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ABSTRACT: We report the effects that geometrical confinement has on both the glass transition temperature,
Ty, and the crystalline phase transition temperatiigg for two widely studied conjugated polymers, namely
poly(9,9-dioctylfluorene) [PFO] and poly(9,9-dioctylfluorene-benzothiadiazole) [F8BT]. Th, andT. values

were determined for thin film samples via temperature-dependent ellipsometry measurements. The thickness-
dependeniy (T¢) behavior is characterized by three regimes, namely, (i) ldrgebulk samples for whicfTg

= TPulk (T, = TPUK), (ii) intermediated samples for whiclTy > TPuk (likewise forTg), and (jii) ultrathin samples

for which Ty drops again (likewise fof). The intermediate regimes occur for 160 amd > 60 nm and 300 nm

> d > 80 nm for PFO and F8BT, respectively. The higher-than-biylland T. values offer the potential to

design more robust and thermally stable polymer optoelectronic devices, including light-emitting diodes, lasers,
and solar cells.

Introduction weak polymetr-substrate interactions. This is especially clear

The condensed phase behavior of polymer glasses is dependi-n studies of free-st.and.ing PS films,'which show a much.more
ent upon the ability of the constituent molecules to undergo Pronounced reduction ifiy than for films supported on SiO
large-scale cooperative motions-felaxation). The glass transi- substrates.Interestingly, theTy depression in PS shows little
tion temperaturely, marks, in simplest terms, the temperature dependence on the type of substrate tis@d. the other hand,
at which the elastic modulus (and viscosity) of the polymer glass the thickness dependence f in other polymers has been
falls and hence at which-relaxation becomes more probable. Shown to be very sensitive to the type of substrate used. For
A polymer's ability to become rubberlike can, however, be €x@mple,Tqin poly(2-vinylpyridine) (P(2)PV) increases with
affected by local variations in the interaction with its surround- decreasing film thickness when films are spin-coated onto the

ings, e.g., near to a substrate interface. The wetting propertiesOXide surface of a Si wafét. It has also been shown that the
of a particular substrate can then play a central role in Ty of isotactic-PMMA films can either increase or decrease as

determining a locally. In situations where interfacial forces 2 function of decreasing film thickness depending on whether
are attractive they can act to inhibit cooperative dynamics and the Polymer is deposited on an aluminum or a silicon surféce.
lead to a rise inTg. On the other hand, the extra mobility Very recently, nonmonotonic variations with thickness (where
afforded to polymer chains by a relaxation of constraints at a bothTy > TUk andTy < T are found for the same polymer
“free” surface may reduc®&,, especially, for instance, if there  over different thickness ranges) have been reported for thin films
is a segregation of chain ends to the surface and a consequentf PS and PS derivatives when probed with shear-modulated
reduction in packing density. Deviations from bulk thermody- scanning force microscopy.Ellison et al'® have correspond-
namic properties should not then be surprising when the polymeringly encouraged the study of polymer systems with physico-
film thickness acts to confine motions on characteristic molec- chemical properties distinct from typical PS and PMMA test
ular length scales. For example, the dependenci oh film bed samples in order that a better understanding of the range
thickness has been extensively investightéah nonconjugated of behaviors and the underlying physical processes can be
polymer films such as poly(methyl methacrylate) (PMMA) and developed. These authors have also focused attention on the
polystyrene (PS) (for a review see ref 5). Low molecular weight need to consider nonuniformity ify across the thickness of a
glass former%® have been similarly studied. In most cases, there film: Any suppression or enhancementligis not expected to

is an apparent depression in polynigrwith decreasing film be a uniform effect since the interactions that control it are

thickness.=59 Confinement effects typically onset @ét< 40— clearly nonuniformt0.13.14
60 nm in PS, although this value is reported to depend on \any of the studies to date have been motivated by the
parameters such as polymer molecular weighnd chain  importance to advances in technology of an understanding of

stiffnessi® Such behavior has been related to an enhanced freeihe pehavior of polymers on ever decreasing length scales. The
volume (lowerTy) afforded by a relaxation in chain mobility 55 yet largely unpredictable behavior of confined polymer
constraints at the polymeair interfacé coupled with relatively  systems has implications for a wide range of applications. In
addition to the already mentioned variationsTig there are

