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The interdiffusion of two materials used to fabricate polymeric gradient refractive index (GRIN) lenses
was examined by varying contact time during multilayer films co-extrusion composed of alternating
poly(methylmethacrylate) (PMMA) and poly(styrene-co-acrylonitrile) with 17 mol% acrylonitrile
(SAN17). The model applied successfully described their interdiffusion, and a reasonable mutual diffusion
coefficient of 7.0� 10�13 m2/s was determined. Atomic force microscopy confirmed good agreement
between modeled profiles and actual layer structure, and optical properties were investigated. Films with
contact times of �160 s exhibited multiple refractive indices, while films with longer contact times,
showed single refractive indices that followed an additive line. Though a single additive value requires
layers � a quarter-wavelength of light, these films exhibit such behavior with thicknesses 5� greater
than expected, though layer resolution is still present. Using the model profiles, it was determined that
only a 1% reduction in material purity is required to reduce the effective layer thickness.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric gradient refractive index (GRIN) materials have the
potential to vastly simplify the design of high-quality lens systems.
These types of lenses have reduced weight and volumes compared
to inorganic lenses, and possess enhanced focusing power and
superior aberration correction as compared to traditional mono-
lithic lenses with a single refractive index. GRIN lenses are
commonly found innature,with refractive indexdifferences ranging
fromas lowas 0.03, in the human eye, to 0.22, in afish eye. Biological
GRIN lenses consist of layered assemblies, and their index gradients
are obtained through systematic variation in the protein and water
concentration [1e8]. A bio-inspired class of synthetic lenses with
controlled GRIN distributions was developed previously by assem-
bling polymeric nanolayered films [9,10]. Transparent 4097-layer
films of polymethylmethacrylate (PMMA) and poly(styrene-co-
acrylonitrile) (SAN17), with individual layer thicknesses below the
quarter-wavelength (l/4) were coextruded at 2% composition steps.
Due to the miscibility of PMMA and SAN17 [11,12], mutual diffusion
at the layer interfaces occurs during the melt co-extrusion of these
films, the amount of interdiffusion dependent on the temperature
and the contact time between the two polymers.
: þ1 216 368 6329.
@gmail.com (C.-Y. Lai).
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During the construction of these GRIN lenses, multiple 4097-
layer films of different compositions are stacked and pressed
together above the glass transition temperature, during which
further interdiffusion between the films can take place. This can
affect the final refractive index distribution, and subsequent
performance of the lens. Therefore, the understanding of the
interdiffusion state of our starting lens materials, the coextruded
films, is of utmost importance.

The interdiffusion of PMMA and SAN copolymers has previously
been examined in simple bi-layer films using various techniques.
Ellipsometry has been used to measure the refractive index profile
through thin films of PMMA and SAN (5e40% AN content) annealed
at 130 �C. The interfacial thickness determined from the refractive
index profile was used to calculate a diffusion coefficient for each
polymer pair. Themutual diffusion coefficient of SAN25 (160,000 g/
mol) and PMMA (100,000e150,000 g/mol) was between 4�10�15

and 7�10�15 m2/s [13]. A different technique, rheometry, has also
been utilized to examine PMMA and SAN29 at 120 �C. The dynamic
shear viscosity and dynamic complex shear modulus were
measured over time, and the composition of the PMMAwithin the
stacked assemblies was determined. The mutual diffusion coeffi-
cient was found to be 3.7�10�16 m2/s [14].

Multilayer films have several advantages over other methods for
the study of diffusion between polymers. Larger contact areas and
a greater number of interfaces between the two materials amplify
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Table 1
Polymer material characteristics.

Material Grade Refractive
index
(633 nm)

Processing
temperature
(�C)

Poly(methylmethacrylate) Plexiglas V920 1.489 255
Poly(styrene-co-acrylonitrile) Lustran Sparkle 1.573 255

Table 2
Layered sample characteristics.

