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ABSTRACT: Thin film polymer multilayers were prepared by spin
coating alternating layers of polystyrene and polyvinylpyrroli-
done. Samples with 10, 20, 30, 40, and 50 layers were prepared
with individual layer thickness values in the range 223-508 nm.
These samples were measured using a Fourier transform infrared
spectrometer and were found to display narrow photonic band
gaps (~0.04 to 0.06 um wide) in their spectral response over the
wavelength range 1.6 — 2.6 um. The position of the photonic band
gaps was controlled by varying the thickness of the individual lay-
ers within the multilayer structures. This was achieved by varying
the spin speed used during the deposition of the polymer layers.
The peak reflectance of the multilayers was controlled by vary-
ing the number of layers within the multilayer samples giving
values in the range 20-80% (corresponding to transmittances of

INTRODUCTION Dielectric mirrors have found numerous
applications in the manufacture of optical filters,! resonant
cavity LEDs,? solar cells,® and lasers.*® These structures are
manufactured by building up alternating layers of materials
with different refractive indices to form a stratified multi-
layer structure.!”'® The difference in refractive index at the
boundary between successive layers causes a small amount
of light to be reflected at each interface. If many such layers
are stacked in series, the result is an increase in the amount
light that is reflected from the structure. Interesting optical
effects arise when the spatial variations in refractive index
occur on length scales that are comparable to the wavelength
of the incident radiation.!® Under these circumstances, such
samples are observed to reflect light over a narrow range of
wavelengths that are associated with the production of stand-
ing wave states inside the multilayer structure. This region of
enhanced reflection corresponds to the opening of a photonic
band gap within the optical response of the structure and the
position of this band gap is simply controlled by varying the
spatial period associated with the refractive index changes in
the structure (i.e., the thickness of the individual layers).

The position/wavelength (4,) and width (A4) of the domi-
nant reflection peak are determined by the individual layer
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80-20%). Calculated transmittance spectra were also obtained
using an optical transfer matrix method. These calculated spec-
tra were shown to be in good agreement with the experimental
data obtained. These experiments demonstrate a facile approach
to the production of low cost dielectric mirrors that have tai-
lored photonic properties over a range of wavelengths that are
currently important for applications in fibre optic based telecom-
munications. © 2011 Wiley Periodicals, Inc. J Polym Sci Part B:
Polym Phys 49: 732-739, 2011
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thickness values (d; and d,) and the layer refractive indices
(n1 and ny) to givel?

Lo = 2(n1d1 + nzdy) (1)
and
41 —
AL = — arcsin (u) (2)
T np + nq

Fabrication of dielectric mirrors is usually performed by
using expensive ultra high vacuum (UHV) based techniques to
deposit inorganic materials.!* The reason for using inorganics
is that it is possible to increase the optical contrast (differ-
ence in refractive index) between the layers to maximize the
amount of reflection at each interface and hence reduce the
total number of layers that are required to give the desired
peak reflectance values.!”” However, the UHV techniques that
are employed to build these structures are often expensive
and the precursor materials can be toxic. Another feature of
inorganic dielectric mirrors is that the photonic bands that
are produced can often be broad (~ a few hundred nanome-
tres). However we note that some commercially available
inorganic optical coatings are available which have narrow
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high quality reflectance/photonic bands. While having broad
photonic bands is an advantage for the production of broad
band reflector based applications, it is a serious disadvantage
for applications where narrow reflectance bands are desirable
such as dichroic mirrors and acousto-optic modulators.

Polymeric materials provide a method of producing struc-
tures which display narrow reflectance bands (photonic band
gaps).!2 This is because the range of refractive indices for poly-
mers is small (typically 1.3-1.6 in the IR-visible range),’* and
hence the amount of optical contrast that exists between trans-
parent polymeric materials is small in comparison to those
found in inorganic multilayer systems. The main disadvan-
tage associated with these small contrast differences is that
many more layers are required in the structure to give the
required peak reflectance values. However, this problem is
offset by the fact that polymers are relatively cheap and can
be processed into multilayer structures using solvent based®°®
or melt processing based approaches’ that do not require
carefully controlled environmental conditions such as UHV.

