

flexible optics such as electrically tunable lenses usually involve 

an applied strain much less than 1%, which is usually limited by 

the voltage requirement by an electrostriction mechanism.63, 64 

The polymer ARC can readily accommodate these strains. The 

profilometry images before and after the strain were also 

presented in Figures S6a and b, and the areal roughness 

analyzed from them was kept unchanged at 2.7 nm (mean 

Figure 4 The surface topography of the (a-c) two-layer polymer ARC, (d-f) 261 nm MgF2, and (g-i) 30 nm MgF2 film measured in situ as a function of increasing 

equibiaxial strain of (a, d, g) ε=0.3%, (b, e, h) ε=0.84%, and (c, f, i) ε=1.64%. The scanned area was 400×300 μm.
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square root height). This indicates a very smooth surface was 

obtained, which is crucial to minimize light loss from scattering. 

In contrast, the MgF2 coating at a comparable thickness (261 

nm) fractured into several fragments, resulting in the commonly 

observed “mud-cracking” phenomenon.61 This was consistent 

with our expectations and previously reported studies of the 

behavior of a brittle inorganic coating on a flexible substrate 

under strain.61, 62, 65 Even at the lowest applied strain (ε=0.3%, 

Figure 4d), the MgF2 had clearly fractured. As the strain 

increased, new cracks were initiated (see Figures 4d to 4f); the 

MgF2 coating fractured into smaller fragments and the width of 

the cracks also expanded. In fact, cracks could be observed even 

before any strain was applied externally (Figure S7), likely due 

to a large mismatch in elastic properties and/or thermal 

expansivity between the hard MgF2 coating and the soft TPU 

polymer substrate;66-69 a slight change in temperature and/or 

humidity in the environment can induce significant internal 

stress.20, 70 Because film internal stress is proportional to film 

thickness, a much thinner (30 nm) film of MgF2 was deposited 

onto TPU for fracture characterization to make the experiment 

more stringent.65 The 30-nm thickness was also closer to the 

lower limit of layer thicknesses applied in real multilayer 

antireflection designs.26 As expected, Figure 4g reveals fewer 

cracks in the 30 nm MgF2 films at low strain (ε=0.3%) relative to 

the 261 nm-MgF2 coating; the width of each crack is also 

appeared to be thinner. According to Andersons and Leterrier, 

the cracks at this initial stage have large spacing, which is 

consistent with our observation, and they primarily reflect the 

defect distribution in the coating.62 However, when the strain 

increased to ε=0.84% (Figure 4h), a large number of cracks 

formed instantaneously, and the coating was fragmented into 

numerous small pieces. This could indicate the stress 

transferred from the polymer substrate reaches the strength of 

the coating so it fragmentated until the size of individual piece 

was reduced to below a critical value where the stress exerted 

upon it no longer exceeded its strength.62 Further increasing the 

strain to ε=1.64% (Figure 4i) lead to an expansion of crack width 

as observed in the thicker coating. Therefore, it is safe to 

conclude that MgF2 coatings, regardless of thickness, are likely 

to fracture, even at a small strain of 0.3%, and do not remain 

intact on flexible substrates. 

To further investigate the generality of coating fracture on 

this TPU substrate, two additional inorganic coatings were 

prepared using common conventional optical coating 

materials–SiO2 and Al2O3. They were both deposited onto soft 

TPU substrates by e-beam evaporations at a carefully controlled 

deposition rate (<0.5 Å/s) to achieve good film quality and 

uniformity. Ellipsometry mapping of the film thicknesses on TPU 

and refractive indexes on a monitor Si substrate (coated at the 

same time as TPU) are provided in Figures S8 and S9. The 

thickness of these two inorganic coatings was intentionally 

designed to be thin (around 30 nm) to reduce internal stress and 

vulnerability to fracture. As thicker films are likely to fracture at 

lower strains this is essentially a “best case” scenario for these 

coatings. Figures 5a to 5c present the evolution of the surface 

topography of the 25 nm-SiO2 coating on TPU. Consistent with 

the behavior of the 30-nm MgF2, at a small strain (ε=0.3%), only 

a few cracks were found in localized areas due to defect-

induced fracture. The major area of the coating remained intact. 