Number
of layers

Total pump
rate (rpm)

PMMA/SAN17 Composition (v/v) Contact
time (s)

17 30 90/10, 80/20.20/80, 10/90 105
33 30 50/50 120
65 30 50/50 140
129 10 90/10, 80/20.20/80, 10/90 475

30 90/10, 80/20.20/80, 10/90 160
257 30 90/10, 80/20.20/80, 10/90 175
513 30 50/50 195
1025 30 100/0, 90/10, 80/20.20/80,

10/90, 0/100
215

Melt blends 30 90/10, 80/20.20/80, 10/90 e
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the effect of mutual diffusion. In conjunction with the size scale of
these films (50 microns), the effect of interdiffusion can be detected
using more common bulk characterization techniques, such as
dynamic mechanical thermal analysis, differential scanning calo-
rimetry, and oxygen permeability. Prior interdiffusion studies in
multilayers have been carried out, using polymer pairs exhibiting
varying degrees of miscibility.

Multilayered films of miscible polycarbonate (PC) and poly-
ethylene terephthalate (PET), with hundreds to thousands of layers,
were annealed at various temperatures and times. The glass tran-
sitions of the two materials shifted closer together as contact time
increased, approaching a single median value when annealed
above 200 �C. A model based on Fick’s law of diffusion was
Fig. 1. Transmission of 50/50 PMMA/SAN17 films: a) Representative transmission spectra o
sentative spectra of 513L, 1025L, and blend films, d) Transmission at 633 nm as a function
developed to describe the mutual diffusion at the layer interface,
and this model was utilized to determine a reasonable mutual
diffusion coefficient that predicted the measured results [15].

Subsequent work examining the interdiffusion of HDPE and
LLDPE of high polydispersity using DSC melting peaks required
modification of the previous model to fit the experimental data
[16,17]. The broad molecular weight distribution caused a very
different rate of change in the composition profile, with shorter
chains diffusing at faster rates than longer chains. The diffusion
coefficient was found to be highly dependent on molecular weight
distribution, especially the high molecular weight tail, and less on
the dimensions of the phases.

More recently, the previous model for PC/PET was modified to
predict the permeability behavior, rather than thermal behavior, of
multilayered films composed of nylon and EVOH with differing
ethylene contents. The modified model was found to successfully
predict the permeability behavior, using reasonable mutual diffu-
sion coefficients consistent with their degree of miscibility [18].

In this work, we advance some results showing the effect of co-
extrusion contact time on the interdiffusion state, and the resulting
optical properties, of PMMA and SAN17 multilayer films used to
build GRIN lenses. The model relating permeability and the inter-
diffusion state within the layers is applied to predict permeability
of the multilayer films, and to determine the mutual diffusion
coefficient of PMMA and SAN17. Co-extrusion contact time was
varied by increasing the number of layers, as well as varying the
pump rates of both polymers.

2. Experimental

Polymethylmethacrylate (PMMA), Plexiglas V920, of Mw¼
85,000 g/mol [19], was obtained from Arkema. The poly(styrene-
co-acrylonitrile) with 17 mol% acrylonitrile (SAN17), Lustran
Sparkle, had a molecular weight of 159,000 g/mol [20]. It was ob-
tained from PolyOne Distribution. Table 1 summarizes the material
properties.
f 17L, 33L, and 65L films, b) Representative spectra of 129L and 257L films, c) Repre-
of layer thickness.



Fig. 2. Raw refractive index curves of 50/50 PMMA/SAN17 and control films.
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For this study, films with 17, 129, 257, and 1025 alternating
PMMA and SAN17 layers with 100/0, 90/10, 80/20, 70/30, 60/40,
50/50, 40/60, 30/70, 20/80, 10/90, and 0/100 (vol./vol.) composi-
tions were produced through a continuous co-extrusion process
using an ATBTA feedblock [21,22], where PMMA was extruded as
the A material, and SAN17 as the B, with no third tie (T) material.
The polymer melts were extruded through separate single screw
extruders, and combined in the ATBTA feedblock. The ABA trilayer
(with A layers half the thickness of B) was then sent through
a series of multiplication dies, which cut, spread, and stack the
melt, doubling the number of layers each time. PMMA was pro-
cessed at 250 �C and SAN17 was processed at 260 �C. The multi-
pliers were set at 255 �C. Low density polyethylene (LDPE) was
used as a protective skin layer, and was peeled off before all
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Fig. 3. Change in refractive index with composition at a)
testing. A total pump rate of 30 rpm was used to produce films of
all layer numbers. Additional 129-layer films were collected at
a slower total pump rate of 10 rpm. A single 50/50 composition of
33, 65, and 513 layers was extruded at 30 rpm to better visualize
trends in the data. Table 2 lists the films produced, and reports
their respective contact/diffusion times, t, calculated from the
following equation:

t ¼
 �

nVMultiplier þ VSurface þ VExit

�
cm3�

1:2cm3=rev
�ðrev=minÞ

!
*ð60 s=minÞ (1)

where n is the number of multipliers, V is the volume of each co-
extrusion system component, and rev is the pump rate. All over-
all film thicknesses were kept relatively constant, between 45 and
58 mm, with the target being 50 mm. This thickness variation arises
fromhuman error duringmanual film take-off. Filmswere stored at
room temperature, and LDPE skin layers were removed before all
testing.