A number of attempts have been made to manufacture both
polymer/inorganic® and all-polymer’-%1* multilayers for use
as dielectric mirrors. A few researchers have studied mul-
tilayers that reflect infrared radiation,’>'® but much of this
work has involved the production of devices that reflect visible
radiation. Such structures have been successfully incorporated
into optoelectronic devices®®17 and recent experiments have
also indicated that polymer based multilayer structures could
have potential applications in Gigahertz acousto-optic devices
which are the sound based analog of the dielectric mirrors
described above.!®

A key requirement during the production of polymer multi-
layer samples is that the deposition of new layers does not
disrupt previous layers in the structure. This can be a particu-
lar concern with polymers especially when spin coating from
organic solvents as the solvent for one polymer will often swell
or dissolve the other type of polymer being used to build up
the structure. Moreover, diffusion of the solvent being used
to deposit a new layer can result in swelling or dissolution
of previous layers of the same type of polymer. This causes
local variations in the layer thickness and can lead to crack-
ing or the onset of swelling induced thin film instabilites in
the multilayer structures. All of these phenomena lead to an
overall reduction in the reflectance of the multilayer sam-
ples. Great care must therefore be taken to ensure that the
deposition of each new layer does not interfere with the pre-
vious layers. This can be achieved by building the multilayers
from incompatible polymers that are deposited using mutually
exclusive solvents. However, the range of available materials
that fit these criteria and which have the desired contrast dif-
ferences to produce high reflectances are somewhat limited.””®
An additional approach to solving this problem is to treat one
or more of the layer types such that they reduce the rate of dif-
fusion of solvents through the structure when new layers are
being deposited. Examples of this type of approach include
cross linking of the layers or swelling in a different solvent
which does not dissolve any of the layers in the structure
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but prevents the transport of organic solvents through the
layers.

In this manuscript we describe an experimental study of
thin film polystyrene (PS) and polyvinylpyrrolidone (PVP)
multilayers that are produced using spin coating. These
samples are shown to reflect infrared radiation over nar-
row bands in the 1.6—2.6 um wavelength region. This
wavelength range is extremely important for optic fibre
based telecommunications.'® The position of the measured
reflectance/transmittance bands in the IR spectra of the mul-
tilayer structures was tuned throughout this range by varying
the thickness of the individual layers within the samples. This
was achieved by varying the spin speed that was used dur-
ing spin coating of the layers. During the deposition of the
multilayers it was found that high quality optical structures
could only be produced if each of the PVP layers was swollen
using fuming hydrochloric acid (HCl) vapor. An automated spin
coater was used to control the deposition of the layers and to
treat each PVP layer in this way. Fourier transform InfraRed
(FTIR) spectroscopy studies showed that exposure of PVP to
HCI caused no permanent chemical changes in the PVP lay-
ers and that the layers are simply swollen by the vapor. The
enhanced optical properties of multilayers that are treated in
this way are attributed to the production of uniform layers
within the structures which have sharp interfaces between
them. The HCl vapor is believed to swell the PVP layers and to
prevent the diffusion of organic solvents into the underlying
multilayer structures.

This study builds upon our previous experiments on sim-
ilar samples that were shown to reflect light in the UV-
Visible region.!? Here we describe the first application
of polystyrene/polyvinylpyrrolidone multilayers in infrared
dielectric mirrors and we discuss the swelling process that is
vital in protecting the developing multilayers when new layers
are deposited.

EXPERIMENTAL

Multilayers of commercially available PVP (average M,, =
1,300 kDa, BASE, Germany) and PS (Average M,, = 192kDa,
Sigma, UK) were spin coated on to clean glass micro-
scope slides (75mm x 25mm) from 4 wt % solutions in
ethanol/acetonitrile (50/50 weight ratio) and toluene respec-
tively using a home built automated spin coater and solution
delivery system. In each case, PVP films were deposited first
and samples with 10, 20, 30, 40, and 50 alternating layers of
PVP and PS were deposited on to different glass substrates.
Layers were typically deposited at a rate of one every minute.