However, as the strain increased to 0.84%, the coating 

fragmented. With the strain further increasing to 1.64%, large 

pieces further broke into smaller units, as was observed in MgF2 

coating. 

 Figure 5d to 5f display the surface morphology of the 38 

nm-Al2O3 coated sample with increasing strain. Interestingly, 

the alumina-coated TPU possessed a wrinkled morphology. The 

characteristic periodicity of these wrinkles was several hundred 

micrometers, and the depth of the “valleys” was in the range of 

several hundreds of nanometers–much larger than the 38-nm 

Al2O3 coating. This morphology is attributed to residual coating 

stresses due to thermal effects during evaporation. Alumina 

required a higher e-beam current for evaporation, which 

resulted in a more severe radiative heating of the substrate than 

in SiO2 or MgF2 depositions. Though the exact temperature of 

the substrate was not available, the TPU frame was warm to the 

touch upon removal from the chamber; this was not the case 

Figure 5 The surface topography of the (a-c) 25 nm SiO2 coating and (d-f) 38 nm Al2O3 coating on TPU were monitored with increasing equibiaxial strain (a, d) 

ε=0.3%, (b, e) ε=0.84%, and (c, f) ε=1.64%. The scanned area was 400×300 μm.
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after coating the other materials. This temperature excursion 

during deposition resulted in thermal expansion of the TPU, 

which then contracts upon cooling to room temperature, 

resulting in residual stress on the hard alumina film and 

attendant wrinkling of the substrate.71-73 This is a well-

established phenomenon that has been exploited to 

characterize mechanical properties of thin film coatings.74-76 It 

also further emphasizes the challenges associated with residual 

film stresses due to mismatches of coefficients of thermal 

expansion. 18 Thus, the ability of iCVD to coat materials at near-

ambient temperatures is an important feature of the deposition 

method. Even with the wrinkled morphology, the fracture 

behavior of alumina thin films with applied equibiaxial strain 

can still be observed. Alumina revealed the same behavior as 

the other inorganic materials–fracturing into multiple smaller 

fragments with increasing strain. 

To further challenge the durability of the two-layer polymer 

ARC, the surface topography of the film was characterized after 

applying repeated strains of the TPU. After aggressively strained 

80 times to ε=1.64%, the strained surface was imaged in situ 

(Figure 6a). Some small cracks can be observed, which were 

absent initially (Figure 4c); they only appeared after repeated 

strain cycling. Interestingly, the cracks appeared to emanate 

from pinhole-like defects. These ‘pinhole’ defects were widely 

observed on the pristine uncoated TPU membranes, as shown 

in Figure S10. Thus, it is possible that the polymer coating was 

imperfect and discontinuous at these point defects, which 

combined with stress concentration upon application of strain, 

led to crack initiation. Moreover, the cracks appeared to only 

radiate from the defect points for a limited length without 

intercepting each other. The majority of the film remained 

intact with no sign of fragmentation. These could indicate the 

stress transferred to the film surface had not exceeded its 

strength at this strain due to the elasticity of the polymer 

coating. Besides the short propagation length (~30 μm) of the 

cracks, their width and depth detected by the profilometer 

were small as well. A depth profile across the surface along the 

indication line is presented in Figure 6b. It shows that the width 

of a crack is in the range of <10 μm and extends ~15 nm deep–

or below the detectable limit of the equipment as the 

interferometry could not detect the entire depth of these 

narrow cracks. Still, the fracture behaviors of the polymer 

coating were distinct from that of inorganics under the same 

strain state regardless of thickness. The 250 nm-MgF2 coated 

sample strained to ε=1.64% was again compared to the polymer 

film morphology; the corresponding images are provided in 

Figure 6d. It was obvious that the cracks on MgF2 were much 

longer, wider, and deeper than those on polymer film, and the 

coating, as well as other inorganic coatings, were fragmented 

into isolated pieces. In contrast, the iCVD polymer coating 

remained in one piece. The depth profile of 250 nm-MgF2 

coating at the same strained state (ε=1.64%) as the polymer is 

also shown in Figure 6e. In contrast to that of the polymer, the 

profile of MgF2 shows a crack of about 50 μm wide and at least 

150 nm deep. These results illustrate that not only are polymer 

films more resistant to cracking under equibiaxial strain, but 

even when cracks do form with repeated application of extreme 

strain, only small cracks form that do not span the entire coating 

and most of the film remains intact. Starting with substrates 

possessing higher surface quality and fewer ‘pinhole’-like 

defects, even higher resistance to strain fatigue of the polymer 

coating may be achieved. 

