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Dielectric and ellipsometric studies of the dynamics in thin films
of isotactic poly(methylmethacrylate) with one free surface
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We have performed dielectric loss measurements at 1 kHz on thin films of isotacticnpthy! methacry-
late). A key distinction of our studies is that the samples measured were supported films with one free surface
rather than films that have metallic electrodes covering both surfaces. This unique sample geometry allows us
to eliminate any effects due to evaporation of metal onto the top film surface and provides a unique opportunity
to make direct comparisons between dielectric loss and glass transition measurements. Film thicknesses in the
range from 6um to 7 nm were prepared on Al coated substrates. The dielectric loss peak and ellipsometric
glass transition temperature of all films were measured. The dielectric loss was found to exhibit no discernible
film thickness dependence in either the temperature of the maximum loss value or the shape of the loss curve.
In contrast, the measurek, values were found to decrease with decreasing film thickness with a maximum
shift of 10 K for a 7-nm film. Dielectric measurements were also made on Al coated films and these samples
also showed no shift in the temperature of the loss peak. Finallyl {reeasurements were also made on Si
substrates. These values exhibited an increagipgalue with film thickness with a maximum increase of
=15 K being measured for a 7-nm film.
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[. INTRODUCTION Early thin film experiments focused on measurements of
the glass transition temperatufg. This temperature is an
Technology and science are placing increasing importancenportant and convenient parameter describing the structural
on the study and application of very small systems. As techrelaxation of a material. Most measurementsTgfin thin
nological trends tend towards systems of nanometer size, iolymer films involve measurement of the film thicknéss
becomes imperative to gain a complete understanding adensity as a function of temperature. The slowing down of
how the properties of such small systems might differ fromdynamic processes in the glassy state results in the “freezing
those of bulk systems. An example of such an area where theut” of certain types of motion. These motions no longer
properties at the nanometer length scale exhibit significantnake contributions to properties such as thermal expansion
deviations from bulk properties is the study of thin polymerin the material. The glass, therefore, has a smaller thermal
films [1,2]. In particular, studies of the glass transition andexpansion coefficient than the liquid. As a result of this the
dynamics in thin polymer films offer great promise to in- T, is manifested as a “kink” in the temperature dependent
crease our understanding of dynamics in polymeric systemfim thickness data. Since the first detailed studyr gin thin
and in glass forming systems in general. In recent yeargilms by Keddie, Jones, and Cofy], there have been a large
there has been a strong focus on studies of anomalous dyumber of studies focused on polystyrene. Only recently has
namics in such sampld8,4]. Many such studies focus on there been enough data that a reasonably clear picture has
the glass transition temperatufg of thin films and the dy- evolved even for this single material. For PS films on a va-
namics at temperatures nélgy. The nature of the glass tran- riety of different substrates, th&; value is film thickness
sition is an important and unsolved problem and a propetlependent with d4, which is reduced below the bulk value
explanation of the thin film data may provide an elucidationfor films with thickness less thar-40 nm. This behavior
of fundamental physics behind the glass transition. does not exhibit a discernible dependence onhhgvalue
A crucial point arising from recent reports of contradic- of the polymer, nor a strong dependence on the substrate
tions between experiments is that great care must be taken irsed. Even though the details of the polymer-substrate inter-
making comparisons between results that measure differemaiction do not seem important in thin PS films the presence of
physical properties. This is true even if these different propa substrate is important. This is illustrated by the fact that
erties are both probes of the dynamics of the system. Perhafieely standing PS films exhibit a fascinating beha\fiéf
the most striking example of such behavior occurs for thinwith much largerT reductions than supported films of simi-
films of polystyrendPS). For this polymer, measurements of lar thickness. Freely standing films also display a compli-
the T4 (and segmental dynamicmdicate an enhancement of catedM,, dependencg7—-10|. Despite the relatively strong
the dynamics, whereas measurements of the whole chain magreement between different studies of PS films as well as
bility exhibit exactly the opposite behavigs]. recent attempts at modelii§,11-13, an explanation of the
observed behavior remains elusive.
Measurements of th&, value of a material are, at best,
* Author to whom correspondence should be addressed. Email adndirect probes of the dynamics. More seriously, such mea-
dress: jforrest@uwaterloo.ca surements are sensitive to the thermal and preparation his-
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tory of the sample. The indirect nature of glass transitiondielectrically defined {, Tg'e' as the temperature where the
measurements has prompted a number of studies aimed @flaxation peak is at I Hz. This is done by a slight ex-
more direct measurements of the dynamics. Some of thegeapolation of the relaxation curvéapproximately one order
measurements including dielectric studigst] and quartz  of magnitude extrapolation on data over more than seven
crystal microbalance measuremerjts5], exhibit a film  orders of magnitude The so-definedl, values decrease
thickness dependence of the relaxation, which is quantitawith decreasing film thicknesses for films thinner than 100
tively consistent with the measured lowgy values. Some nm. The magnitude of the effect is such that the thinnest film
studies derived from measures of whole chain motion, on th€18 nm) has aTg'e' reduced by~12 K from the bulk value.
other hand, indicate that such motion is actually slowedThese results are then compared with ellipsometric measures
down in thin films compared to the bulKkl6]. This stark of theTg'e' for the same polymer on Si substrates. The com-
contrast illustrates some of the difficulties faced in the thinparison is striking in that th& values actually increase with
film measurements. Even though measurements of two difdecreasing film thickness. The magnitude of this effect is
ferent dynamical probesuch as segmental versus chain mo-also remarkable with a measurgg value 50 K greater than
tion) may be used almost interchangeably in bulk systemshe bulk value for an 18-nm film. The discrepancy between
the same is not true for thin films. One example of why thisthese two measures of the dynamics is clearly significant,
may occur was given by Semengi7]. This particular ex- and there are two possibilities why such a discrepancy may
ample brings up a more fundamental question concerning thexist. One possibility is that dielectric spectroscopy and el-
coincidence of different experimental probes of the dynamicsipsometry actually probe dynamics in sufficiently different
in thin films[2]. The resolution of this question is one of the ways that it is not possible to learn from comparisons be-
most important issues in the study of thin film dynamics. Intween these two measures of the dynamics. An alternative
many thin film experiments it is not always clear what is possibility is that the observed differences are due to the
being probed. Comparison between experiments is obviouslylight differences in sample geometry between the two stud-
crucial to develop an understanding of the underlying physies. Samples for the dielectric study are spincast onto Al
ics, and in thin film samples such comparisons may not be asoated substrates, and have Al evaporated on the top surface;
valid as they are in bulk materials. while the samples measured with ellipsometry were cast onto