Refractive index was measured in three different spots along the
films with a Metricon Model 2010, which utilizes a prism coupling
technique. A free-standing film was held to a prism of known
refractive index under pressure, through which a laser light is
shone. This setup is then rotated and the refractive index was
determined as the drop in reflected laser light intensity detected
due to the tunneling of laser light into the film at the critical angle.
This critical angle is used by the Metricon to calculate the refractive
index of the film, using Snell’s Law [23]

nprismsin qprism ¼ nfilmsin qfilm (2)

where n is the refractive index and q is the angle, where nprism,
qprism, and qfilm are known.

Transmission measurements of free-standing films (n¼ 3) were
collected on an Ocean Optics spectrometer, SD 2000 fiber optic
spectrometer and OOI Base 32 software. Transmission within the
visible range, at 633 nm to match the laser wavelength of the
Metricon prism coupler, was recorded.
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Oxygen flux, J(t), at 0% relative humidity, 1 atm, and 23 �C was
measured with a MOCON OX-TRAN 2/20. The coextruded films
were thick enough to obtain good non-steady state oxygen flux
curves, from which permeability P was determined according to
[24]

P ¼ Jl=p (3)

where p is oxygen pressure and l is the film thickness. Two films of
each sample were tested to obtain the average permeability.

Films were prepared for atomic force microscopy (AFM) by
embedding the films in a 5-min epoxy resin, and cured overnight.
Smooth cross-sections were obtained using a cryo-ultramicrotome
(MT6000-XL from RMC) at �40 �C, cutting perpendicular to the
plane of the filmwith a glass knife. AFM was then performed in the
tapping mode under ambient conditions, using a Nanoscope IIIa
MultiMode atomic force microscope from Veeco Instruments with
tips of 10 nm diameter. AFM phase images were analyzed using the
NanoScope software to obtain a profile showing relative modulus
differences across the image.
Fig. 5. Change in refractive index of PMMA/SAN17 50/50 composition films as
a function of nominal layer thickness. Shaded area indicates layer thicknesses below
the quarter-wavelength of visible light.
3. Results and discussion

3.1. Optical properties

The transparency and refractive index of these films can greatly
affect the performance of the GRIN lens. High transparency and
a single, compositionally dependent, refractive index are required
for nanolayered polymer films suitable for the construction of
optical quality GRIN lenses. The physical optics of multilayered
films of two or more polymers of differing refractive index is quite
well known. Wavelength-dependent optical reflections result from
the sum of constructive interference of partial reflections at the
layer interfaces as light penetrates these materials. The wavelength
of the first-order reflection at normal incidence is expressed as [25]

l ¼ 2ðnPMMAdPMMA þ nSAN17dSAN17Þ (4)

Films with layers larger than the wavelength of visible light
(>800 nm) will exhibit reflections well away from the visible,
and possess distinct separate refractive indices. Films with optical
layer thickness (product of refractive index and layer thickness)
of a wavelength to a quarter-wavelength thickness (100e800 nm),
l/4, will reflect in the near-infrared to visible, respectively, with
maximum enhancement of reflectance at l/4 thickness [26]. When
layers are below the l/4 thickness, the layers are too thin to give rise
to constructive interference, and result in transparent films of
a single refractive index.
Fig. 1(aec) displays representative transmission spectra for 50/
50 composition films of different layer numbers. As expected,
almost all visible and near-infrared light is transmitted by the thick
3125 nm layers, as these films reflect in the far infrared. As the layer
thickness decreased to 1563 and 782 nm, transmission begins to
dip in the near-infrared due to higher order reflections. The inter-
mediate layer numbers, with layer thicknesses of 195 and 395 nm,
exhibited low intensity first-order reflections in the near-infrared,
with several higher order reflections in the visible. The films with
thinnest layer thicknesses of 98 and 49 nm also transmit almost all
visible and near-infrared light, with spectra very similar to the
blend film. As a result, the transmission values in the visible range
of the 129- and 257-layer films are slightly lower than those of the
17, 33, 65, and 513, and 1025 layers, Fig. 1d. Even so, transmission
remained greater than 85% throughout all compositions, regardless
of layer number or pump rate (Figure S.1).

