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Nanophase-Separated Polymer 
Films as High-Performance 

Antiref lection Coatings 
Stefan Walheim, Erik Schaffer, giirgen Mlynek, ULlrich Steiner* 

Optical surfaces coated with a thin layer to improve light transmission are 
ubiquitous in everyday optical applications as well as in industrial and scientific 
instruments. Discovered first in 1817 by Fraunhofer, the coating of lenses 
became standard practice in the 1930s. In spite of intensive research, broad- 
band antireflection coatings are still Limited by the lack of materials with Low 
refractive indices. A method based on the phase separation of a macromolecular 
liquid to generate nanoporous polymer films is demonstrated that creates 
surfaces with high optical transmission. 

Light reflection off glass surfaces is undesir- 
able, disturbing, and limits the performance of 
devices for which maximum light bansmission 
is required (such as solar cells). Anti- 
reflection (AR) coatings reduce the intensity of 
reflection and increase the quality of optical 
lens systems. The basic principle of optical 
coatings can easily be understood as follo~vs 
(I). The reflected light from the air-film and 
film-substrate interfaces must interfere destruc- 
tively to maximize the light transmission into 
the transparent substrate (Fig. 1X). Two condi- 
tions must be met: (i) The light amplitudes 
reflected at both interfaces must be equal; that 

7 

is, 11,,/n, = M , ' / F I ~  or itf  = \/nuns, with no, 1 1 ~  and 
iz, being the refractive indices of air, film. and 

substrate respectively; and (ii) the optical path 
length must be chosen for the reflected wave to 
interfere destructively: that is, the film thichless 
must be lM of a reference wavelength in the 
optical medium. Although condition (ii) can be 
easily met, condition (i) poses a problem: Re- 
fractive indices for glass and traiislsparent plastic 
substrates are = 1.5, therefore requiring that r l ,  

= 1.22. Because the lowest refractive indices 
for dielectrics are on the order of 1.35, single- 
layer .4R coatings cannot attain this value. For 
broad-band AR coatings, a sequence of layers is 
needed that have refractive indices varying 
stepwise from nu to n,. In this case, 1 1 ~  < 1.22 is 
desirable. 

Instead of a homoge~ieous layer, a nano- 
porous filnl can be used. If the pore size is 

Fakultat Physik, Universitat Konstanz, D-78457 
much smaller than the visible wavelengths, 

Konstanz, German". w.uni-konstanz.de/FuF/Phvsikl the effective of the nanoporous mediuln is 
MLynek/Steiner/ given by an average over the film. The chal- 
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ces needed for a broad-band AR coating. The 
idea to use nanoporous films as AR coatings 
is not new. Indeed, the etching procedure 
described by Fraunhofer in 1819 to tarnish 
glass is based on this principle (1 ,  2). More 
modem approaches include sol-gel derived 
coatings (3) and patterned surfaces with sub- 
micrometer gratings (4, 5). High-perfor- 
mance coatings, tailored to the varying re- 
quirements of different applications, require 
films whose thickness and refractive indices 
can be fine-tuned with great precision. In 
particular, AR layers with extremely low re- 
fractive indices (n, 5 1.1) are needed for 
high-performance multilayer AR coatings. 

We present here a general procedure for 
creating nanoporous polymer films for use as 
AR coatings. Our technique is based on the 
demixing of a binary polymer blend during spin 
coating (6, 7) (Fig. 1B). As prepared, the poly- 
mer film typically exhibits a lateral phase mor- 
phology that strongly depends on a number of 
preparation parameters (6). The thin films on 
transparent substrates appear featureless and 
transparent. Because most polymers have sim- 
ilar refractive indices to glass (n 1.5), there is 
no visible difference in the reflected light be- 
tween coated and uncoated surfaces. To create a 
porous film, one of the two polymers is re- 
moved by exposing the film to a selective sol- 
vent that dissolves one of the two components 
(Fig. lC), which changes the optical appear- 
ance of the film. Two cases can be distin- 
guished: (i) For pore sizes comparable to or 
greater than the wavelength of light, the film 
appears opaque because the light scatters off the 
porous structure; and (ii) if all length scales of 
the lateral phase morphology lie much below 
all optical wavelengths, the nanoporous film 
remains transparent. A remarkable difference is 
detected when the reflection of a film-covered 
surface is examined: The nanoporous layer re- 
duces the intensity of reflected light (8). 

We demonstrated the general applicability 
of this procedure using standard polymers and 
solvents (9). Polystyrene (PS) and polymethyl- 
methacylate (PMMA) were dissolved in tetra- 
hydrofuran (THF) and spin-cast onto both sides 
of a microscope slide (10). Atter exposing the 

glass slide to cyclohexane, which selectively 
dissolves PS, we obtained porous films. Apart 
from a visual examination of the slide, which 
gives a good estimate of its optical quality, 
atomic force microscopy (AFM), ellipsometry, 
and transmission measurements (11) were used 
to characterize the film quantitatively. 