TB_ased in part on a presentation to the American Physical Society March documented variations in melting poitt,chain diffusion?
Mefltr';‘gér?;ogb”ege London intrinsic viscosity? electrical insulatiorts optical anisotropy®

$ Victoria University of Wellington. and film morphology and moisture uptakeHere, we are
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within the context of thin-film-basedd(~ 100 nm), substrate- Scheme 1. Chemical Structures of (a) Poly(9,9-dioctylfluorene)
supported, conjugated polymer optoelectronic devices, a seem- [PFO] and (b) Poly(9,9-dioctylfluoreneco-benzothiadiazole)
ingly unstudied territory in this framework (but see refs 16 and [F8BT]

18). A lowering of Ty comparable to that seen in many ‘ . l 'li |
n / \-n
N N

be highly detrimental to device stability, a key parameter for
commercial adoption of the technology.

Since the first report of electroluminescence emission from
a poly(-phenylenevinylene) light-emitting diodéthe conju- (a) (b)
gated class of polymers has attracted increasing attention as a
material system well-suited to use in displays and lighting, thin rpm but only for F8BT) were used to allow a wide range of polymer
film transistor based electronic circuits, solar cells and photo- film thicknesses (10 nn¥ d < 320 nm for PFO and 40 nm d <
detectors, and lasers and amplifiers. The polyfluorene family, 3590 nm for F8BT) to be prepared: A constant spin-coating time
in particular, has been the subject of intense research interesff 40 s was used in all cases. Ellipsometric scans were performed
due to its excellent charge transport properties and the tunability With @ SOPRA GES-5 rotating polarizer, reflection mode ellip-
of its emission (both spontaneous and stimulated) across theSOMeter With its incidence angle set ar 80 the surface normal

(close to the Brewster angle of the substrate) and an incident

entire visible spectr_un?\‘?‘22 While the bulk thermal properties wavelength (550 nm for PFO and 600 nm for F8BT) selected to
of a number of conjugated polymers are documented (see forjie within the polymer's long wavelength transparency regon.
example refs 23 and 24 for PFO and F8BT, respectively), the Each sample was held in vacuo af.0~7 mbar within a turbo-
effects of confinement thereon remain (as far as we are aware)molecular-pumped chamber in order to avoid any oxidation during
unreported. Here we present an ellipsometry study of thickness-heating, an environment that also promotes the removal of any
dependent confinement effects on the glass transition temper-residual solvent from the film. The temperature was ramped from
ature,T,, and on the crystallization temperatufe, of poly(9,9- 2510 150°C at a rate of 0.7C/min using a Lakeshore temperature
dioctylfluorene) [PFO] and poly(9,9-dioctylfluoreme-benzo- ~ controller. The ellipsometric angles (taif and cosA) were
thiadiazole) [F8BT] thin film samples spin-coated on fused silica recorded at 10 s intervals during the heating cycle. Linear fits were
substrates. Ellipsometry is a technique that is well suited to the performed for each set of data (each sample) over three temperature
L S . . . . ranges: (i) 25C < T < (Tqg— AT), (i) T+ AT < T < T, — AT,
stgdy of thn film propegtles, m(lzlzudlng dlelectrlc_ functlon_e_md and (i) T > T, + AT. T, and T, were determined from the
thickness> morphology;® andTy:*? It has the required sensitiv-  jntersection points for the linear fits to ranges (i) and (ii) and (i)
ity and can be implemented in a scanning modality witbO and (i), respectively AT was varied from 5 to 20C in order to
um lateral resolution. We have recently sh@##¥ that ellip- estimate the error iy and T.. These errorsqTy and dT,) were
sometry can also be employed to measure crystalline phaseusually between 1 and <, while typical standard deviations for
transition temperatures and that by selection of an appropriatethe linear fits were around 1.5 10-%. We note that the sample-
probe wavelength (within the transparency window of the to-sample variation iffg andTcis <2 °C or, in other words, that
polymer under study) a depth-averaged measuremetafd/ the deduced phase transition temperatures are sample-to-sample
or T, can be obtained. We find here that the thickness-dependent™eProducible within the observed experimental error limits.