One of the experimental details which has been discusseg substrates. Either of these effedise different substrate,
in detail concerns the degree to which the polymer dynamicgr the evaporation onto the top surfaasould potentially
are dependent on the substrate that the thin film is preparegfect the result.
upon. While for the case of PS, the substrate seemed to be of Clearly, the above results suggest that we have to either
minimal importance, extension to other polymer systems hagive up the assumption that we can compare different types
revealed that many polymers display a sensitivity to the subof measurements, or we have to concede such a strong sen-
strate material. The earliest indication of this was the worksitivity to sample details as to make comparisons between
by Keddie, Jones, and Cory with atactic pofynethyl-  different samples tenuous. Both of these suggestions place
methacrylatg (PMMA) [18]. That work revealed that thE;  strong limitations on the usefulness of thin film studies, and
value of a thin PMMA film could actually be increaséah  we have set out to make a detailed quantitative comparison
Si0y) or decreasedon Au coating from the bulk value de- between systems, where it is reasonable to make and have
pending on the substrate used. Fregral. [19] have also confidence in such comparisons. In this paper, we present a
reported a strong sensitivity of, values for thin PMMA  study of thin supported films ofPMMA. We are able to
films in this case between SjGubstrates and those coated measure dielectric loss in thin supported films by incorporat-
with hexadimethylsilazane. More recent ellipsometry studiesng the films into an air-gap capacitor. We are also able to do
have suggested much larger effects depending strongly asllipsometry on the exact same sample geomeatNIMA
the tacticity of the polymer. An example of this is the recenton Al coated substratgsThis provides us with the opportu-
work by Grohenset al. on steroeregular PMMA thin films nity to make detailed quantitative comparisons between the
[20]. This work shows a fascinating film thickness depen-results. For completeness, we have also made dielectric loss
dence of theT; value on the polymer tacticity withPMMA  measurements orPMMA films that have had an Al layer
on Si substrates showing strong increases in The evaporated on togto determine any effects due to thermal
(=50 K for a 20 nm film while s PMMA on the same sub- evaporationas well as ellipsometry orPMMA films on Si
strate material shows significant decrease84 K for a 20  substrates.
nm film).