In Fig. 2, typical AFM images of porous 
films are shown (12). For the opaque film in 
Fig. 2A, the micrometer-sized pores can be 
readily imaged. The AFM investigation of a 
nanoporous film in Fig. 2B verifies the ab- 
sence of lateral structures larger than 100 nm 
and reveals a rough surface rather than indi- 
vidual pores. Because AFM images are al- 
ways a convolution of the surface topography 
with the tip shape, the radius of curvature of 
the tip (20 nm) limits the resolution, which is 
most visibly seen in Fig. 2B. 

The optical transmission spectra of a glass 
slide covered on both sides with a 106-nm-thick 
nanoporous PMMA film (Fig. 3A, circles) is 
well approximated by a refractive index of 
1.255 (Fig. 3A, line). For comparison, an un- 
coated glass slide (Fig. 3A, squares) and a 
conventional AR coating, consisting of 99-nm- 
thick magnesium fluoride (MgFJ layers (n, = 

1.38 l), are shown. The polymer AR coating 
increases the optical transmission through the 
glass slide (averaged from 400 to 680 nm) from 
91 to 99.3%, as compared to the industrial 
standard, MgF,, with an increase to only 97%. 

Fig. 2. Atomic force 
microscope images of 
two porous PMMA films 
=I10 nm thick. After 
spin-casting of a PS- 
PMMA-THF mixture on- 
to silicon oxide surfac- 
es, the PS phase was 
removed by washing 
the sample in cyclo- 
hexane (72). (A) Films 
prepared from higher 
M, PS and PMMA 
show average struc- 

In particular, for one reference wavelength k- 
= 534 nm, a transmission near 100?40 
(>99.95%) is achieved. 

A major advantage of our approach is its 
versatility. For AR coatings, the ability to fine- 
tune n, and layer thickness are of high priority. 
In the case of nanoporous polymer films, both 
can easily be achieved. Because the wavelength 
maximum of the transmission spectrum (X-) 
scales linearly with the layer thickness P (A,, 
= 4 4 ,  a simple variation of the layer thickness 
(by varying the spin-coating speed) adjusts the 
location of A,, (Fig. 3B). More important, how- 
ever, is the he-tuning of n, Because the effec- 
tive refractive index is a function of the pore 
volume ratio in the film, a variation of the vol- 
ume fraction of PS in the film varies the refrac- 
tive index of the nanoporous film (Fig. 4, open 
squares). The empirical dependence of the re- 
fractive index on the polymer mixing ratio allows 
a precise adjustment of the refractive index. 

Multilayers further reduce the reflected light 
but require layers of refractive index below 1.2. 
To create layers of extremely high porosity, 
more polymer must be removed from the film. 
To achieve this, some of the PMMA in the 
solution is replaced by PMMA of a lower mo- 
lecular weight (M,,,) (13). As before, the coated 
surface is washed in cyclohexane to remove the 
PS phase, which produces a film with n, = 1.2. 
The nanoporous film is then exposed to ethanol, 
which does not dissolve high-Mw PMMA but 

ture sizes 07-1 p,m. 
(8) If low M PS and PMMA are used, the lateral structure size is reduced to -100 nm. Although 
the film in r ~ )  appears opaque, the nanoporous film in (B) is transparent with a low effective 
refractive index. 

Fig. 1. (A) Reflection of light from both A 
Destructwe 

" 
5+** interfaces of an AR layer. For a given 

wavelength and incidence angle, light 1 * - - transmission is maximized when the 
two reflected beams interfere destruc- ,, 
tively. (8) Preparation of a binary poly- *."" - 
mer film. Initially, both polymers (black nr 1 

and gray) and the solvent form one 
phase. During spin-coating, phase sepa- "S 

ration sets in, and after evaporation of I I 

the solvent a lateral phase morphology S e e <  
is obtained. (C) The film is exposed to a 
solvent that is selective for one of the 
polymers, producing a porous film. 

. - f-r-r4A V 
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Fig. 3. Light transmission versus wavelength o f  
microscope glass slides that  were covered o n  
both sides w i t h  AR layers. (A) The nanoporous 
coating f rom Fig. 2B (circles) exhibits a light 
transmission of  >99.95% at  X = 534 nm. The 
solid line is a calculated curve for an AR layer 
w i t h  n, = 1.255 and thickness i = 106 nm. In 
comparison, a 99-nm-thick MgF, coating w i t h  
n, = 1.381 (triangles) and an uncoated glass 
slide (squares) are shown. A broad-band AR 
coating is obtained when the MgF, layers are 
coated w i t h  a nanoporous polymer f i lm w i t h  n, 
= 1.14 and ( = 115 n m  (diamonds) (14). The 
slide w i t h  this double-layer coating exhibits a 
transmission of  >99.7% averaged over the vis- 
ible wavelengths (vertical lines). (B) Slides were 
covered on both sides w i t h  nanoporous PMMA 
films (n, = 1.285) o f  varying thickness as fol- 
lows: 8 0  n m  (circles), 110 n m  (triangles), 150 
n m  (squares), and 195 n m  (diamonds). For the 
thickest f i lm (diamonds), a second-order max- 
i m u m  appears tha t  is due t o  the destructive 
interference of  the t w o  reflected beams phase- 
shifted by  3Xl2. 

does dissol\ e low-M,, PnlkIX to some exteat. 
The solid circles ia Fig. 4 shorn the refractive 
index of the AR layer as a function of the 
lon-ll,l PLIkIX ~ o l u a l e  fraction (PkILI-A,) 
con.espondiag to a reductioll of 11, from 1.2 to 
1.05. 