Fig. 2 shows the raw refractive index curves of 50/50 PMMA/
SAN17 and control films obtained from a prism coupling technique.
Thick 17-layer films exhibited multiple knees and two distinct
mode patterns, indicated by arrows. This meant that these layers
are still thick enough to exhibit multiple refractive indices. As the
number of layers increases, the modes become more mixed, with
no distinct patterns, and approach the median refractive index
between PMMA and SAN17 controls. For simplicity, the first knee,
the highest refractive index within the film, was plotted against
composition at each number of layers in Fig. 3(aed).

Films with 17 layers greatly deviated from the desired additive
refractive index, favoring the higher composition material. As
contact time increases in 129- and 257-layer films, from 105 to 155



Fig. 6. 50/50 PMMA/SAN17 atomic force microscopy images: a) 17L, b) 129L, c) 257L, d) 1025L, e) melt blend.
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and 175 s, respectively, the refractive index approaches that of an
additive index, but still does not agree at all compositions. The
contact time at these layer numbers is still not long enough for the
mutual diffusion of the polymers to reach equilibrium, and sections
of purepolymermaystill bepresent. Thiswasmoreprominent in the
middle composition region, since the thinner lowcomposition layers
of offset compositions will fully become mixtures at lower contact
times than those with more equal layer thicknesses. At 1025 layers,
with 215 s of contact time, an additive refractive index is finally
achieved at all compositions, behaving much like the melt blends.

Contact time between PMMA and SAN17 was also varied
through changes of the pump rate during the co-extrusion process.
It can be seen in Fig. 4(aec) that the refractive index at each
composition of these films approaches that of the additive value
with decreasing pump rate. Though the nominal layer thickness is
much greater than the quarter-wavelength value, l/4, interdiffusion
has reduced the effective layer thickness to below the quarter-
wavelength value, and can exhibit a single refractive index.

This reduction of the effective layer thickness through interdif-
fusion to give l/4 behavior of the refractive index is illustrated in
Fig. 5. The change in refractive index of PMMA/SAN17 50/50
composition films as a function of nominal layer thickness is shown
to converge nonlinearly from two separate refractive indices to
a single refractive index as the layer thickness decreases. The



Fig. 7. 50/50 129L PMMA/SAN17 atomic force microscopy images: a) 30 rpm, b) 10 rpm.
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shaded area indicates the calculated layer thicknesses below the
quarter-wavelength thickness of visible light for a 50/50 composi-
tion, using equation (4).

Due to interdiffusion at the interfaces, the refractive indices of
50/50 composition films produced at 30 rpm, with layer thick-
nesses of 190 nm, are equal to the additive value of layers below the
quarter-wavelength. As the pump rate is reduced, increasing
contact time from 160 to 475 s, even films with nominal 375 nm
layer thickness exhibit below quarter-wavelength behavior. To
visualize the effect of interdiffusion on the layered structure, atomic
force microscopy (AFM) was performed on cross-sections of the
films.
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Fig. 8. Oxygen permeability of PMMA/SAN17 films with different layer numbers as
a function of PMMA composition.
3.2. Atomic force microscopy

Atomic force microscopy images supporting the effect of
interdiffusion on the layer structure of 50/50 films is shown in
Fig. 6(aee). PMMA is the dark phase and possesses a lower
tensile modulus of w3.1 GPa, and the light phase is SAN17, with
a higher tensile modulus of w3.2 GPa [27,28]. As expected at 17
layers, the interface between PMMA and SAN17 is sharp and
distinct, with little mutual diffusion having occurred. As the layer
number increases to 129, and then 257, layers can still be
distinguished. However, the interface becomes progressively
unclear, and the contrast between the light and dark phases
decreases. At 1025 layers, layers are no longer seen, but rather
a homogenous blend of the two polymers, which looks very
similar to the melt blend. Films with 513 layers also exhibited the
appearance of a blend (Figure S.2a). The 129-layer films produced
at reduced pump rates exhibited the same trend as those
produced with varying layer numbers, Fig. 7(a and b). With
increasing contact time, the layer interfaces were seen to become
more and more diffuse, while the contrast between light and
dark phases decreased.