Some recent experimental efforts have focused on a par-
ticular system that brings both of these key issues to the
forefront, and needs to be clearly resolved. Thin films of Dielectric studies of isotactic padlsnethylmethacrylate
isotactic PMMA have been measured by Hartmanhal.us-  (i-PMMA) were performed using a home-built capacitance
ing broadband dielectric spectroscof®1]. The dielectric cell. The capacitor plates used in these experiments were
loss in these studies appears to have little, if any, film thickprepared by polishing 3-mm-thick, 20-mm-diameter stainless
ness dependence for frequencies greater than abduA0 steel disks using a series of four different aluminum oxide
but at lower frequencies the relaxation exhibits a film thick-slurries (with particle sizes from 1 to 0.0am) (Mark V
ness dependence such that at a given temperature, thin filrhaboratoriey The resulting surfaces were then cleaned by
have a shorter relaxation time. This was used to define @nsing first in deionized water and then in chloroform. A
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1.9-um-thick layer of aluminum was then thermally evapo- heously measure the capacitar¢eand dielectric loss tan-
rated onto one side of the plates using an evaporation rate @ent tand=€"/€’ of the system as a function of the sample
30 nms! at an ambient pressure ofx410~® Torr. This  temperature. The lowest room temperature loss tangent mea-
procedure typically produced structureless surfaces with asured was 1.8810 °, which was obtained for the empty
rms roughness of 5 nifmeasured on an atomic force micro- cell. To obtain the temperature dependence of the dielectric
scope over a 5850 um? area. loss, the temperature of the samples was increased from
The i-PMMA used in this work was obtained from poly- 25 °C to 140 °C using a ramp rate of 10 K mi They were
mer source i,,=212400,M,,/M,=1.21) and had an iso- then allowed to slowly cool at 2—3 K miirt. The tempera-
tactic content>98%. Films ofi-PMMA were prepared by ture was then cycled between 30°C and 130 °C using heat-
spin coating the polymer from solutions in toluene onto theing and cooling rates of 2—3 K mirt. The dielectric loss
alyminum coated capacitor plates. AI.I of the films used intangent tard and capacitanc€ of the system were averaged
this study were produced using a spin speed of 3000 rotasng recorded every 2 sec. Ellipsometry measurements were
tions per minute on a home—buﬂt spin coater. The f.|Im thick-51s0 performed of-PMMA films that had been spin coated
ness was controlled by changing the concentration of g, 5juminum coated substrates. The aluminum substrates
solution. Fllms Wlth thicknesses in the range 7—200 nm Werg . the ellipsometry studies were prepared by thermally
pro?#g ec%:tzlg gc;rp])lzcri?:: r;)?;jfes were annealed under vacuufiy2POrating a 1.gsm-thick layer onto 2-cnt silicon wa-
f o e s ([100Q] orientation, compart technologyThe evapora-
or 15 h at 90 °Qbulk T,=47 °C), removed and allowed to _. din the d "  this alumi |
cool to room temperature. They were then loaded into théIon rate used in t_e eposition of this aluminum layer was
éhe same (30 nms) as that used to coat the capacitor

dielectric measurement cell with a second capacitor plat i X
(also polished and coated with JAIThe two plates were plates, and produced an aluminum surface with a roughness

spaced using four 8 3-mn?, 10-um-thick polytetrafluoro- esse_ntially t_he same as that on the steel capacitor plates.
ethylene(PTFB spacers that had been cut from a large sheet Films of i-PMMA were spin coated onto the aluminum
(goodfellow and cleaned in chloroform. This resulted in ca- coated silicon wafers, annealed under vacuum at 90°C for
pacitance values in the range 140—170 pF. An important disl5 h, allowed to cool to room temperature and then placed
tinction between these samples and those involving elecon the ellipsometer sample stage. An Exacta 2000 nulling
trodes coated onto the polymer film surfaces is that in thellipsometer (Waterloo Digital Electronics using a laser
present case the capacitor used in each film is essentially thgavelength of 633 nm and an incident angle of 60.0°
same, with the actual polymer film being a relatively small*0.1° was used for the ellipsometry studies. The values of
perturbation. An additional advantage of using such a largéhe zone-averaged polariséand analyseA angles required
spacer, relative to the thickness of the films being studied, i§0 obtain a null value at the photodiode detector were re-
that this method reduces the size of the electric field in theorded as a function of temperature. The zone averaging
samples. This eliminates any possibility of nonlinear effectscompensates for imperfections in the optical components,
that may possibly be caused by large electric fields, and preand is meant to provide a more reliable absolute value in the
vents the difficulties associated with dielectric breakdown infinal quantities. The samples were cooled from 80°C to
very thin films. The second “reference” plate was used to10°C in steps of 2 °C. At each temperature interval, the
measure the temperature during the experiment. A thermsamples were allowed to equilibrate for 1-2 min before data
couple was fixedwith omegabond 200 thermal epoXpto a  were collected. This gave an effective cooling rate of
hole in the plate on the side facing away from the polymer0.2 Kmin™ 1. The P andA data obtained from the ellipsom-
film. This was done so that the thermocouple was in intimateetry experiments were converted to thickness and refractive
thermal contact with, but electrically isolated from, the ac-index, using the semi-infinite slab approximation for a film
tual electrode. The voltage on the thermocouple was mean an oxide coated substrate, described by Azzam and
sured with a HP34401 multimeter. A nitrogen purge was usedBashard22]. A transfer matrix method was used to construct
to gently flush the dielectric measurement cell prior to andhe fresnel coefficientsr(, andrs) for the p ands compo-
during the experiment. This served to remove any atmonents of the reflected light from the film. These were then
spheric water vapor on either the cell or the capacitor platesised to construct a second expression for the complex quan-
This dry gas purge was essential to decrease the backgroutity p=r,/rs. An experimental value op was then con-
loss to values low enough to allow measurement of the vergtructed using the relatiop,,= tan(A) exdi(2P+7/2)] and
thin films. For the bulk sample measurement, the cell washe quantityZZ* minimized using a Nelder-Mead uncon-
suspended in nitrogen vapdirom liquid boil off), which  strained nonlinear simplex optimization method, whére
allowed the dielectric loss measurements to be extended te p—pe,, and Z* is its complex conjugate. The only fit
temperatures as low as150 °C. parameters in this procedure were the thickness and refrac-
All of the dielectric measurements were performed usingive index of the polymer film. Table | gives a list of the
an Andeen Hagerling 2500A 1-KHz ultraprecision capaci-other parameters used in the fitting procedure along with the
tance bridge. This instrument is capable of obtaining a prereferences used to source the information. In each case, the
cision of 10°® pF in the capacitance and 1®in the dielec- thickness of the oxide layer was determined by using the
tric loss tangent. The instruments were controlled and theubstrate values d¢? andA and assuming a thin unform slab
data collected using custom software written in national in-of oxide on a semi-infinite medium of the substrate material.
struments labview. This equipment was used to simultaThis procedure of using the multilayer technique was found
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TABLE |. Parameters used in ellipsometry inversion calcula-