. : : Control experiments were performed at room temperature in air
Ty (.TC) behaWOT for_ P|FO ;nd l[):8IET IS Cfllarafcterlzhgdﬁby_three in which the ellipsometric angles of a PFO film were monitored
regimes, namely, (i) largd or bulk samples for whicfTg = over an extended period (more than 10 h). The wavelength was

Tguk (Tc = _chu'k)- (ii) |nterrr_1__ed|ated s_amples for Whmﬁf@a = fixed (550 nm), and the incidence angle was scanned frotid1
Tk (likewise forTc), and (iii) ultrathin samples for whicig 69°. Tan¥ and cosA did not change, within the experimental error
drops again (likewise follc). The intermediate regimes occur (typically <0.003), throughout this extended measurement interval
for 160 nm> d > 60 nm and 300 nn# d > 80 nm for PFO (see Figure 1). This indicates that the small but finite UV component
and F8BT, respectively. We discuss the thickness—dependenpf the_ellipsom_ete_ris Xe lamp output does not degrade our polymer
T, results in terms of three literature models: These consider films in any significant way. It further demonstrates that the
(a) an excess free volume at the air/polymer interfag®, an relaxation time at room temperature for these materials is much
attractive interaction with the substrate and a redukgat the ~ 'ON9er t_h?n dtrl‘)e typical measlg_remerlt tll’_?;}?[(:l‘!). This gag be %ai'ly

: R : . appreciated by comparing Figure 1 with Figures 2, 3, and 4.
sErfaC(f, 3”5' (IC) |n:ﬁrfacizl_rlrr:ter?tct_lons tt:atf irehme_?rllate_% OIE a 1o try and ensure the removal of any solvent trapped within
charactenistic length scai¢.The attainment of higher-than-bul deposited polymer films, some researchers studying confinement
Ty and T values that we report offers the potential to design
more robust and thermally stable polymer optoelectronic ' ' ' '
devices. 0.16 - 69

nonconjugated polymer films of similar thickness would likely
H17Cs CgH1z

Experimental Section

Poly(9,9-dioctylfluorene) [PFO] and poly(9,9-dioctylfluorene- 0.14
co-benzothiadiazole) [F8BT], with a typical degree of polymeri- =
zationn ~ 100, were obtained from The Dow Chemical Co. (see <
Scheme 1). These polymers had been subjected to rigorous |-
purification procedures at Dow to remove residual catalyst and other
impurities and were used as supplied. Thin films were spin-coated
onto clean fused silica substrates from solutions of PFO and F8BT

0.12 63

66
64

dissolved in toluene. Spectrosil B fused silica substrates (Kaypul 0.10 85
Optics Limited) were subjected to ultrasonic cleaning in acetone ) ) . . )

(~15 min) and 2-propanol~15 min) and finally dried using 0 ' 3 ' 6 ' 9
nitrogen gas. This cleaning procedure, which is commonly used .

when fabricating organic-based devices, is expected to lead to Time [hours]

slightly hydrophobic surfaces. Different concentrations (in the range Figure 1. Extended time dependence of tshmeasured for a-100

