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ABSTRACT: Multiple-wavelength interferometry (MWI),
a new optical method for the thermal probing of thin poly-
mer films, is introduced and explored. MWI is compared
with two standard optical methods, single-wavelength inter-
ferometry and spectroscopic ellipsometry, with regard to the
detection of the glass transition temperature (Tg) of thin sup-
ported polymer films. Poly(methyl methacrylate) films are
deposited by spin coating on Si and SiO2 substrates. MWI is
also applied to the study of the effect of film thickness (25–
600 nm) and polymer molecular weight (1.5 � 104 to 106) on
Tg, the effect of film thickness on the coefficients of thermal

expansion both below and above Tg, and the effect of deep
UV exposure time on the thermal properties (glass transition
and degradation temperatures) of the films. This further ex-
ploration of the MWI method provides substantial insights
about intricate issues pertinent to the thermal behavior of
thin polymer films. � 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 102: 4764–4774, 2006

Key words: glass transition; thin polymeric films; spectro-
scopic ellipsometry; interferometry; coefficient of thermal
expansion; poly(methyl methacrylate); lithography

INTRODUCTION

Work on polymeric amorphous thin films is an impor-
tant part of recent research activity in the polymer-
involving area of Applied Nanoscience. The physical,
mechanical, and chemical properties of such thin poly-
meric films are pertinent to a wide range of applica-
tions, including semiconductor fabrication (photore-
sists for micro- and nanolithography and new organic
dielectrics), organic light emitting diodes, microsys-
tems, biomicrosystems, pharmaceuticals, etc. (e.g.1–3).
For the majority of these applications, the polymers
are used in the form of thin films supported by a rigid
substrate such as silicon (Si). The thermal characteris-
tics of thin polymeric films affect the rate of chemical
changes and the evolution of structural features dur-
ing thin film processing; hence knowledge and under-
standing of these characteristics is crucial for the pre-
cise tailoring of final structures. Thermal properties of
thin polymer films deviate frequently and substan-

tially from those of the bulk polymers both because of
limited film thickness and interfacial phenomena at
the polymeric film/substrate interface; for example, it
is now established that the mobility of interface poly-
mer chains is different from that of bulk polymer
chains.4,5 At the same time conflicting reports as
regards to the thermal behavior of seemingly similar
thin polymer films are far from rare. Glass transition
temperature (Tg) is the most characteristic parameter
affecting the performance of amorphous thin polymer
films for the aforementioned applications. Still, the
behavior of thin film Tg is complex and far from fully
understood; thus the development of in situmethodol-
ogies for Tg and related measurements has gained
considerable attention.6,7

Significant research effort has been devoted to the
development of accurate methods for measuring the
Tg of polymers,5,8–11 such as modulated differential
scanning calorimetry, dynamic mechanical analysis,
thermal mechanical analysis, etc. However, for the Tg

measurement of thin films (Tfilm
g ), the aforementioned

methods cannot be applied, at least in a straightfor-
ward manner, and thus alternative techniques are
implemented to monitor the temperature-induced
changes within the polymeric film. Such new methods
include thin film differential scanning calorimetry,12

scanning viscoelasticity microscopy,13 X-ray reflectiv-
ity (XRR),14,15 quartz crystal microbalance,16 spectro-
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scopic ellipsometry (SE),17 Brillouin light scattering
(BLS),18 local thermal analysis,15,19,20 ultrasonic,21 fluo-
rescence monitoring of a dye molecule in a polymer
matrix,22 lateral force microscopy,23 dielectric spec-
troscopy,24 thermal discharge in X-ray photoelectron
spectroscopy,25 single-wavelength interferometry (SWI),26

and electrical conductivity along with viscosity meas-
urements.27 From the application of these methods
various parameters affecting the Tfilm

g have emerged.
Some of those parameters, such as molecular weight
(Mw)