In addition, an intriguing ‘crack closure’ behavior of the 

polymer coating was observed. Figure 6c and 6f showed the 

surface of both the polymer coating and the MgF2 coating after 

being released from the high strain state (ε=1.64%) to a lower 

strain (ε=0.3%). Surprisingly, the cracks in the polymer film 

appeared to fully close at this state of strain; they essentially 

disappeared and could not be resolved in the profilometer. An 

image of the coating after the strain was fully released (ε=0%) is 

also presented in Figure S11 and shows no sign of cracks as well. 

The cracks in MgF2, however, did not fully close and the 

Figure 6 Polymer two-layer ARC (258 nm) imaged after repeatedly strained to ε=1.64% 80 times (a) at ε=1.64% and (c) after strain released to ε=0.3% of the same 

area; 261 nm-MgF2 imaged during the first strain (d) at ε=1.64% and (f) after strain released to ε=0.3%; Depth profile cross cracks on (b) the polymer ARC surface and 

(e) the MgF2 along the indicated lines shown in the images on their left.
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shattered fragments did not reconsolidate into a uniform, 

isotropic film. The cracks remained even after the release of 

strain but with a narrowed yet substantial width. The depth 

profile along the same line after the strain was reduced to 0.3% 

is shown in Figure S12 where the crack was still at least 60 nm 

deep. The other two inorganic coatings, SiO2 and Al2O3, 

demonstrated a similar behavior (shown in Figure S13a and b, 

respectively) despite being thinner. Due to the flexibility of 

polymer films, these polymeric ARCs can be considered “self-

healing”. Such behavior has been observed and reported 

before.77 In optical applications, this would be a desirable 

property as large cracks can scatter light and compromise 

optical performance. The “self-healing” crack closure allows 

polymer coating to maintain its optical design, such as 

antireflection, even after aggressive abuse conditions. 

Antireflection effect 

The reflectance of the TPU membrane with and without the 

two-layer polymer ARC is presented in Figure 7a. The 

reflectance spectra include reflection from both the front 

surface which was coated by iCVD and the uncoated backside. 

The refractive index of the TPU is 1.51 at 633 nm, and its 

dispersion spectrum can be found in Figure S14. The calculated 

reflectance spectra of the bare TPU and coated TPU, with 

backside reflection (only considering primary backside 

reflection) are presented in Figure S15, which was in good 

agreement with the experimental measurement. After the two-

layer polymer ARC was applied to the front side of the TPU, the 

reflectance of visible light from 400 nm to 750 nm was reduced 

significantly from 7.8% to about 5.86% (including backside 

reflection). Correspondingly, the reduced reflectance excluding 

the backside reflection of the TPU with ARC was calculated and 

displayed in Figure 8. 

The reflectance was monitored after the TPU coated with 

polymer ARC was aggressively strained (ε=1.64% equibiaxial) 

repeatedly to generate cracks. The reflectance spectra were 

reported every 40 times of the strain cycles in Figure 7a, while 

the evolution of the average reflectance at the visible 

wavelength range (400 to 750 nm) is plotted in Figure 7b. Stable 

reflectance was observed even after 200 cycles. The reflectance 

(still with backside reflection) recorded after 200 strain cycles is 

5.73%, with a slight drop of 0.14 percent point from that of the 

unstrained sample. This is likely due to dust accumulation and 

maybe some imperfect closure of cracks increasing light 

scattering.  

Figure 7c shows the measured total transmittance of the TPU 

sample with and without the two-layer polymer ARC. The uncoated 

TPU had a transmission of 91.81% in the visible range. The loss of the 

transmittance was due to a combination of absorption, reflection, 

and scattering. With the coating, the transmittance increased to 

93.23% over the visible range. The increase of 1.42 percentage points 

was due to the reflection reduction due to the polymer antireflection 

coating. The improvement in transmission was smaller than what 

would be expected from the reflection reduction (1.9%). It is worth 

noting that the transmittance of the coated TPU was measured after 

the sample was repeatedly strained 200 times and then left 

unprotected in an indoor environment for one year. Accumulation of 

dust and contaminant would cause scattering which caused 

additional transmittance loss. Nonetheless, the stable reflectance or 

lack of significant degradation/distortion of the reflectance spectra 

was corroborated by the improved transmittance. The improvement 

persists even after exposure to environment for one year, which 

further confirmed the durability of a two-layer polymer 

antireflection coating on flexible optical devices that undergoes 

aggressive, cyclic strain. 