Following the deposition of each PVP layer, the samples were
exposed to fuming hydrochloric acid (HCI) vapor. This was
done to swell the PVP layers slightly and to protect the samples
during the deposition of the next PS layer. The thickness values
of the individual layers in the multilayer structures were con-
trolled by varying the spin speed used during deposition of the
films. The multilayer samples were annealed under vacuum (1
mtorr) for 5 hours at 110°C to remove residual solvent and
stresses that may have been introduced into the multilayers
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during the spin coating procedure. They were then allowed
to cool to room temperature before being inspected using an
Olympus BX51 optical microscope. Inspection revealed that all
the multilayer samples were uniform in color over large areas
of the samples and contained few defects. The uniformity of
the colors observed on these samples is indicative of uniform
layer thickness values over the majority of the surface of the
samples. However, close to the edge of the samples (within
1-2mm of the edge of the substrate) some color variations
were observed where the thickness of the samples varies due
to boundary effects. These observations are consistent with
those made on single films of PS and PVP that were spin coated
on to similar glass substrates.

Following inspection, the infrared transmission properties of
the samples were measured at normal incidence using a Digi-
lab FTS4000 Fourier transform infrared (FTIR) spectrometer.
Despite the fact that both PS and PVP are transparent mate-
rials over the range of wavelengths studied (1.6—2.6 um),
the periodic changes of the refractive index in the multilayer
samples caused them to preferentially reflect certain wave-
lengths of light in the IR region (see Figure 1). An increase
in reflectance is manifested as a reduction in Transmittance
in the plots shown in Figure 1 because for a non absorbing
sample Transmittance =1 — Reflectance. IR measurements
of glass, PVP and PS layers of different thickness values con-
firmed that no absorption occurred in these materials over the
1.6-2.6 um wavelength range. However at wavelengths above
2.6 um, both PS and PVP have vibrational absorption bands.

The refractive index of the layer materials and the glass sub-
strate were obtained by extrapolating values obtained in the
visible/near IR region to the range of wavelengths studied
here.!? Calculations of the refractive index values showed
that these were approximately constant for the PVP, PS and
glass over the 1.6-2.6 um wavelength range such that npyp =
1.51 + 0.01, nps =1.57 = 0.01 and ngjas = 1.43 * 0.01. These
values were found to be consistent with the range of litera-
ture values obtained for PS, PVP, and glass.!®> The thickness
of the polymer layers was determined by spin coating solu-
tions of the same polymers on to single crystal Silicon wafers
using identical deposition parameters to those used dur-
ing the manufacture of the multilayers. These samples were
then annealed and their thickness was determined using a
home built self-nulling ellipsometer (wavelength, A = 633 nm).
Thickness values were found to lie in the ranges 336-508 nm
for PVP and 223-330 nm for PS. Typical values of the uncer-
tainty in the measured film thickness values were found to be
*5nm.

The root-mean square (rms) roughness of the multilayer sam-
ples was also measured using an Asylum Research MFP-3D
atomic force microscope (AFM) operating in tapping mode.
AFM scans were collected at several positions on the sur-
face of each of the multilayer samples using scan sizes of
40 ym x 40 um. The AFM measurements showed no evidence
of defects or large scale in-plane structure on the samples
other than that caused by the natural rm.s roughness asso-
ciated with spin coating. Measurements of the rm.s surface
roughness for the multilayer samples were determined to lie in
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FIGURE 1 Normal incidence IR transmittance spectra for PS/PVP
multilayer samples with 10 (blue OJ), 30 (green A), and 50 (red O)
layers that are supported on glass substrates. Data are shown for
samples where the PS and PVP film thickness values are dps =
223 nm/dpyp = 336 Nm (top panel), dps = 271 nm/dpyp = 411 nmM
(middle panel), and dps =330 nm/dpyp =506 nm (top panel).

the range 1.2 = 0.4 nm to 4.1 = 0.3 nm. The increases in rough-
ness observed from sample to sample was consistent with an
increase in individual layer thickness within the samples and
is similar to that obtained from single spin cast polymer films.
The low measured roughness values demonstrate that the sur-
faces of the samples are flat on optical length scales. This
observation is consistent with the presence of the uniform
interference colors that were observed on these samples.