28 and tacticity,28 are familiar from the corre-
sponding cases of bulk films, though the form of de-
pendence may differ. Other parameters, such as film
thickness,17 substrate type,18 etc. are specific to thin
films and also related to the case of glass transition of
substances in confined environments of nanoscale
dimensions.29 With regard to the thin-film thickness,
the Tg could decrease or increase as film thickness
decreases30–32; pertinent theory remains incomplete
(for example33) and surprising experiment findings
are far from rare. It must be emphasized that poly-
meric film thickness issues are extremely important
for nanolithography because of the anticipated critical
dimension miniaturization within the following years,
which will be followed by a further decrease of aspect
ratio (polymeric film thickness over minimum pattern
dimension) from 3 : 1 to 2 : 1, mostly because of en-
hanced capillary forces (inversely proportional to the
dimensions of the openings) causing the pattern col-
lapse.34 Consequently, experimental studies for spe-
cific films of interest are necessary, especially for
chemical systems that are expected to show self-orga-
nization behavior. In this context, there have been
some attempts to develop empirical and semiempiri-
cal schemes to predict the Tfilm

g as a function of film
thickness,17,35 as a function of both film thickness and
Mw

36 and as a function of film thickness and density
variations.37

In many cases, different Tfilm
g values have been

reported for the same polymeric system and sug-
gested explanations usually focus on differences in
the experimental conditions during the measurement.
The complexity of the Tfilm

g metrology is further
enhanced by the absence of any relevant engineering
standardization. Because of the plethora of different
methodologies that have been implemented so far,
some studies have been devoted to the comparison
and correlation of the results from different techni-
ques, e.g., SE results have been compared with dielec-
tric spectroscopy,24 BLS,38 and XRR results.15

In this work, three different optical Tfilm
g measure-

ment methodologies are compared through the study
of the effects of thickness and processing conditions
on the Tfilm

g of poly(methyl methacrylate). The three
methods are the previously explored SWI and SE and
a new method introduced herein: multiwavelength
interferometry (MWI). Emphasis is placed upon MWI,

which is further explored as regards to its capacity to
probe additional issues pertinent to the thermal char-
acteristics of supported thin polymer films.

EXPERIMENTAL

Materials and sample preparation

Four poly(methyl methacrylate) (PMMA) samples of
different molecular weights (MW) were purchased from
Aldrich Chemical Company (1): MW ¼ 15,000, (2) MW

¼ 120,000, (3) MW ¼ 350,000, and (4) MW ¼ 996,000.
Propylene-glycol-monomethyl-ester-acetate (PGMEA),
used for the preparation of the solutions, was also
supplied by Aldrich Chemical Company. The sub-
strates used were clean Si wafers with a native oxide
of �1.5 nm in the case of spectroscopic ellipsometry
(SE) and single-wavelength interferometry (SWI) and
with 1060 nm thermally grown SiO2 (wet oxidation at
11008C for 2 h) in the case of multiwavelength interfer-
ometry (MWI).

The polymeric films were deposited from solutions
on the substrates through spin-coating. Film thick-
nesses in the range of 25–600 nm are obtained through
appropriate choices of polymer concentration and
angular velocities. Samples were postapply annealed
for 30 min at 1608C in an oven, to evaporate the
remaining solvent and then left to cool at room tem-
perature.

Spectroscopic ellipsometry

On the basis of the volume of published works, the SE
method is the most currently popular methodology
for the Tfilm

g measurement. Ellipsometry measures the
change in the polarization state of light as it reflects off
a sample surface.39 This change is expressed as the ra-
tio of the complex Fresnel reflection coefficients rp and
rs (for light polarized parallel and perpendicular to the
plane of incidence). The aforementioned ratio is

r ¼ rp

rs
¼ tanð�Þ eiD (1)

where, tan(�) is the ratio of the magnitudes of rp and
rs and D is the phase difference between the coeffi-
cients. A typical SE spectrum consists of � and D
angles for every wavelength studied.

For the SE measurements presented herein a J.A.
Woollam M2000F rotating compensator ellipsometer
(RCE) within the 300–1000 nm spectrum, at an angle
of incidence of 75.148, was employed. Primary data
collection and subsequent data processing was accom-
plished with the commercial WVASE32 software. To
in situ monitor the � and D variation against tempera-
ture, the sample stage was properly fixed [Fig. 1 (left)]
by employing a hot plate equipped with a PID-pro-
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grammable controller. The hot plate temperature is
automatically recorded by utilizing a thermocouple
located very close to the plate/sample interface and
its signal feeds the controller to achieve the desirable
heating conditions and, unless stated otherwise, the
heating rate was � 208C/min. In a typical case, the
Tfilm
g value can be readily determined based on those

primary data [Figs. 1(a) and 1(b)]. Since glass transi-
tion is accompanied by a change in the coefficient of
thermal expansion (CTE) and the refractive index, the
change in the slope of � or D curve versus tempera-
ture indicates the transition from the glassy to the
viscoelastic phase. To locate exactly the Tfilm

g value, we
employed three methodologies:

• (a) A plain linear fitting as employed by many sci-
entific studies (e.g.,17,40)

• (b) A more systematic procedure summarized as
follows: estimate approximately (by plain extrapo-
lation) an approximate Tfilm

g value, then ignore all
points within 6158C from the calculated value
and use the remaining for least square fittings and
drawing of two intersecting straight lines. Thus a
new Tg value is determined and the procedure is
repeated until two successive values determined
are practically identical ones.