The polymer ARC studied in this project consisted of only two 

layers; it is a model system designed primarily to understand the 

compatibility of polymeric ARCs with flexible, elastomeric substrates 

and to demonstrate the key processing advantages of iCVD. Thus, the 

antireflection performance achieved in this study is not fully 

optimized, and superior performance (lower reflectance) can be 
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Figure 7 (a) Reflectance spectra of the TPU coated with polymer ARC before and 

after repeated equibiaxial strain compared to that of uncoated TPU. (b) The 

reflectance evolution of the ARC-coated TPU at the visible range (400–750 nm 

wavelength) during repeated strain cycles. The backside (uncoated) reflection of the 

TPU is included in the measurement. (c) The total transmittance of the bare TPU and 

polymer ARC-coated TPU after 200 strain (ε = 1.64%) cycles and then stored 

unprotected for one year. 
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achieved with optimized multilayer architectures and alternative 

polymer thin film compositions. To further explore the potential of 

polymer ARCs, the effect of additional layers in the multilayer design 

and greater index contrast was simulated. Unlike solvent-based 

coating methods, multiple polymer layers can be readily deposited 

atop previous layers by iCVD without concerns over swelling or 

dissolution of the coatings, and the precise thickness of each layer 

can be realized using in situ ellipsometry for example. The layered 

structure of each optical design is detailed in Table S1. A 6-layer ARC 

by the same polymers (p4VP and pPFHDA) with an alternating 

structure reduces the TPU reflectance to 1.17%, of which the 

spectrum was shown in Figure 8. The calculated reflectance 

spectrum of the two-layer ARC constructed in this work with 

backside reflection excluded is also displayed in the plot as a 

reference. On the other hand, there are polymers with refractive 

indexes lower than pPFHDA reportedly to be deposited by iCVD, such 

as poly(1H,1H,2H,2H-perfluorodecyl acrylate) (pPFDA). It has a 

refractive index of ~1.37 at 633 nm. Substituting pPFHDA in the two-

layer ARC with pPFDA alone without adding layers is able to reduce 

the reflectance to 0.8% (shown in Figure 8). With a simple polymer 

two-layer ARC, about 80% of the reflection at the visible range can 

be eliminated and can be enhanced even further with more layers. 

Conclusions 

Compliant and elastic optical-quality polymer thin films were 

shown to enable multilayer antireflection coatings (ARCs) that 

can accommodate deformation strain in flexible optical 

elements. A two-layer polymeric ARC was deposited by iCVD for 

the first time. The solvent-free nature of iCVD is critical as it 

allows the fabrication of complex multilayer designs with high 

thickness precision while avoiding processing challenges and 

residual stresses associated with conventional solution 

processing. Moreover, the polymer ARC design did not require 

complex surface texturing or patterning. In contrast to 

conventional inorganic optical layer materials (MgF2, SiO2, and 

Al2O3), film fracture was not observed as the polymer ARC 

deformed up to an extreme equibiaxial strain of 1.64%. Through 

mechanical cycling of the optical element to this extreme over 

200 cycles, minute film fracture was observed, which originated 

at point defects in the underlying TPU substrate. But as the 

strain was released, the cracks underwent “crack closure” and 

became undetectable by optical interference profilometry. This 

contrasted with inorganic coatings, where large cracks 

remained after the relaxation of substrate deflection. Finally, 

simulations of relatively simple ARC designs with established 

iCVD polymer chemistries showed that broadband reflection of 

typical optical substrates (n633~1.51) can be reduced from 4% to 

<0.8% over the visible wavelength range. Through the 

development of polymer compositions with even greater index 

contrast and the optimization of multilayer designs, this 

reflection can be further reduced. With the ability to readily 

tune composition-structure-property relationships in polymers, 

iCVD-enabled multilayer ARCs are a compelling alternative to 

conventional optical coating designs for next-generation 

flexible optics and optoelectronics. 
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