Scanning electron microscopy (SEM) images of the layered
structures were also obtained using a FEI Quanta200 3D Dual
beam FIB/SEM operating at an accelerating voltage of 30 kV.
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Samples were prepared by scoring the multilayer samples with
a sharp scalpel blade and then gently peeling the first few lay-
ers away from the sample. The samples were then exposed
to osmium tetroxide vapor (0sO,4) for 1 hour before being
allowed to air dry before imaging. The OsO, was found to
stain both polymers to slightly different degrees and was used
to obtain contrast between the two materials.

A transfer matrix model?® was then used to model the wave-
length dependence of the transmittance (T) of the polymer
multilayer samples at normal incidence. These calculations
used a model which assumed perfectly sharp interfaces
between the layers. The only parameters used in this model
were the individual layer thickness values and the refractive
indices of PVP, PS, and glass.

The effects of swelling PVP in fuming HCl vapor were also
studied using FTIR spectroscopy. Thick (~500nm) films of
PVP and PS were prepared by spin coating the polymers on to
clean calcium fluoride (CaF;) substrates. An IR spectrum was
collected for the as cast film using an uncoated CaF, substrate
as a reference. The samples were then exposed to fuming HCI
for a few seconds and IR spectra were collected for 2 days
while the samples were held under ambient conditions. A simi-
lar set of samples were also produced where the samples were
annealed under vacuum at 110 °C for 5 hours after exposure to
HCIl. These samples were also studied using FTIR spectroscopy.

RESULTS AND DISCUSSION

Figure 1 shows transmittance spectra (T) obtained for spin
cast multilayers of PS and PVP along with the thickness val-
ues of the PS and PVP layers that were used to manufacture
the samples. Each panel of this figure shows data for samples
where the layer thickness values are the same but the number
of the layers in the structures varies from 10 to 50. These plots
clearly show that the position of the dominant peaks in the
transmittance spectra can be controlled by varying the thick-
ness of the PS and PVP layers and that the peak transmittance
value for a given sample can be varied by changing the number
of layers in the structure. As the number of layers/interfaces
in the samples is increased, more reflections will occur in the
multilayers. This has the effect of reducing the amount of light
that is transmitted by the multilayers and so samples with
larger numbers of layers have smaller transmittance values
in the regions corresponding to the reflection peaks. Calcula-
tions based on eq 1 which use the measured film thickness
values and extrapolated refractive indices give values for the
position of the dominant reflection peaks of the types of mul-
tilayers studied of 1.714, 2.092, and 2.564 um respectively.
These values compare favorably with the corresponding mea-
sured peak positions of 1.738 £ 0.001, 2.224 + 0.001, and
2.596 = 0.001 um. The small differences in the measured and
calculated peak positions are attributed to uncertainties in the
refractive index of the PS and PVP layers (that originate from
the fact that values were extrapolated from UV-Vis data) and
uncertainties in the measured film thickness values (£5 nm).

Measured values of the peak widths for the three sets of mul-
tilayers studied revealed that the half widths at half maximum
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(HWHM) were 0.04 = 0.01, 0.05 = 0.01, and 0.06 * 0.01 um,
respectively. These are in agreement with the values of 0.040,
0.052, and 0.063 that were calculated using eq 2. The level
of agreement between the calculated and measured peak
positions and widths is encouraging and indicates that the
multilayers that are produced during spincoating are of a high
quality.