• (c) The third methodology makes use of an equa-
tion introduced by Dalnoki-Veress et al.38

Pertinent issues are discussed in the section Tg Esti-
mation through MWI, SWI, and SE. All three method-
ologies result, in most cases, in approximately the
same values; further, the trends extracted by the three
methodologies are identical.

Finally we have also applied to representative sets
of data another procedure41 and obtained Tg values
very close to the ones reported herein.

The prime advantage of this methodology is that
additional physicochemical information can be
extracted through analysis of the primary � and D
data. SE is widely used to readily determine both film
thickness and index of refraction independently39;
still, pertinent determination becomes difficult when
film thickness drops to the nanorange, since the
dielectric function of the material may be completely
different from the bulk. To treat this predicament,
Arwin and Aspnes42 have proposed an analysis proce-
dure, which is also adopted throughout this work.

To analyze � and D, a Cauchy dispersion model
n ¼ Aþ B

l2
þ C

l4

h i
was assumed for the polymeric layer

with refractive index (n) [namely A, B, C] and film
thickness (d) as fitted parameters. The results for the

Figure 1 (Left) Schematic of the SE experimental set-up; (right) four different analysis methodologies for Tg evaluation of
PMMA (MW ¼ 120K) film by utilizing spectroscopic ellipsometry. In (a) and (b) the Tfilm

g is defined by the change of the
slope of D and� (both at 691 nm) versus temperature respectively. In (c) and (d) Tfilm

g is determined by the change of the slope
of n and film thickness versus temperature. In all cases (a–d) the Tfilm

g is identical. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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case of PMMA (MW ¼ 120K) 490-nm-thick film is
reported in Figures 1(c) and 1(d).

Single-wavelength interferometry

Various aspects of the SWI methodology are described
in detail elsewhere26; here we will briefly outline the
experimental set-up and the principle of operation. In
Figure 2(a), a schematic of the in-house experimental
set-up is presented. The SWI set-up consists of a laser
source, a detector, a data acquisition card, a thermal
unit (hot plate) equipped with a temperature control-
ler, and a PC for the data processing and apparatus
control. The laser emission wavelength selected for
our studies was 650 nm, at which the absorption of
our spin-coated polymers is negligible. The sample is
placed on the hot plate and the light beam from the
laser source meets the polymeric film surface at a
nearly 90o angle. The total energy incident on the de-
tector could be approximated as the sum of the energy
from two beams, i.e., the contribution of the native
SiOx layer as also the internal reflections in the poly-
meric films are neglected. One beam (A) comes from
the polymeric film surface and the second (B) from the
polymeric-film–silicon-substrate interface. The total
energy E that reaches the detector could be approxi-
mated as43

E ¼ r201 þ r212 þ 2r01r12 cos
4pn1
l

d1

� �
(2)

where

r01 ¼ n0 � n1
n0 þ n1

(2a)

r12 ¼ n1 � n2
n1 þ n2

(2b)

are the relative refractive indices between adjacent
layers (0 is considered as ambient, 1 the polymeric
film, 2 the substrate), n1 the refractive index and d1
the thickness of the polymeric film respectively,
while n2 the refractive index of the substrate, and l
the corresponding laser wavelength used for the
measurement.

The method is based on the fact that at Tg the CTE
and the refractive index of the polymeric film undergo
a change that results in a change of slope at the inter-
ference signal versus temperature graph (heating rate
� 208C/min). In Figure 2(b), a typical set of raw data
is displayed, along with the linear fitting procedure,
which is employed to calculate the Tfilm

g .