0.77-40 g/L) and different spin speeds (in the range 260000 nm PFO film for nine different incidence angles. CDV
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- - . T measurements are undertaken. Significant polymer relaxation has
5 0Mor (a) 1 been reported for spin-coated PMMA films upon such annealing,
c resulting in an important film thickness reducti&®! In our study
= 0.105 ] premeasurement annealing treatments of this type have not been
applied to the polymer films, since:
o100 ; ; ; ; ; 1 (@ The default treatment for optoelectronic devices with
’ conjugated polymer active layers is that they are not annealed, and
3. 0108 (b) ] therefore, by not preannealing our films, the results retain their
= greatest relevance to the corresponding device-oriented research
8 0102 - 1 community. We note however that more specific studies might well
0.096 - | ensue in which the effects of a particular fabrication protocol (choice
) 20 30 0 50 e 70 80 of polymer molecular weight, solvent, solution concentration,
o deposition method (spin-coating, ink-jet printing, etc.), substrate
Temperature ['C] and surface preparation, etc.) @pand/orT. are carefully examined,
Figure 2. Tan W as a function of temperature for-a60 nm thick but this goes beyond the scope of the present initial investigation.
PFO film (a) as spin-coated and (b) after slow cooling from°63 (b) While PS, PMMA, and related materials form amorphous
Straight lines are linear fits to the experimental data before and after glassy films, the polyfluorenes considered in this study are
To. semicrystalline. Hence, taking the spin-coated films aligMeads

to crystallite formation and irreversibly changes the film morphol-
ogy and thermodynamic response. Taking this to its extreme,
annealing will eventually eliminaf€&,. Moreover, as the morphology
changes the polymer films will become further and further removed
from those found within pristine optoelectronic device structures,
and hence any results will become of less and less practical
relevance to strategies for device stability optimization.

To check whether solvent-mediated relaxation plays a significant
role, we have carried out several control experiments. A PFO film
with an ellipsometrically deduced initial thickness of 851 nm
was heated to 63C (aboveTy) at a rate of 0.7C/min and slowly
cooled at<0.7 °C/min: The thickness of the film after heating

0.075__ A 84 nm and cooling was 83+ 1 nm. The relative departure from the
\ \ \ equilibrium volume,y = (dspin-coated— Janneale}/annealed IS iN this
25 50 75 100 case 0.02t 0.02, namely, 56 times smaller than reported for
PMMA films of the same thicknes®.In terms of the changes in
Temperature [OC] T, Figure 2 shows the temperature dependence oF ttor two

~60 nm thick PFO films on heating from room temperature: (a)

Figure 3. Typical temperature-dependent ellipsometric scans for 84 presents the data for an as-spin-coated film (film A), and (b) presents

nm (open triangles) and 111 nm (open squares) thickness PFO films. . o . .
The first change in the taW¥’ slope (50 °C, identified for each film the data for a film that after spin-coating had been first heated to

thickness by a dashed vertical line drawn through the crossing point @1d then slowly cooled from 68C (aboveTg) back to room

of the corresponding straight line asymptotes) can be assigned to thetemperature (film B). There is a slight increase in the valuggof

glass transition temperatur€,. The sudden increase in ta# (~90 deduced for film B (52t 3 °C) relative to film A (48+ 2 °C), but

°C) indicates crystallization, and we taKgto be the point of steepest  the two values lie within each other’s error bars. In addition, the

slope (also identified by a dashed vertical line). It is evident that both change in tal’ slope atTy is reduced for film B relative to that

Ty and T differ for the two film thicknesses. for film A. Both effects (the small increase T and the smoothing

of the tanW kink) can be attributed to crystallite formation, without

needing to invoke solvent loss. Measurements of the temperature

evolution of tanW for (what we expect to be) solvent-free, glassy

PFO films quenched from the isotropic mettZ20 °C) show a

less well resolved change in slopeTgbut still have a strong feature

at T.. We find that, just as for the results presented below for as-

spin-coated samples, tAg of PFO films quenched from the melt

shows a nonmonotonic dependence on film thickness. The weak-

ened evidence fofy in the ellipsometry scans on our melt-quenched

films may simply be an indication of the difficulty in completely

avoiding crystallization during the quenching process. Another

drawback with respect to melt-quenched samples is that they are

not typically used within optoelectronic devices since their prepara-
. L . L tion is not obviously compatible with device fabrication require-