tions 6.0e-4 | Uncapped

i-PMMA

Substrate n Noyide hoxige (NM)
w 4.0e-4
Aluminum 1.300-6.500i[23]  1.765[24] 8.8+0.1 s - T
Silicon 3.860-0.019i[24]  1.460[24] 1.8+0.1
2.00-4 SEamamlil g (S Sy
to provide much more reliable data than the use of an “ef- 0o
fective substrate” method where an effective index of the . . .
substrate including oxide layer is used in the calculation. In
Al Capped b)

contrast to many polymer/substrate systems, it was necessary
to do the inversion before trying to extrat values. The

reason for this is that in the PMMA/AIJAI system, the o
changes in the ellipsometric anglesand A are strong func- 4.06-4 °°°<>oo°ooo&$

6.0e-4 | I-PMMA

tions of the refractive inder, and film thicknes$. For such © o7
strong dependence, linear change$ iandn do not lead to s o
linear changes i and A even for the small ranges consid- 2.0e-4 'vVV
ered in a typical cooling run. The ellipsometry for the capped gene?™, 3 ‘le'zvévev' A
films was more involved. Given the larger number of un- O iaieset RS ARe PN
knowns in that case, it was not possible to reliably invert the 0.0 ; '
data, soT4 values could not be determined using ellipsom- 40 60 8 100 120
etry. Temperature (°C)
FIG. 1. Dielectric loss tangent tahas a function of temperature
IIl. RESULTS for thin films of i-PMMA (M,,= 212 400). Data are shown for films
supported on aluminum substrates wighone free surface, angh)
A. Dielectric measurements with a 30-nm aluminum capping layer. The data shown correspond

to film thicknesses of @) 7 nm, (@) 29 nm, (J) 33 nm, @) 42
nm, (A) 67 nm, (&) 78 nm, (V) 89 nm, (V) 127 nm, and )
259 nm.

After the first heating and cooling cycle, the values of
tané and the position of the maximum of the loss peak
were reproduced to withint2 °C between temperature
cycles. The background signal in the first heating cycle was
found to be significantly larger than in subsequent cyclesas it allows a reasonably thick Al coating while still being
This may be due to the presence of small molecghasst  thin enough for ellipsometry studiésven though inversion
likely water moleculesadsorbed on to capacitor plates andof the ellipsometric data for the capped films was not even-
cell that are removed during the first heating cycle. The usgually achievedl In order to have reasonable control over the
of dry purge gas prevents reformation of a water layer. Thaeproducibility of the experiment for a 30-nm capping layer,
data obtained for taf as a function of temperature are plot- it is necessary to employ the low evaporation rates used in
ted in Fig. 1. Also shown, in Fig.(b), are the results of the these studies.
same measurements performed on filmsi-&fMMA that The a-relaxation data shown in Fig. 1 fefPMMA sit on
have had a 30-nm layer of aluminum evaporated on top of background that for the thinner films studied make deter-
the polymer using an evaporation rate of 3 nm.sThis  mination of the peak position less obvious. To make more
second set of experiments was performed so that a compaxetailed analysis, it is necessary to remove the background.
son could be made between the samples described abofe empty cell run was taken with the same experimental
(i.e., having one free surfacand those with an aluminum conditions (e.g., cooling ratgsas the runs involving thin
capping layer. The aluminum capped films are similar tofilms. This empty cell spectrum was simply scaled by a mul-
those studied previoush25,21] where it was suggested that tiplicative factor to make the high temperature values of
evaporation of the second aluminum electrode could be reland (where there is no relaxatiprqual to that of the data
sponsible for the anomalous results obtained in these studiefiie, and then subtracted from the data. This was done for all
In the present study, the second evaporated layer does not dbe film thickness studied, except theu@n-thick (bulk) film.
as the electrode because the @@+ PTFE spacers were In the case of the gem-thick film, the contribution due to
placed on top of this layer to isolate it and the polymer filmthe background was negligible and correction of the data was
from the reference plate. While it may be preferable in somenot necessary. Under normal circumstances, subtraction of
way, it was not possible to use the same evaporation condiané values is not a valid method for performing background
tion for the top layer as was used for the underlying layercorrections. The correct way to perform the background sub-
The reason for this is that in order to maintain the possibilitystraction is to correct the’ and €” by their background
to perform subsequent ellipsometric studies, it is necessamyalues[21,25 and then take the ratio to determine the cor-
that the Al layer not be so thick that there is no opticalrected value of ta@. The geometry of the air-gap capacitors
penetration into the polymer. The value of 30 nm was chosensed in this study allows us to make a number of approxi-
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of the background subtraction procedure is confirmed by the