Multiwavelength interferometry

The MWI methodology resembles SWI but involves,
instead of a laser (single wavelength), a VIS-NIR
light source (Avantes AvaLight HAL Tungsten-Hal-
ogen) and a PC-driven two channel VIS-NIR minia-
turized spectrometer (Ocean Optics SD2000) instead
of a photodetector [Fig. 3(a)]. In particular, a splitter
optical fiber is connected to the light source and is
equally split to two beams: one directed to the slave

Figure 2 (a) Schematic of the in-house SWI experimental set-up, and (b) a typical profile of the primary raw data; interfer-
ence signal against temperature. The analysis of these data based on linear fitting is also illustrated. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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channel of the double spectrophotometer and
another connected to a bifurcated optical fiber. The
bifurcated optical fiber then guides the white light
onto an appropriate reflective substrate spin-coated
with a thin polymer layer. At the same time the bi-
furcated optical fiber collects the reflected beam,
directing it to the master channel of the spectropho-
tometer. Each channel of the spectrophotometer is
sensitive in the VIS-NIR spectrum with a resolution
of � 0.4 nm. The heating process control is attained
through a device assembly similar to that for SWI
and is controlled to within 0.58C, while the whole
apparatus is controlled through software developed
within the LabView platform. A controlled atmos-
phere chamber is employed for the purpose of
achieving a controlled environment mainly by nitro-
gen purging. Again, the beam from the light source
interacts with the sample [Fig. 3(b)] and produces a
reflectance signal that is continuously recorded, in
the 470–740 nm range, from a spectrometer during
heating.

The substrate should be totally reflective, at the
spectrum used. Therefore standard silicon wafers con-
stitute a reasonable choice. The accuracy of the
method depends on the number of interference
fringes in the recorded spectrum, as the existence of
these extrema allows precise fitting of the recorded
spectrum and thus accurate calculation of the poly-
meric film thickness. In the case of thin polymeric
films (e.g., 100 nm) on bare Si substrate no extrema
appear on the reflectance spectrum. To obtain an
adequate number of fringes within the reflectance
spectrum, a thick dielectric layer should be added in
the film stack. With the Si processing it is easy to either
grow a SiO2 layer or deposit a Si3N4 film. In our study
the film stack includes thermally grown SiO2 (wet oxi-
dation at 11008C for 200 min; final SiO2 thickness,
1060 nm) on the Si substrate, prior to spin coating of
the polymeric film. While this intermediate layer
increases the number of interference fringes [Fig. 3(c)],
it also provides an accurate and reproducible sub-
strate for the Tfilm

g measurements.

Figure 3 Schematic of (a) the in-house MWI experimental set-up and (b) principle of operation. (c) A typical profile of the
primary raw data from one temperature along with the results from the fitting procedure through which the thickness is
determined, and in (d) a typical thickness versus temperature graph based on data such as those in (c). The determination
of Tfilm

g using linear fitting is also indicated. T1 and T3 are the temperatures at which the linearity is lost and T2 is the Tfilm
g .

Throughout this study the Tfilm
g determination via MWI follows this rule. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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The energy that incidents on the spectrometer can
be expressed as

E ¼ A

B
(3)

where

A ¼ r201 þ r212 þ r223 þ 2r01r
2
12r23 þ r201r

2
12r

2
23

þ 2r01r23 cos
4p
l

n1 � d1 þ n2d2ð Þ
� �

þ 2r01r12r
2
23

� cos
4p
l
n2d2

� �
þ 2r01r12 cos

4p
l
n1d1

� �

þ 2r201r12r23 cos
4p
l
n1d1

� �
ð3aÞ

B ¼ 1þ r201r
2
12 þ r201r

2
23 þ r212r

2
23 þ 2r12r23

� cos
4p
l
n2d2

� �
þ 2r01r23 cos

4p
l
ðn1d1 þ n2d2Þ

� �

þ 2r201r12r23 cos
4p
l
n2d2

� �
þ 2r01r12 cos

4p
l
n1d1

� �

þ 2r01r12r
2
23 cos

4p
l
n1d1

� �
þ 2r01r

2
12r23

� cos
4p
l
ðn1d1 � n2d2Þ

� �
ð3bÞ

and
r01 ¼ n0 � n1

n0 þ n1
(3c)

r12 ¼ n1 � n2
n1 þ n2

(3d)

r23 ¼ n2 � n3
n2 þ n3

(3e)

are the relative refractive indices between adjacent
layers (0 is considered as ambient, 1 the polymeric

film, 2 the SiO2 layer, and 3 the Si substrate), n1, n2,
and n3 the refractive indices of the polymeric film, the
silicon oxide, and Si substrate respectively, d1, d2 the
thickness of the polymeric film and the silicon dioxide,
and l the corresponding wavelength.