50 100 150 ments: The melt temperatures are typically rather high (ZD&

T = 150°C). This means that studies on such samples would not

Temperature [OC] provide information of relevance to optimizing polymer device
Figure 4. Typical temperature-dependent ellipsometric scans for 46 stability, which is one of the major motivations for our study.
nm (open triangles) and 59 nm (open squares) thickness F8BT films. Our control experiments on melt-quenched samples, together with

Similar features to those seen in Figure 1 allow identificationTef  the Small variations iffy and thicknessy, upon annealing as-spin-
(~55 °C) and Te (~115 °C) and again show that the transition coated films at 68C, indicate that solvent trapping and subsequent

temperatures differ for the two film thicknesses. elimination would not be expected to play a significant role in the
thickness dependence of the phase transition temperatures described

effects in supported polymer systems perform an annealing stepin this study. We note, in addition, that the amount of trapped

prior to embarking on a measurementlgf This typically consists solvent in thin films should increase with increasing film thickn&ss,

of heating the samples above the glass transition temperature andnd, therefore, a mechanism based on trapped solvent would only

then quenching back to room temperature before the detailed be able to explain a monotonic dependencé ain fiImthicknessCDV

Ry RPN,
0.168|—A— 46 nm

1
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[ T T T T ] as a function of temperature can be used as complementary
8 90! W T ) methods to determing&..2”32 It is evident from Figure 3 that
o c{5 both Ty and T increase AT ~ 12 °C and AT ~ 5 °C,
— r 1 respectively) upon reduction of the PFO film thickness from
Q .5l l 111 to 84 nm £d ~ 30 nm).
2 Ellipsometry scans were also used to determine the thin film
E Ty andT values for F8BT, for which polymer the bulk thermal
8 60 T 7 properties have been previously characterized by DSC measure-
c 97 | ments [.°SC~ 130°C for samples heated following quenching
O 45| S~ q | from the melt}?* Figure 4 shows two representative té#hvs
= temperature scans for films of thickness 59 nm (open squares)
b ) , ) , ) . ) . 1 and 46 nm (open triangles). The tdhvs temperature variation
0 75 150 225 300 for F8BT is seen to follow a similar behavior to that for PFO
. . with a slope change in ta# aroundTy (~50—65 °C) and an
Film Thlckness, d [nm] abrupt incF;ease ir?the value of tak ga(roundTC (~1)15 °C).
Figure 5. Ellipsometrically deduced, (solid triangles) and’; (open Here, Ty (T¢) increases by an amoudT ~ 4.5 °C (~5 °C)

circles) values plotted as a function of PFO film thickness. For upon reduction of the F8BT thickness from 59 to 46 nal (~
thicknesses between 60 and 159 nm, bbjland T are greater than 13 nm)
their bulk values. PFO films with thicknesses smaller than 60 nm show '

T, smaller tharT and an increase i for d < 20 nm. The dashed Figure 5 shows ellipsometrically determindg (solid tri-
and solid lines correspond to fits of the experimental data using eqs 2 angles) andr. values (open circles) for 11 different PFO film
and 3, respectively. thicknesses in the range 10 nmd < 320 nm. We note that it

is easier to determin€&; (hence the smaller error bars) because

with Ty decreasing as the thickness increased. We note also thatthe change in ta is more abrupt al; than atTy. As the film