"0 comparison performed below of the scaled davalues ob-
08 tained in the present study with those of Hartmabal.[21]
w| & 06 and Wibbenhorset al. [25].
S °c° 2 Figure 2 shows the ratio of tahto tand,,, for the cor-
s 04g rected data, where tafy,, is the value of ta at the maxi-
02| mum value of thex relaxation peak. The solid line is for a
0.0 6-um (bulk) sample and the inset shows an extension of the
) . measurement on the bulk sample over a temperature range
15010050 0 50 100150 . large enough to encompass the enfireclaxation peak. The
Al Capped b) data shown are qgain for films yvith one free surface in Fig.
1.0 F "i.PMMA 2(a) and for aluminum capped films in Fig(lg. All of the

data shown were taken from the second cooling of the
0.8 q.o .
R o v samples though any subsequent cooling cycle could also
5 0.6 va o v have been used. Perhaps the most obvious feature of this
[Z=2 - v, . . . . . ey - . .
e 04 ™ o figure is that there is no discernible shift in the dielectric
s ,@ oned 07 relaxation peak at a measurements frequency of 1 kHz for
0.2 V.A&m o0 i-PMMA films with a thickness as low as 7 nm. This obser-
0.0 v'g,ava o0 vation is in agreement with the results of Hartmagtral.
) wﬁ(( [21] where for films ofi-PMMA (M,,=164700) with thick-
40 P 20 100 120 ness as low as 20 nm there was no observed shift in the

0 1-kHz data. Closer inspection of the data in Fig. 2 reveals
Temperature ("C) that there is also no discernible change in the peak shape.
FIG. 2. Corrected dielectric loss data for thin fimsicmma | e small differences at higher temperatures are due to

(M,,=212400). The data are scaled by the maximum value of thewbﬂ,eties in removing the background, but what is Clef"‘r is
« loss peak (tam,,,) so that a comparison of the peak shapes forthat in the low temperature losahere enhanced dynamics
the different film thicknesses studied can be méske text Data N thin films would be observedhere is no evidence for a
are shown foi-PMMA films with (a) one free surface an@) with ~ change of behavior in the thinner films. A distinct possibility
a 30-nm-thick capping layer. THePMMA film thicknesses studied has been raised previously that the evaporation of a metal
are ©) 7 nm, (@) 29 nm, () 33 nm, @) 42 nm, (A\) 67 nm, layer on top of the polymer film may actually modify the
(A) 78 nm, (V) 89 nm, (¥) 127 nm, and ¢ ) 259 nm. The solid ~ film properties. This has been discussed as a potential expla-
line is the scaled data obtained for a bulk sample (#13). The nation between differing results in dielectric studies of
inset shows a plot of the data collected for the bulk sample, takeirPMMA systems. We investigate that possibility by also
over a wider temperature range. studying PMMA films that have had an Al coating evapo-
rated on top of the film. Figure(B) shows the scaled dielec-
mations that makes the subtraction of tamalues equivalent tric loss (after removal of the backgroupds a function of
to subtractinge” values. This is because the measueéd temperature for these samples. As in the previous plot, the
values are given by an average of #levalues for the poly- most obvious feature of the data in FigbRis that the po-
mer and the air gap, weighted by their thickness. The measition of the loss peak for this system also displays no de-
sured capacitance changes in a typical experiment were g@fendence on film thickness for films in the entire film thick-
the order of 3—4 pHa typical measured capacitance valueness range. Though the capped systems exhibit more scatter,
was 150 pkfor all the film thickness studied. After correct- there is no monotonic shift in the position of the loss peak
ing for the thermal expansion of the PTFE spacers, the dataaximum.
were inverted to extract values ef. The resulting values In producing the scaled data of Fig. 2, one also obtains the
were found to be dominated by the properties of the air gagctual magnitude of the maximum value of the dielectric loss
ande’ was determined to be close to one for all temperaturetangent as a function of the film thickness. Since the film is
in the range 50°€ T<130°C. The measured was found part of an air-gap capacitor which is, to a good approxima-
to be weakly dependent upon temperature in this range. TH#n, not varying between samples, we can expect the real
€’ values obtained for the empty cell showed similar behavpeak value of the dielectric loss to be proportional to the film
ior. The similar behavior o&’ for the data collected from the thicknessh. Figure 3 shows a plot of the value of tép., as
i-PMMA films and from the empty cell means that subtract-a function of the film thickness. One noteworthy point of this
ing the tans values of the empty cell behavior from the data data is the small magnitude of taR .. All films with h
collected for the-PMMA films is approximately equivalent =100 nm have a tafi,;,<1x 104, and the smallest films
to subtractinge” values. Below 50 °C, the values ef ob-  have a tam,,,, of less than X 107°. These small values of
tained, show a stronger temperature dependence. This m&nd, ., require the ability to measure changes in daof
explain the lack of systematic variation in the data in Fig. 2about 1x 10~ °. By using spacer layers of smaller thickness,
for temperatures<50 °C. The remaining deviations at high one could relax this requirement. If we extrapolate these
temperatures are due to small changes in the background tHates to the value of the spacer (10n) and compare this to
occur upon different assemblies of the capacitor. The validitythe bulk value of ta at 1 kHz, we find that the extrapolated
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FIG. 3. Variation of tans,,, with film thickness fori-PMMA 14.99 E_e.:,n DGR 14575
(M,,=212400) films supported on aluminum substrates Wit ( e &0 )