Thus the thickness of the polymeric film may be cal-
culated by fitting the above-mentioned equation to the
experimental interference signal. In Figure 3(d) we
demonstrate a typical layer thickness versus tempera-
ture graph and the standard linear-fitting method for
the Tfilm

g determination (for all samples studied heat-
ing rate was � 208C/min). As shown in Figure 3(d),
there are two linear regions, the intersection of which
corresponds to the point of the transition. The inability
to simultaneously determine the thickness and the re-
fractive index variation versus temperature consti-
tutes an inherent weak point of this method. To deal
with this problem, one has to assume a constant re-
fractive index and ascribe all interference frequency
differences to thickness changes. However, the calcu-
lated thickness being lower than the real one, the
changes in the slope of layer thickness versus temper-
ature profile are rather sharp and accurate Tfilm

g esti-
mation remains possible.

RESULTS ANDDISCUSSION

Basic MWI assessment

In Figure 4 we present Tfilm
g values versus heating

cycles, thus showing the reproducibility of MWI
methodology. For both polymeric films studied a total
deviation of less than 48C was recorded for up to five
heating cycles. This finding may be pertinent to all

Figure 4 Effect of the number of heating cycles on the Tg of
PMMA (MW ¼ 350K) films. No significant change of Tfilm

g
was recorded for up to 5 heating cycles. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 5 Film thickness effect on PMMA Tfilm
g via MWI

and SE. For comparison purposes results from SWI mea-
surements,26 SE,40 and local thermal analysis44 are also por-
trayed. Errors of Tg values of our measurements are always
smaller than 658C for films thinner than 50 nm and smaller
than628C for thicker films.
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glassy polymers for which Tg and the lower end of
degradation range are spaced apart by a minimum of
70–1008C (�858C for a-PMMA), in which case samples
can be repeatedly annealed without problem to a tem-
perature exceeding Tg by, say, 20–508C.

Tg estimation through MWI, SWI, and SE

Tfilm
g is determined for various PMMA molecular

weights and various film thicknesses in the range of
25–300 nm; 10–15 thickness values per Mw are
explored. Data obtained along with literature values
from another method (local thermal analysis, LTA44)
are presented in Figure 5. Also, bulk Tg values (pla-
teau mean values) through the same methods, along
with corresponding DSC values, are presented in Ta-
ble I. Good agreement between the three optical meth-
ods, as well as with LTA, is observed for all molecular
weights and thicknesses (Fig. 5). A clear trend of
increasing Tg values for low thicknesses is notable and
will be discussed in detail subsequently.

With regard to the bulk values reported in Table I a
satisfactory agreement between the different methods
is observed, with the exception of the 15K, for which
the DSC method gives a value that is 118C lower than
that determined through optical methods. The reason
for this difference is unclear though not uncommon
when Tg values obtained from different methods are
compared.45

Figure 5 includes the Tfilm
g values of PMMA films

(MW ¼ 15K and 120K) through the SE method. Even
though the assessment of Tfilm

g through linear fitting (a
procedure used for Fig. 5 data) turns out to be a fast
and adequate way of determination, it does not pro-
vide any other physical information on the system
under study. As an alternative interpretation proce-
dure, Dalnoki-Veress et al.38 proposed the following
scheme to fit the thickness versus temperature data:

eðTÞ ¼ w
M� G

2
ln cosh

T � Tg

w

� �� �

þðT � TgÞMþ G

2
þ c ð4Þ

where e(T) is the thickness at temperature T (in K), w
the glass transition width (in K), M and G are the coef-
ficients of thermal expansion (CTE) of the melt and
glass state respectively, (in nm/K), and c the film
thickness at the glass transition (in nm).

Although eq. (4) fits well to the experimental data
and provides additional physicochemical information
[Fig. 6(a)], its results do not exactly coincide with the
results obtained through linear fitting (namely the
plain linear fitting method presented in the experi-

TABLE I
Tg Values of Thick Polymeric Films and Tg Values of
Bulk Material Measured by SWI, MWI, SE, and DSC

(by Approximately the Same Heating Rate)

PMMA SWI MWI SE DSC

15 K 98 98 87
120 K 114 114 115 113
350 K 117 122
996 K 117 119

Figure 6 (a) Tfilm
g determination of PMMA 15K film based on data extracted from SE measurements. Two distinct methods

are employed: (red line) linear fitting and (green line) eq. (4) fitting. (b) Tg of PMMA (MW ¼ 15K) films versus thickness based
on SE measurements—thickness versus temperature data—(n) by applying linear fitting and (l) by applying eq. (4). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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mental section) for films thinner than � 70 nm. For
film thicknesses higher than � 70 nm [see Fig. 6(b)]
the two procedures give approximately the same
results (within638C).