the close correspondence in nonmonotonic behaviof f@ndT. thickness is re_duced from 320 nm ('”Cfeas'”g confinengnt)
would not be expected if trapped solvent were important since the (Tc) starts to increase a ~ 159 nm and rises to a local
slow heating (0.?C/min) in vacuo (107 mbar) would be expected ~ Maximum,Tg™ (T,m®), atd ~ 70 nm ¢-90 nm), some 18C
to significantly affect the amount, if not fully remove, any trapped (11 °C) higher than the corresponding bulk or thick film value.
solvent (toluene) over the temperature intervAll (> 30 °C) On further reducingd, the Ty value decreases and reaches a
betweenTy and Te. value~5 °C lower thanTg! for films with d ~ 18 nm. These
Additional spectroscopic (25850 nm, 5 nm steps) ellipsometry  results identify two film thickness ranges in whi¢hhas values
measurements were taken before and after each heating cycle. Thishat are distinct from the bulk: (i) an intermediate region (60
was done in order to evaluate the film thickness before and after nm < d < 160 nm) for whichTy > Tgeuk and (ii) an ultrathin
heating as well as to (_:heck the changes in t_he absorption spectrun}egion @ < 60 nm) for whichT, < Tgbulk. In contrast taT, the
related to crystallization. The spectroscopic data were analyzed crystalline transition temperature drops from its maximum value
using the standard critical point model, in which the dielectric td ~ 90 t lue~T UK for d ~ 25—75 but th
function is described as a sum of excitons (3 for PFO and 4 for a nm 10 a valuesic or nm but then
F8BT)2® Each exciton i) is characterized by a set of four 'iS€s above the bulk value on going to even thinrer<(20

parameters: Centra' energEcoy W|dth (ri)’ amp”tude A)’ and I’lm) fI|mS The gOOd agreement betWeen the bLI||( Values Of the
excitonic phased), as previously reportet§:29.32 glass transition temperature deduced using B%iter quench-

ing from 220°C) and ellipsometry, both equal to 59 3 °C,
Results and Discussion suggests that the amount of solvent trapped within our polymer

films (after they have been placed in vacuo within a turbo-
Ir]'nolecularly pumped sample chamber for measurement) is
relatively small compared to other materials such as PMWIA.
We further note that PL intensity measurements reveal a similar
nonmonotonic dependence d&fy and T, upon PFO film

Figure 3 shows typical ellipsometric angle (ta#)%> vs
temperature scans for 111 nm (open squares) and 84 nm (ope
triangles) thickness PFO films: These are representative of a
large number of scans for a wide range of different film
gg;m?nsg ecz(()(;{hgtlg/uEeDSSc){) Ame;‘;rﬂfear{]i%g‘%vc't[ (ggeorg’ntlal thickness,_ consiste_nt with the eIIipsometry studi_es rgporte_d here.
heating at 20C/min after quenching from 228C)% allows us The (_jetalls of this parallel PL-based investigation will be
to assign the first change in slop® tan W/6T) at ~50—63 °C des‘?“bed elsewhere. o .
to the glass transition temperature, just as often done to identify It is notable that the variation il is almost twice as large
T, for saturated polymer films:4 We have recently demon- ~ @S that forTc, which suggests that nanoconfinement has a more
strated that the temperature dependence ofdais closely ~ Pronounced effect on the properties that govern the glass
linked to the film density g),272832such that changes in the transition. Our current ellipsometry set up did not allow us to

slope of tani¥’ at T, are equivalent to changes dp/dT (or the reach _the_ temperaturd,,, at which the films melt into the
expansion coefficient) between the glassy and rubbery statesnematic liquid crystalline mesophasén(~ 180 °C), butTn

A similar comparison with DSC measurementgPfC ~ 93 could be clearly measured via photoluminescence measure-
°C)® identifies the abrupt increase in ta# at ~90 °C with ments?’ Interestingly, the PL deduceT, values showed very
the onset of crystallizatio® We assign the tal’(T) inflection little variation (within the experimental error of-3 °C) for
point temperature &k (in analogy to a peak heat flow in DSC). ~ film thicknesses across the full range studied here-@ZD nm).