In order to better understand why the refractive index changes
in such a way with increasing contact time, the amount of
interdiffusion between the layers must be determined more
quantitatively. This was done using oxygen permeability to probe
for the interdiffusion between PMMA and SAN17, as PMMA and
SAN17 possess dissimilar oxygen permeability values. A model
previously developed [18] to relate the permeability of layered
nylon and EVOH films and the amount of diffusion at the inter-
faces was applied to the current system. Composition profiles
from the model were then used to give insight into the layer
structure.
3.3. Oxygen permeability

Fig. 8 presents the effect of layer number (30 rpm) on oxygen
permeability data of the coextruded PMMA/SAN17 films, plotted
against a series model and a miscible blend model. SAN17 control
films possess a P(O2) of 0.90 barrer, and PMMA control films have
a P(O2) of 0.07 barrer. These values are reasonable according to
literature values for PMMA and SAN polymers [12]. If the layers are
discrete, the permeability of the films can be predicted by a series
model, described by the following [29]:

Pfilm ¼
�
fPMMA
PPMMA

þ fSAN17
PSAN17

��1

(5)

P is oxygen permeability and f is the volume composition. If the
layers have fully diffused into one another, the permeability of the
films can be predicted by a miscible blend model, expressed as [29]

ln Pfilm ¼ fPMMA ln PPMMA þ fSAN17 ln PSAN17 (6)

At 17 layers, oxygen permeability follows that of a series model,
possibly indicating that there is either little interdiffusion between
the 2 materials, or the amount of interphase is so small in relation
to the layer thickness that it cannot be detected. At the highest
number of layers, 1025 layers, the layers are completely diffused
together, and the permeability of these films follows the miscible
blend model. Films with an intermediate number of layers, 129 and
257, fall between the two models, indicating an intermediate state
of interdiffusion between the two polymers.
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With low contact time during extrusion, the layers remain
discrete. As the contact time during extrusion increases, the inter-
diffusion between the two miscible polymers [13,14] PMMA and
SAN17, increases. Eventually, the two polymers become fully
diffused into one another, like a blend. A model based on the
contact time during the multilayer process and the oxygen
permeability can be used to predict the observed permeability
trend, and to determine the mutual diffusion coefficient of these
two polymers.
WSAN17ðx; tÞ ¼ LSAN17
LPMMA þ LSAN17

þ
XN
m¼1

2
mp

sin
�

pmLSAN17
LPMMA þ LSAN17

	
cos
�

2pmx
LPMMA þ LSAN17

	
exp

 
�4p2m2Dt

ðLPMMA þ LSAN17Þ2

!
(7)
3.4. Modeling the oxygen permeability of the PMMA/SAN17 layered
films

A model developed to successfully describe the interdiffusion of
nylon and poly(ethylene-co-vinyl alcohol) multilayer film was
applied to the present system [18]. To analyze the interdiffusion
process, an interdiffusion element was defined as one-half of
a PMMA layer together with one-half of the adjacent SAN17 layer
and the interface. Only one-half of each layer was required due to
the symmetry of the multilayered structure. Uniformity of the
layers ensured that the interdiffusion element was representative
Fig. 10. Permeability composition profile of nominal 50/50 composition PMMA/SAN17
films with different contact times.
of the entire multilayered structure, and the large number of layers
allowed end effects to be neglected. The mutual diffusion coeffi-
cient, D, was assumed to be constant and independent of compo-
sition, and the position of the interface between the diffusing
species was assumed to be fixed.

The composition of the layers as a result of interdiffusion can be
obtained from Fick’s equation for a non-steady state diffusion,
accounting for the initial condition of a sharp interface with
complete separation of the components, and zero composition
gradients at both the boundaries of the interdiffusion element [15]
W(x,t) is the weight percent composition at position x and diffusion
time t, L is the layer thickness.