A more detailed analysis of the transmittance spectra of the
multilayers was performed using a transfer matrix method.
This model treats each interface in the structure as a 2 x 2
matrix?%?! which relates the magnitude of the electric fields
associated with the propagating light (travelling in both direc-
tions) on one side of the interface to those on the other. The
elements of the interface matrix M;; corresponding to the
interface between layers i and j are constructed using a com-
bination of the Fresnel reflection and transmission coefficients
(ry and t;)

1 r,-j
tj t
M;; = (3)
o 1
tj t

where r; and t; at normal incidence can be written in terms
of the refractive indices of layers i and j (n; and n;)*!

nj — n;
rjj = 4
J n; + n; ( )
and
27’1,’
ti= . 5
Y nj + n; ( )

Similarly, transmission through the “ith” layer is treated using
a transmission matrix of the form.

if
=% %) (6)

where f = #4% where d; is the thickness of the ith layer
and /A is the vacuum wavelength of the radiation. The matrix
describing the entire N layer structure can then be calculated
by multiplying all the interface and transmission matrices
together such that

Mtot = M0,1T1 Ml,ZTZ e MN—l,NTNMN,substrate (7)

The relevant matrix elements can then be extracted and used
to calculate the reflection and transmission coefficients of the
entire structure (ry: and t. respectively). The transmittance
(T) of the multilayer is then calculated using T = ttzot";—(“)" where
N, and ng are the refractive indices of the substrate and
ambient, respectively.'’

Figure 2 shows a comparison between experimental data and
the results of calculations that were obtained using the trans-
fer matrix method for three samples with different PS and
PVP thickness values. This figure shows that the shapes of the
calculated spectra are in good agreement with the measured
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FIGURE 2 Comparison of calculated and measured transmit-
tance spectra for PS/PVP multilayers with 50 layers. The solid
lines show the results of transfer matrix calculations that were
obtained using measured film thickness data and extrapolated
refractive indices for the PS films, PVP films and glass substrates.
The red circles are experimental transmittance data obtained
from PS/PVP samples with 50 layers. Data are shown for sam-
ples where the PS and PVP film thickness values are dps =
223 nm/dpvp =336nm (tOp panel), dps =271 nm/dpvp =411nm
(middle panel), and dps =330 nm/dpyp =506 nm (top panel).

spectra. This suggests that the assumption of sharp interfaces
(which is implicit in this model) provides an accurate repre-
sentation of the multilayers studied here. This is to be expected
given the low measured RMS roughness (~ 1 nm) of the sur-
face of the samples and the fact that the interfacial width of
spin cast polymer/polymer interfaces is expected to be tens
of nanometres.?? Interfacial structure on these length scale
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is expected to have a diminishing effect upon the transmis-
sion/reflection properties of polymer/polymer interfaces for
wavelengths greater than ~1 ym. However, our previous calcu-
lations and experiments showed that interfacial structure on
these length scales does influence the measured reflectance
of similar samples in the UV-Visible region.'? The inset in Fig-
ure 3 shows a SEM image of the top seven layers of a multilayer
sample. These layers were extracted from the sample by scor-
ing the multilayer, peeling off some of the layers and then
staining with osmium tetroxide (0sO,4). As this image clearly
shows the interfacial regions between adjacent polymer lay-
ers are very sharp (~10 nm wide). However, we note that the
thickness of the layers in this image is not uniform. This is due
to shrinkage of some of the layers during exposure to 0sOs.
The layers near the top of the sample (shown here at the bot-
tom of the image) were exposed directly to the 0sO, vapor,
while those at the top of the image were in contact with the
SEM substrate that was used to support the sample during
staining. The layers in contact with the substrate were there-
fore expected to have less exposure to the stain used and as
such will experience less shrinkage.

The positions of the baselines of the calculated spectra shown
in Figure 2 are always higher than those obtained for the
measured spectra. This is due to the fact that the transfer
matrix calculations assume that the glass substrate supporting
the multilayers is effectively infinite and therefore neglect the
glass/air interface at the bottom of the substrate. The fact that
the refractive index of the glass does not change significantly
in the region of interest means that the change in transmit-
tance/reflectance due to the extra glass/air interface will be
approximately constant.

The top panel in Figure 3 shows the spectral response of a 40
layer multilayer sample with dps =271 nm and dpyp =411 nm
over the 1—20 um wavelength range. The wavelength axis on
this plot is scaled logarithmically so that the main regions
of interest can be clearly observed. As this figure shows, the
region from 1 to 3 um contains only the reflectance bands
due to the multilayer structure, but above this wavelength sig-
nificant amounts of absorption are observed in the polymers
(largely due to CH stretching modes??). Above wavelengths of
~5 um, the spectral response is attenuated by absorption in
the substrate.