Preceding discussion and overall experience from
the application of the three optical methods consid-
ered herein (MWI, SWI, and SE) allow for the compar-
ison presented in Table II.

Coefficients of thermal expansion
for thin polymer films

The CTE is determined by the MWI method for each
available molecular weight and a thickness in the
range 25–500 nm both below and above Tg. Data
shown (Fig. 7) pertain to a MW ¼ 350K. Bulk CTE val-

ues according to the literature46 are � 6 � 10�4 for T
> Tg and 2.5 (60.5) � 10�4 for T < Tg. Our data sug-
gest that for a thickness up to � 100 nm (i.e., similar to
the critical thickness according to the previous discus-
sion) both below and above Tg the corresponding
glassy and viscoelastic phases are substantially less
mobile (lower CTE values) than the bulk phases, while
the peak on the right graph (for a thickness of � 100
nm) suggests that the viscoelastic phase is the first one
that gains additional mobility, typical of the bulk
viscoelastic phases. For a thickness more than 100–125
nm the ratio of CTE values reaches the range of bulk
values, though individual values remain below the
corresponding bulk ones for a thickness up to � 400–
500 nm. Such details reveal the substantial complexity
of glass transition phenomena in thin polymeric films.

TABLE II
Comparison of the Three Optical Methodologies

SWI MWI SE

Set-up integration High High Low
Cost Low Moderate High
Ease of data interprentation High High Low
Flexibility High High Low
Minimum film thickness 40 nm

(with some difficulty) 40 nm (easily)
40 nm (easily)

Discrimination between
glass transition and other
thermal changes No Yes Yesa

Thermal expansion
monitoring of thin films (CTE) Not possible Approximate Accurate

Special characteristics Need for a thick optically
transparent layer between substrate
and polymeric film

Accurately measured
thickness and optical
indices

a Not an SE problem when monitoring thickness or refractive index. Problem occurs when SE is applied through ellipsomet-
ric angles monitoring.

Figure 7 (a) Variation of CTE both below and above Tg as a function of film thickness. (b) Variation of CTE ratio (above Tg/
below Tg) as a function of film thickness. This ratio is in the order of 2.5 to 3 for bulk samples, i.e., values in the bulk range are
observed for a film thickness exceeding 100–125 nm. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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On the other hand, SE provides the opportunity to
independently extract the thermo-optical coefficient.
In Figure 8 we report SE results for both the actual
thickness by fitting the refractive index at every tem-
perature (as in Fig. 8) and the nominal thickness by
assuming that the thermo-optical coefficient is 0 [as in
Fig. 3(c), 3(d)]. A discrepancy with regard to the thick-
ness can be detected, unambiguously; this discrep-
ancy vanishes near room temperature.

Critical thickness for strong polymer–substrate
interaction

This section focuses on MWI-derived data for the Tfilm
g

versus thickness for a-PMMA of four differentMw val-
ues. From Figure 5 we see that Tfilm

g is approximately
independent of MW down to a certain critical thick-
ness, beyond which it starts rising. A plot of the criti-
cal thickness versus (MW)

1/2 of PMMA is shown in
Figure 9. Although the limited number of available
MW and the absence of monodispersity do not permit
quantitative claims to be made, a qualitative, at least,
conformity of our data to a MW

1/2 dependence of criti-
cal thickness for up to moderate MW is hinted, in ac-
cordance with the results in Ref. 38. The suggested
MW

1/2 dependence should be viewed as a reflection of
the same dependence of the end-to-end chain distance
and related quantities. PMMA is capable of attaching
strongly to SiO2 surfaces. Attachment takes place
through multiple hydrogen bonding between the car-
bonyl groups of the chains and the hydroxyl groups of
the silicon dioxide surface.47 This attachment reduces
the mobility of chains having immediate access to the
substrate surface and, possibly, also the mobility of
chains immediately entangled to the first layer of

chains. When thickness exceeds a dimension propor-
tional to MW

1/2 range (where chains influenced by the
presence of the substrate are found), the bulk Tg value
prevails. The fact that the critical thickness appears to
cease being dependent on MW for rather high MW val-
ues can be, broadly speaking, viewed as another
example of the widely documented upper cut-off
dimension in the range of �100 nm for nanoscale phe-
nomena. The additional fact that the extrapolation of
the curve on the low side does not pass through the
(0,0) point should be attributed to the loss of poly-
meric characteristics (e.g., Gaussian contours and
presence of a substantial level of entanglements) for
samples of very low molecular weights.