one free surface andi) with a 30-nm capping layer of aluminum. 1498 [ o °‘_'~hj 145.70

The inset shows the value of téap,,/h as a function of film thick- 1497 Pooo ’-§_>
ness for both the uncapped and capped films (HmThe dashed sy ® 14565

line represents the value obtained for a G@+-thick film (bulk : L ' L L
sample.
Temperature (°C)

o, it 3 are Sl e Fi. . pats showng te zone-averaghec) and (@
Xp - IS exami : I ellipsometry data as a function of temperature. Data are shown for

t_he ins_et of Fig. 3, where we plot tfiﬁ?“ax/h asa f“UC“O” of (th;oth a 127-nm and a 32-nm-thi¢k°PMMA film supported on alu-
f!Im thickness. AISO shown in the inset to Fig. 3 is a dashe inum substrates. All data were collected with an effective cooling
line corresponding to the value of tap,./h for the 6 um | ate of 0.2 K minL.

film. The simple argument given above leads to the sugges-
tion of a constant value of taf,,./h. All of the thin film
data are clearly below the value for the “bulk” sample, an
with the exception of the data points for the thinnest films
there is a trend of decreasing values of &gn,/h as the film
thickness is decreased. The very thinnest films are most su
ject to small quantitative errors after the background sub-
straction; and so the two observations above suggest a slight
decrease in the relaxation strength as the film thickness de-
creases. An interesting point of the data in Fig. 3 is that the
value of tand,,y is very similar for both the supported and
the Al capped films. In recent dielectric studies of thin poly-
mer films[14,21], it has been suggested that the film thick-
ness dependence of the relaxation strength is due to the pres-
ence ofdead layermear the interfaces that do not contribute

to the relaxation. The quantitative coincidence we observe
between films with one free surface and those with no free
surfaces does not support the suggestion of tbese layers

as the principal reason for the observed film thickness depen-
dence of the relaxation strength.

gtion is determined in this case by manually fitting the two

straight line regions on either side of the transition. For the
'data used in this experiment, the transition contrast is high
Gpough that this procedure is relatively insensitive to small

1.50

1.49

1.48

1.56

Film Thickness (nm)
X8pu| 8AORIBY

1.55

B. Ellipsometry measurements
1.54

As mentioned previously, the use of ellipsometry for
PMMA on Al substrates is not as straightforward as it is for
some other systenj$]. As a result, it is not always possible
to extract aT f_rom raw eIIipsomet_ric_ data. In this case it is 0 20 40 60 80 100
necessary to invert the data, within the context of some
model, to film thickness and refractive index. Figures 4 and 5
show the rawP andA data for two differeni-PMMA films FIG. 5. The fitted values for the thicknesa) and refractive
(127-nm-thick film and a 32-nm-thick filirsupported on Al index (¥) of i-PMMA films as a function of temperature. Tig of
coated substrates as well as the thickness and refractive ithe polymer is defined as the temperature at which the linear con-
dex obtained from the numerical inversion. The glass transistructions to the film thickness data intersect.