The bottom two panels in Figure 3 show a comparison of the
minimum transmittance values of the dominant peaks as a
function of the number of layers that were obtained from the
data and calculations. The bottom panel in this figure shows
a direct comparison between the data and calculations simi-
lar to those shown in Figure 2. The middle panel shows the
same data with calculations where shifts due to the additional
glass/air interface have been taken into account. This plot
shows that there is good agreement between experiment and
calculations for the multilayers with peaks at 2.224 = 0.001
and 2.596 £0.001 um, but that the data for samples with peaks
at 1.738 = 0.001 um deviates from the calculated curves after
~20 layers. The reason for this is not entirely clear, but may
be related to the fact that as the number of layers increases

EWILEY ﬁ ONLINE LIBRARY



Polymer

PhYSICS WWW.POLYMERPHYSICS.ORG

the number of defects (e.g., dust) in the samples increases.
The samples with peaks at 1.738 with more than 20 layers
were generally observed to have more defects than all the
other samples suggesting that great care must be taken to
ensure that impurities are excluded when manufacturing these
multilayer samples.

The lack of agreement between the experimental results and
the predictions of the transfer matrix is also likely to arise
from two other possible sources. The first source is related to
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uncertainties in the film thickness values used in the calcu-
lations. As stated above, the film thickness values that were
used in the calculations were obtained from measurements of
single films supported on silicon substrates. There are likely
to be small differences in the thickness values obtained for
these films and films that are incorporated into the multi-
layers. This occurs for the simple reason that spin coating a
polymer on top of another polymer will give a slightly differ-
ent thickness value to spin coating a polymer on to a silicon
substrate. The second source of uncertainty arises from the
values of the refractive index of the polymer that were used in
the transfer matrix calculations. As stated above, these values
were obtained by extrapolating measured refractive index val-
ues from the UV-Visible region into the infrared region. While
the values obtained for the refractive indices of both poly-
mers and glass are likely to be close to the true values, they
are unlikely to be exact. We therefore anticipate that there
will be some deviation from the true refractive index values
and this is also likely to be the reason why some of the cal-
culated curves predict larger transmittance values than the
measured data. However despite, these potential sources of
uncertainty, the level of agreement between the simple model
and the experimental data is encouraging.

A key factor in influencing both the physical stability of the
individual layers within the multilayers and the structure of
the spin cast polymer/polymer interfaces is the HCl swelling
step that was applied after the deposition of each PVP layer.
Tests indicate that in the absence of this swelling step the opti-
cal properties and appearance of the multilayers is degraded
by the deposition of the next PS layer. However, no treatment
of the multilayers is required following the deposition of each

FIGURE 3 Wavelength and layer number dependence of the
transmittance in PVP/PS multilayers. The top panel shows the
transmittance of a 40 layer PVP/PS sample supported on a glass
substrate which has dps =271 nm and dpyp = 411 nm. Data are
shown for the 1 — 20 um wavelength range. Features correspond-
ing to the reflectance band, near IR absorption peaks in PS and
PVP and the cut-off due to the glass substrate are clearly marked.
The inset in this panel shows a SEM image of the top seven
layers of a typical PS/PVP multilayer structure (scale bar: 2 um).
The bottom layer in the image is a PS film, the next is a PVP
film and the sequence repeats. The bottom two panels show
the minimum transmittance (1-peak reflectance) values in the
near infrared region (1.6—2.7 um) for multilayers as a function
of the number of layers. Data are shown for multilayers with
peaks at 1.738 = 0.001 (red (), 2.224 = 0.001 (green A), and
2.596 = 0.001 um (blue O). The lines in the middle panel show
the results of calculations where the baseline has been adjusted
to include the effects of the additional glass-air interface present
on the substrate. The bottom panel shows the same data as the
middle panel with the results of calculations where this additional
interface has not been taken into account. In both plots the dot-
ted lines are calculations for the 2.596 um peaks and the solid and
dashed lines are the results of calculations for the 2.224 ym and
1.738 um peaks, respectively.
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FIGURE 4 FTIR absorption spectra for PVP films on CaF, sub-
strates. Data are shown for an as-cast film and spectra that were
collected immediately (0 minutes), 10, 20, and 60 minutes after
exposure to HCI vapor. An IR spectrum is also shown for a PVP
film that was annealed at 110°C for 5 hours.