Fig. 9 shows a weight composition profile of films with nominal
50/50 composition films with varying contact times due to multi-
plier number. As diffusion will take place within the multiplier dies
during the co-extrusion process, layer thicknesses for the model
were calculated based on the multiplier dimensions, and not on the
final film thickness. Diffusion time, t, was calculated from equation
(1), using the number of multipliers, n, the volume of each co-
extrusion system component, V, and the pump rate e an arbitrary
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Fig. 13. 50/50 PMMA/SAN17 AFM phase profiles compared to calculated composition profiles, D¼ 7.0�10�13 m2/s: a) 17L, b) 129L, c) 257L, d) 1025L, e) melt blend.
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value at this point. An accuracy of 0.001% was achieved with
m¼ 15.

With increasing contact time, the twomaterials diffuse together
at the interface, creating a gradient in the actual composition of the
layers. As expected, the composition profile shows the layers
progress from almost discrete layers at 17 layers, to a smooth
gradient at intermediate layer numbers, and a homogeneous 50/50
blend at 1025 layers. This weight composition profile was then
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converted to a permeability profile, using the permeability equa-
tion for miscible blends

lnPðx;tÞ ¼ fPMMAðx; tÞlnPPMMAþð1�fPMMAðx; tÞÞlnPSAN17 (8)

where fPMMA is the volume fraction of PMMA and PPMMA and PSAN17
is the permeability of pure PMMA and SAN17, respectively. Fig. 10
shows permeability profiles that were calculated from the corre-
sponding composition profiles in Fig. 9.

Subsequently, the permeability profile was sliced into q equal
parts, and the total permeability of the interdiffusion element was
calculated from the series model,

1
Pcalculated

¼
Xq
1

1=q
Pðx; tÞ (9)

An error less than 2% was achieved with q¼ 41. D was varied to
match the calculated permeability of the interdiffusion element
and the measured film permeability. Given that the measured and
calculated permeability from the interdiffusion model for PMMA/
SAN17 match well, an accurate determination of the mutual
diffusion coefficient, D, can be determined. The best fit data was
determined such that the deviation in the model permeability
calculation was within the experimental error of the measure-
ment in intermediate layer numbers, 129 and 257. Comparison of
the measured film permeability with the calculated permeability
obtained using the best fit of D for all the number of layers is
shown in Fig. 11. The best fit D found was 7.0�10�13 m2/s, and
this value was applied to the 129-layer films produced at lower
pump rates.

When contact time was increased through pump rate variation,
the permeability increases with decreasing pump rate, which
increases the contact time, Fig. 12 displays the oxygen permeability
of 129L PMMA/SAN17 films produced at different pump rates as
a function of PMMA composition. The permeability is not as high
using this method as films with varying layer number at similar
contact times, however. This is because increasing the number of
Fig. 14. 50/50 129L PMMA/SAN17 AFM phase profiles compared to calcula
layers also increases the number of interfaces where mutual
diffusion can occur. The model was again applied, using the
previous D value, 7.0�10�13 m2/s, for various layer number films
produced at 30 rpm. The model, shown as dotted lines, is also
compared to the measured O2 permeability as a function of PMMA
composition in Fig. 12, with very good agreement.

The magnitude of D is reasonable when compared to values of
the mutual diffusion coefficient reported for similar miscible
polymer pairs. For example, D for PMMA and SAN29 at 120 �C is on
the order of 10�16 m2/s [14]. Polymer molecular weights can affect
the mutual diffusion coefficient between two materials; interdif-
fusion increasing with lower molecular weight. In this model,
molecular weight was not considered. However, effects of molec-
ular weight on the interdiffusion can be detected through the
measured film permeability.
3.5. Relating atomic force microscopy to the model

Fig. 13 shows the calculated composition profiles, using D of
7.0�10�13 m2/s, compared to the AFM phase profiles that repre-
sent the difference in moduli across the layers. As PMMA has
a lower modulus than SAN17, the phase profile minima represent
PMMA-rich material, and maxima represent SAN17-rich material.
The composition profiles were very similar in shape to the AFM
profiles scanned from AFM images collected. The number of
maxima andminimamay differ in some samples due to the angle of
the AFM images. At 17 layers, the profile shows a very sharp tran-
sition between the PMMA and the SAN layers, with plateaus at the
minima and maxima equal to each layer thickness. As the number
of layers increases to 129 and 257, the transition slope becomes less
steep, and the amplitudes decrease. At these layer numbers, there
are no plateaus in modulus like before. The layers are thinner in
these films, and more mutual diffusion has occurred to create
a gradient within the layers. Finally, with 1025 layers, all that is
detected is noise, very similar to the profile of the melt blend. A
ted composition profiles, D¼ 7.0� 10�13 m2/s: a) 30 rpm, b) 10 rpm.