These results allon one to proceed tonard 
multilayer systems Ir it11 enhanced tsansmission 
over the entire \-isible spectmm. Cnfo~-tuaately. 
the Ion-refracti\,e-index filllls in Fig. 4 are too 
thin to be suitable as AR coatiilgs. An increase 
in fill11 thicklless leads to larger PS-PLfhlX 
dolllaill sizes ( 6 )  and therefore to more scat- 
tered light. This effect can be suppressed by 
adding sillall amounts of amphiphilic molecules 
(PS-Ph14L4 diblock copolymer) to the solutioll 
(14). A nanoporous fill11 ~vith 11, = 1.14 \\as 
prq~ared fro111 a PS-P1lhlA-diblock mixtme on 
both sides of a glass slide. Before the polynler 
deposition. the glass slide was co\ ered 011 both 
sides nith a 99-lm-thick PllgF, layer. After 
exposure of the sample to cyclohexane. a \-isual 
iaspection of this bilayer system shoned prac- 

Volume fraction BS (%) 
0 50 100 

0 10 20 
Volume fraction PMMA2 (%) 

Fig. 4. Variation o f  the refractive index as a 
function of  polymer composition. The open 
squares correspond t o  PS-PMMA mixtures w i t h  
PS volume fractions varying f rom 0 t o  70%. The 
f i lm thickness was -150 nm. After removal o f  
the PS (by washing for 30  s i n  cyclohexane), 
refractive indices down t o  n, = 1.2 were ob- 
tained. To further lower the refractive index, 
ternary mixtures of  PS, PMMA,, and PMMA, 
were used (13). The removal o f  PS and PMMA, 
leads t o  a further reduction o f  the refractive 
index but  also reduces the f i lm thickness t o  
-70 nm. Refractive indices as low as n, = 1.05 
were obtained (solid circles). 

tically 110 disceluible reflection of light. The 
tsansinissioa spectmm ia Fig, 3X (dianloads) 
s11on.s a broad-band XR coating of outstaading 
q u a l i ~ ,  1xitl1 a tsaasmission of 99.7';) averaged 
o\er the entire \isible spectrum. This result 
suggests a strategy in which a double layer 
could be entirely made of polymers: A homo- 
geneous polymer film n it11 11,. = 1.36 (that is, an 
a~norphous fl~~oropolymer) is first deposited 011 
the substsate and is then co\,ered by a aanopo- 
rous polymer layer. Because fluoropolymers 
are not soluble in the sol\ ents \ve used. the AR 
coating call be prepared in a repeated spia- 
coating process. 

O L I ~  n.ork nlaltes use of a simple but funda- 
~llelltal psinciple-the demixiag of mutually ia- 
co~llpatible macromolecular liquids and the 
subsequent remo\-a1 of one or more phases 15-it11 
selective sol\-eilts. For Irery short demixing 
times. the polymer doluaill sizes are smaller 
thaa the \va\-elength of light. and the porous 
films are effective AR coatiags. The impro\-e- 
ment in the light traasmission of a few percent 
per air-glass interface may seem small, but its 
curnulati\ e effect in a lens system \x it11 more 
thaa 20 glass surfaces is coasiderable. Xlthough 
the general strategy of using porous films as AR 
coatings is well established. optimized &lo- and 
three-layer coatii1,os (17 - 1.12 for t\vo layess 
and 11 -= 1.06 for three layers) are lion possible 
as very low refractive indices have been 
achie~ ed. Polymer-based XR layers call easily 
be fine-tuned to produce a vc-ide range of refrac- 
tile indices. Their manufacture is iaexpcnsive. 
reproducible. and tales just a felt illillutes 1% ith- 
out the need for specialized equipment. By 
using appropriate colllbillatiolls of polymers 
and so11 eats. it   ill be possible to create mul- 
tilayers co~lsisti~lg entirely of pol! mers in se- 

peated spin-coating ruas. 
Although the AR coatings lnade from 

~llodel polymzrs ( P M l I A )  arz not wzar-resis- 
taat, this is not a illajor li~nitation of our 
approach becausz the ~~nder ly ing principle 
n-arks for a largz auinber of polymzrs. and 
lnaterials wit11 i~nprovzd lllecllallical charac- 
teristics can be chose11 (such as fluoropoly- 
mess). Atemati\-ely. the application of our 
approach to organic-illorganic hybrid materi- 
als allons one to replicate the nanoporous 
polymer filllls ( 1 5 )  into mineralized XR coat- 
ings \x it11 extremely low refractive indices. 
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