1.53

Temperature (°C)
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sometricTy (O) and T, the position of thex loss peak {) in

FIG. 6. Thickness dependence of the glass transition tempera=PMMA (M,,=212 400) measured at 1 KHz. This plot also shows
ture (Tg). Data are shown forPMMA films (M,,=212400) sup-  the position of the 1 kHz loss peak fe"MMA (M,,= 164 000)
ported on aluminum substrates withl] one free surface. Data are taken from the data in Reff21] (A). The dashed line represents the
also shown for uncapped films #fPMMA (M,, =212 400) sup- Position of T, for a 6.3um-thick film (bulk samplé.
ported on @) silicon substrates. The solid line shows the dielectric
T4 data for supported films gtPMMA (M,,=164 000) on alumi- ues on the different substrates. For the case of Al coated
num with a thin aluminum capping layer, taken from REfl].  substrates, th&, decreases with decreasing film thickness,
These data are shifted for comparison with the present work.  while for the Si substrates, thE, increases with decreasing

film thickness. This observation is very similar to that ob-

variations in choice of which points constitute the glassy anderved by Keddieet al. for the case of atactic PMMA on
melt regions. Figure 5 also shows the fits to these two lineaBiO, and Au coated substrates, where it was observed that
regions on either side of the glass transition. Not only can wehe T, decreased on Au coated substrates but increased on
use these straight lines regions to deterniige but we can ~ SiO, [18]. This difference between ttig, values on different
also use the values of the slope that correspond to the expasdbstrates, and especially the observation of a decrediging
sion coefficients of the glassy and melt state of the polymewith film thickness for the case of Al substrates is of impor-
as a check on the validity of the fitting routines used totance in this case as it is the difference between the ellipso-
deriveh andn. Typical values for the expansion coefficients metric and dielectric studies of RdR1] that has become a
of the PMMA films were determined to be 1:89.70 focus for discussion. The new ellipsometric results presented
x10~% K~! in the glassy state and 7.89.55x10 * K~! in Fig. 6 agree at least qualitatively with the estimafed
in the melt state. These values are both consistent with litvalues in Ref[21], determined using extrapolation of dielec-
erature values of the expansion coefficient of PMRS]. tric relaxation studies that were performed on thibBMMA
One point worth noting is that thabsolute valueof the  films capped with a thermally evaporated Al layer. A more
refractive index and film thickness are highly sensitive to thequantitative measure of agreement is provided by comparing
incident angle, and as a result inaccuracies in the inciderthe data in Fig. 6 to the solid line that fits to the data of Ref.
angle tend to lead to errors in the absolute fit values afid  [21] with a constant shift applied to the solid line to allow for
n (but not in the relative changes and hence Thg. This  coincidence of the values at large values of the film thick-
problem is more severe for the thinnest films, and can someiess. This comparison leads to a quantitative agreement on
times lead to fractional errors in the absolute value of thehe extent of thel shift using the two different dynamical
refractive index by as much as 10%. Another effect that leadprobes(dielectric andTg) within the uncertainty of the mea-
to quantitative(but not qualitative discrepancy at small film surements. The magnitude of difference in the the measured
thicknesses is the assumption used in the model calculatioff, values between the two substrates becomes as large as 27
The interfaces in the system are assumed to be perfectly fla for the thinnest film of 7 nm. This difference is larger than
when we know they have a roughness of a few nanometershat observed by Keddiet al, but a detailed comparison is
For thick films this has no effect, but when the film thicknessnot warranted as the tacticity is different in the two different
approaches the surface roughness, quantitative discrepancesdies. Grohenet al. have recently shown that tacticity can
may arise in the absolute values of any derived physicahave a significant effect on thg, value[20]. Comparisons
guantities. can also be made to recent measurementsPFMIMA on Si

As in any dilatometric method, thE, is determined from  substrates. The results of th MMA on oxide coated Si can
a break in the thicknegsefractive index versus temperature be compared with other recent studigD,21. While the
plots shown in Fig. 5, by the temperature where the twaresults for Si shown in Fig. 6 agree qualitatively with these
constructed lines intersef#]. Figure 6 shows measurdg, previous studies, there are significant quantitative differ-
values as a function of film thickness foBPMMA films on  ences.

Al coated substrates, as well eBPMMA films on Si wafers A summary of the results for the caseid MMA films on
with the native oxide layer intact. The most obvious aspecil-coated substrates is shown in Fig. 7. The hollow triangles
of the data is the qualitative change in the measdigdal-  (corresponding to the right-hand axis this figure indicate
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show a film thickness dependence. This behavior places
some limitations on what sort of an effect can be responsible
for the observedl, reductions. For instance, one way in
which theT, can be changed is through a simple change in
the T, value of the Vogel Fulcher Tamman relation
= roexg?(T T, A shift in T, was suggested to explain ob-
servations in photon correlation experiments on free standing
PS films[15]. A simple calculation usind and T, values
consistent with the data of Rdf21] shows that a change in
the T, value will produce a change in the relaxation time at
10° Hz essentially the same as that at #Hz.