Fig. 15. Composition profiles of 50/50 PMMA/SAN17 (30 rpm) film outer 3 layers used to measure refractive index: a) 17L, b) 129L, c) 257L, d) 1025L. Shaded areas are 65 nm wide,
equal to the maximum layer thickness below the quarter-wavelength of a 50/50 composition film.
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comparison for the 50/50 513L film is shown in Figure S.2(b-c).
Though the AFM phase image appears to be a homogeneous blend,
and the signal is noisy, themodulus profile shows that there are still
larger amplitude differences than the 1025L films, which was
expected.

Variable pump rate 50/50 129L film AFM phase profiles
are compared to their calculated composition profiles in Fig. 14(a
and b), showing the same trend. The AFM phase profiles showed
a gradual change from higher amplitude differences to smaller
amplitudes as contact time increased, and the transition between
minima and maxima became less and less steep, which
match well with the calculated composition profiles. These
composition profiles were then used to better understand
why layers thicker than the l/4 thickness are behaving as layers
with thicknesses below the l/4, with a single additive refractive
index.
Fig. 16. Composition profiles of 129L 50/50 PMMA/SAN17 outer 3
3.6. Relating structure to optical properties

As the refractive index is measured using only the outer 3 layers
of each film (the outermost being only half that of the others), the
outer three layers of the 50/50 calculated composition profiles were
then plotted against bars thewidth of themaximum layer thickness
to exhibit a single additive refractive index, Figs. 15 and 16. For
50/50, the maximum layer thickness is 65 nm to give transparent,
additive refractive index films. The shaded areas of 65 nm are
shown in each composition profile. Layers with less than 65 nm
thick sections of greater than or equal to 99% pure PMMA or SAN17,
such as those of 17 and 129 layers produced at 30 rpm, resulted in
refractive indices that deviate from the additive value. Layers with
less than 65 nm thick sections of greater than or equal to 99% pure
PMMA or SAN17, however, result in refractive indices that followed
the additive line. These films were the ones with 257 or greater
layers used to measure refractive index: a) 30 rpm, b) 10 rpm.
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number of layers, and those with 129 layers produced at lower
pump rates.

4. Conclusions

The interdiffusion of two materials used to fabricate polymeric
GRIN lenses was followed by studying multilayer films of coex-
truded alternating PMMA and SAN17, with increasing number of
layers and decreasing pump rate. The model applied successfully
described the interdiffusion of PMMA and SAN17 produced with
these various contact times, and a reasonable mutual diffusion
coefficient was determined. AFM confirmed the modeled profiles
were in good agreementwith actual composition at each number of
layers, and optical properties were investigated. Though the optical
clarity of these filmswas not affected by the interdiffusion state due
to the miscibility of PMMA and SAN17, the refractive index was
greatly influenced. Multiple refractive indices were detected by the
prism coupler in films of 17 and 129 layers. 257L, 1025L, and melt
blends showed single refractive indices that followed the additive
line. Comparison of 50/50 composition films at all layer numbers
and pump rates showed that though the maximum layer thickness
to produce a single additive refractive index is 65 nm for PMMA and
SAN17, nominal layers of 190 nm at 30 rpm pump rate and nominal
layers of 375 nm at 20 and 10 rpm rates show an additive refractive
index. These samples display such behavior because they have
�65 nm thick sections of �99% pure material. Interdiffusion
essentially decreases the effective layer thickness, and allows for
optical behavior equal to layer thicknesses below the quarter-
wavelength, although layers are much thicker nominally.

The finding that it only requires a reduction of a material to 99%
purity within the calculated maximum quarter-wavelength value
to achieve single additive refractive indices within polymer layers is
very useful for optics. This effect of interdiffusion can help to
optimize the fabrication process of polymeric gradient refractive
index lenses. It can also be exploited in future designs of gradient
refractive index optics to create novel structures and distributions.

The determined mutual diffusion coefficient of these polymers
at temperatures during the lens-making process may be extrapo-
lated from D at the co-extrusion temperature. This will allow for
future studies of the interdiffusion at the interfaces between
sections of differing compositions in the lens, and give a better
understanding of its effect on the resulting lens refractive index
distribution and lens performance.
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