PS layer and before the deposition of the new PVP layers.
This would seem to indicate that the PS layers are capable of
protecting the underlying multilayer structure from the poten-
tially disruptive influence of the acetonitrile/ethanol blends
used to deposit new PVP layers. However, untreated PVP lay-
ers appear to allow the toluene that is used to deposit new
PS layers to penetrate the multilayer structure and disrupt
underlying PS layers.

Figure 4 shows FTIR spectra that were collected from PVP
films both before and after exposure to the HCl vapor to deter-
mine what effects (if any) the swelling step has on the chemical
properties of the films. The figure clearly shows that when
the PVP films are exposed to the HCI vapor, there is a sig-
nificant broadening of the polymer peaks. This is particularly
true of the peak at 1720 cm™! (~6 um) corresponding to the
stretching mode of the carbonyl groups in the polymer.2
These changes in peak shape are indicative of the polar HCI
molecules associating with the carbonyl groups in the side
groups of the PVP. Such an association is likely to result in the
carbonyl groups having a range of different local environments
and will therefore result in a broadening of the correspond-
ing vibrational peaks. When the samples are removed from
the HCI vapor these peaks gradually relax back towards the
shape of the as-cast PVP peaks when the samples are held at
room temperature. The other vibrational peaks in the spectra
corresponding to CH and possibly CN vibrations (~1380 cm™!
and ~1100 cm™) are largely unaffected by the HCl vapor. The
spectra shown in Figure 4 indicate that the HCI has a relatively
long dwell time (~1 hour) in the PVP films compared to the
timescales that are associated with the deposition of succes-
sive layers during the automated spin coating process (~60
seconds).

These data and observations combined with the fact that it
was not possible to produce high quality multilayers in the
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absence of the HCI swelling step suggest that swelling the PVP
films with HCI vapor prevents the diffusion of organic solvents
such as toluene through the swollen PVP layers and hence
prevents the subsequent disruption of underlying PS layers.
Moreover, the fact that the PVP peaks relax back to shapes that
are similar to those of unswollen samples indicates that no sig-
nificant chemical changes (e.g., degradation or cross linking)
are taking place in the polymer films. This conclusion is further
supported by the fact that PVP films that have been swollen by
HCI and then annealed have similar IR spectra to as-cast films.
We note that there are some small differences in the shape of
the spectra for the annealed and as-cast samples, but these are
attributed to the removal of residual amounts of spin coating
solvents that were present in the as-cast films. Films of PS of
similar thickness that were treated using the same swelling
conditions displayed no obvious spectral changes, indicating
that HCI does not significantly affect the PS films. This is to be
expected based upon the hydrophobic nature of this polymer.

CONCLUSIONS

We have demonstrated that it is possible to use spin coat-
ing to produce high quality dielectric mirrors with at least 50
alternating layers of PS and PVP that are capable of reflecting
up to 80% of radiation over a narrow range of wavelengths
in the 1.6-2.6 um region. The position and widths of the
peaks observed are consistent with the results of predictions
obtained from a consideration of simple multilayer interfer-
ence and could be controlled by varying the spin speed used
when depositing the individual layers. The measured trans-
mittance spectra for these samples were also found to be in
good agreement with the results of a simple transfer matrix
model which assumes sharp interfaces between the individual
layers. The properties of the multilayers produced were found
to be highly dependent upon a HCI treatment step. This treat-
ment step was shown to swell the PVP layers and appears
to prevent diffusion of organic solvents into the underlying
multilayer structure when new layers are deposited.
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