One explanation that is consistent with the data involves
the existence of a dynamical correlation length The ef-
fect this has on the dynamics is not described simply by a
change in the Vogel-Fulcher parameters. The argument is
that the correlation length is a function of temperature as
proposed initially by Adam and Gibbs. While it is generally
agreed that this dynamic correlation lengtlhas a tempera-
ture dependence. There are few estimates as to an approxi-
40 60 80 100 120 mate value for¢, or for its temperature dependence. One

Temperature (°C) idea is that at sufficiently high temperatures, particle motion

FIG. 8. Scaled peak shapes for thdoss peak. The data shown is noncoop_erative, but as the temperature is Iowergd there is
are taken from this study({), Ref.[25] (A) and Ref[21] (O). a copperatlvny onset temperatufg,,s and the dynamic cor-
Data are shown for 6.m (bulk) and 33-nm-thick films, respec- elation lengthé~(Tons—T)®, wherea is a power that de-
tively. The dashed vertical line marks the position of &, (T,)  Pends on certain assumptions about the dimensionality of the
for the a loss peak in the bulk sample. cooperatively rearranging regions. For compact regions,

Donth finds that the cooperativity volumé,~ (T,,s— T)?
the temperature of the maximum value for the 1-kHz dielec{27]. Using a fluctuation model to analyze calorimetric data,
tric loss as a function of the film thickness. As a comparisonponth[27] has provided estimates of the magnitudetais
the dashed line gives the peak position for g8 bulk  well as its temperature dependence. For many polymers, the
sample. The data show that in the entire range of film thickgjye of& near the bulkT; is a few nanometerf28], and for
ness from 6um to 7 nm(i.e., almost three orders of magni- the case of-PMMA & is given as 1.30.2 nm[29]. This
tude in film thicknesk the peak of the 1-kHz dielectric 10SS grder of magnitude is also suggested in NMR experiments
peak occurs at the same temperature. The data are compal[g@], where a correlation length of 3 nm @+ 10 K was
to, and are seen to agree quantitatively with, the 1-kHz datayggested . In this case we can see that Mgathe dynamic
of Hartmannet al. which is given by the solid symbols. cqrrelation length is a few nanometers, but at the high tem-
Given sometimes significant discrepancies between differef§erature of the 1-kHz loss pedke., T,+ 30 K) the length
studies, this level of agreement between studies from differscale will be much smaller, reachin; a minimum valoé
ent laboratories is encouraging. Agreement between the dine order of the polymer persistence len@hT, . Clearly
electric data of the supported films in this study and thepe onset of any finite size effects requires that the sample
capped films used in other dielectric studies is clear not only;, e pe comparable to the value &f At lower peak relax-
in the peak position, but also in the entire peak shape. Figurgiion frequencies this condition will be satisfied for much
8 shows a comparison between the results of our study Ofhjcker films than at higher frequency simply because a
supported films, the study of Ref21], and Ref.[25]. The  pigher frequency peak relaxation necessarily occurs at a
comparison in Fig. &) is for bulk samples and shows excel- pigher temperature. The result is that as one increases the
lent agreement. Even more remarkable is the fact that thigieasyrement frequency, the largest film thickness where
level of agreement is still observed for the case of the 33-nmynomalies will be observed will decrease. This argument is
films from each study. In this case, there are small differ-gimilar to those described by Kremet al.[31] and Anasta-
ences only at the highest temperatures. The mutual consigjagiset al.[32]. It provides one qualitative explanation why
tency between the results of the present study and other stugqe \would observe deviations from bulk dynamics usiyg
les, in terms of the thickness dependencies of Tgeand  measurements or low frequency dielectric studies, but not

1-kHz o peak is encouraging. _ _ observe deviations in the higher frequency dynamics of the
Returning to Fig. 7, the temperature of the dielectric l0SSsame films.

peak can also be compared to the measigdalue given

tan §
tan §max

tan g
tan §max

by the hollow squares. The separation b_etween the _1-kHz IV. CONCLUSIONS
loss peak temperature and the ellipsomelgjavas shown in
Fig. 6 to agree with the observation in RE21] that only at We have performed a detailed study on thin films of

low frequencies~10 2 Hz do the dielectric loss values i-PMMA using dielectric loss measurements and ellipsom-

031805-8



DIELECTRIC AND ELLIPSOMETRIC STUDIES OF TH.. .. PHYSICAL REVIEW E 67, 031805 (2003

etry. By studying supported films on the same substrate masubstrates, and the extrapolation of dielectric measurements
terial, we are able to make detailed comparisons betweereported by Hartmanet al.

dielectric loss measurements and ellipsometrically deter-

mined T values. The temperature corresponding to the peak ACKNOWLEDGMENTS
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