Glass transition and degradation
temperatures upon deep UV exposure

PMMA film samples of various molecular weights
and thicknesses are exposed to deep UV (DUV) (200–
250 nm) radiation for times ranging from 40 s to 1 h
(3600 s); subsequently, the thickness of the samples as
a function of temperature is probed by the MWI
method. For the DUV exposures a broadband Hg–Xe
lamp (Oriel) was used. In addition to the Tfilm

g ,
another, higher, temperature (Tdegrad) corresponding
to the point of deviation from linearity is recorded
[Fig. 10(a)]. The downward deviation from linearity
implies that upon heating, a fraction of the material
that was part of the sample escapes in the vapor
phase, so that less material is left to expand upon fur-
ther increase of the temperature. Additional tests (not
shown) verify that the escaping material is not related
to solvent leftovers; that is, the escaping species are
volatile products of PMMA degradation. Obviously,
Tdegrad is only a shorthand notation for the actual,
more complex situation. The deviation from linearity
is a reflection of the temperature at which small mole-

Figure 8 The effect of the thermo-optical coefficient on the
CTE. Two extreme cases are shown: (a) actual thickness
expansion and (b) optical thickness profile for the case
where the thermo-optical coefficient has been set as 0. The
optical thickness is always lower than the actual.

Figure 9 Critical film thickness as a function of PMMAmo-
lecular weight (see text for details).
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cules start to escape massively. While some of the lat-
ter products might result from degradation at T >
Tfilm
g of chains sensitized during irradiation, part of

the sample has already been decomposed during the
irradiation step, since the parallel lowering of the cor-
responding Tfilm

g value is most probably a reflection of
the presence of low molecular weight products.

Data for a particular thickness and MW (� 120 nm
and 350K respectively) and various exposure times
are shown in Figure 10(b). It is clear that both charac-
teristic temperatures (Tfilm

g and Tdegrad) tend to drop
with increasing exposure times. The tendencies
for very short and very long exposure times are of
interest.

For short times the Tfilm
g value tends to level off to

the ordinary value for unexposed samples (� 118 8C
for the particular samples). On the other hand, Tdegrad

appears to change dramatically in the range of short
exposure times. It can be postulated that the limit for
zero exposure time lies in the range of 2508C. No such
temperatures can be probed with the set-up in use,
but tests for heating up to � 2008C showed no degra-
dation for the particular samples and heating rates
involved, while literature suggests that PMMA chains
undergo an unzipping reaction (leading to oligomeric
and monomeric products) at temperatures in the
range of 200–2508C (45 and references therein). In
addition, extrapolation of our data to zero exposure
time is compatible with a Tdegrad in the range of 2508C.

For long exposure times (‡ 2000 s), there appears to
be a tendency for a leveling off of the Tdegrad and Tg

values. For the case of Tdegrad some type of equilib-
rium between unzipping and chain reformation offers
the simplest possible explanation (though more com-
plex interpretations are possible). The same explana-
tion would then render a roughly fixed composition
and, hence, a fixed Tg value.

CONCLUSIONS

MWI is a new flexible optical method for the probing
of thermal properties of thin polymer films. MWI
characteristics include set-up integration, ease of data
interpretation, lack of false detection of glass transi-
tion and probing of thicknesses at least down to
40 nm.

For a polymer film thickness up to � 100 nm the
glassy and viscoelastic phases are substantially less
mobile than the bulk phases, while the viscoelastic
phase is the first one that gains additional mobility,
typical of the bulk viscoelastic phases.

For a-PMMA on a SiO2 substrate the T
film
g is approx-

imately independent of MW down to a certain critical
thickness, beyond which it starts rising. Critical thick-
ness is found proportional to Mw

1/2 if not exceeding
100 nm.

During DUV exposure of a-PMMA thin films both
Tg and Tdegrad initially drop with increasing exposure
times but tend to level off after a certain exposure
dose.
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