The step change in tal¥ is also accompanied by a rapid Figure 6 shows the corresponding ellipsometrically deter-

densification of the film and an increase in the integrated mined Ty (triangles) andT. (circles) data for 10 F8BT films
photoluminescence (PL) intensity emitted normal to the film over an extended thickness range from 40 to 3590 nm. For
plane, effects that are readily attributed to the crystallization greater clarity in the region of interest, a logarithmic abscissa
process’ The crystalline phase has its own characteristic PL (thickness) scale has been employed. Note that tHH&00 nm)
spectral features so that both intensity and spectral measurementiims are more readily prepared with good optical quality &)Ir)V
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Figure 6. Ellipsometrically deducedy (solid triangles) and. (open
circles) values plotted as a function of F8BT film thickness. For
thicknesses between 80 and 300 nm, bojftand T, are greater than
their bulk values. F8BT films with thicknesses around 60 nm sfigw
smaller thanT,*“k. Higher-than-bulKT, and T values were found for

d < 40 nm. The dashed and solid lines correspond again to fits of the
experimental data using egs 2 and 3, respectively.
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Figure 7. Thickness dependence of standard critical point model
parameters of the dielectric function for as-spin-coated PFO films: (a)
the summed exciton amplitude-to-width ratios for the two excitons
needed to fit the ellipsometry data in the long wavelength absorption
peak range and (b) the central enerdieandE; for these two excitons.
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Figure 8. (a) Dependence of the crystallization-induced decrease in
PFO film thickness on the initial, as-spin-coated, film thickness. (b)
Thickness dependence kf(cf. eq 1) for PFO films. In both cases the
lines are provided as a guide to the eye.

in both Tg and T¢, as per PFO, but hergm® (T,"®) is only
some 5°C (8 °C) aboveT Uk (TPUK). Ty and T, then decrease
with decreasing thickness until beladv~ 60 nm, Ty < TgPuk
andT, < TPk Even thinner films @ < 40 nm) exhibitTy >
TPuk and T; > TcPuk. The thickness range over whidh >
Touk spans from 80 to 300 nm in our F8BT films, while it is
only 72 to 140 nm in the corresponding PFO films.

One observation concerning the data in Figures 5 and 6 is
that the thickness onset for a deviation from bulk behavior for
PFO d ~ 159 nm) and F8BTd ~ 300 nm) is considerably
larger than that typically reported for P8 ¢ 40—60 nm).
Interestingly, Ellison et al® have recently demonstrated that
modification of the polymer repeat unit from styrene ttedt
butylstyrene can result in a shift in the thickness onset for
deviations from bulk behavior td ~ 350 nm. These authors
proposed that the increased chain stiffness in polg(4-
butylstyrene) plays a key role in the observed shift, a proposal
that is qualitatively consistent with our findings: The conjugated
PFO and F8BT chains are certainly more stiff than PS chains.

An analysis of the spectroscopic ellipsometry data for the
as-spin-coated conjugated polymer films demonstrates that their
electronic properties may also be significantly altered by thin

Open symbols represent additional data obtained for samples spin-coatedilm confinement. The ellipsometry data allow a determination

from p-xylene solutions and are included for comparison. The lines
are provided as a guide to the eye.

F8BT than for PFO. In the latter case, thick films are typically

of the in-plane dielectric functidf at room temperature as a

function of film thickness. This in turn allows an estimate of

the corresponding variation in density: Integration of the

somewhat opaque due to scattering effects. The glass andmaginary part of the dielectric function gives the oscillator

crystalline transition temperatures of F8BT films also exhibit a
nonmonotonic dependence dnbut the deviations from bulk

strength that, in the absence of any changes in the transition
dipole moment orientation distribution, is expected to be

behavior are less pronounced than for PFO, even though theyproportional to the material density. When using excitonic

begin at greater thicknesd (~ 300 nm compared to 159 nm
for PFO). Reductions in thickness lead initially to an increase

peaks?? the oscillator strength is proportional to the sum of the
ratios between amplitude and width for each peak, }.&/T. CDV
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Figure 7a shows this sum for the two exciton peaks in the visible pected: (i) an interfacial region in which spin-coating related
region of PFO. The oscillator strength again shows a nonmono- shear forces induce chain extension and/or disentanglement, (ii)
tonic dependence with film thickness, with a maximund at an intermediate region wherein the polymer chains are highly
70 nm. This might suggest tha, > T°Uk for intermediate entangled, and (iii) an unperturbed bulk region. A similar
thicknesses arises from a higher average density in this rangeconceptual picture might also explain our findings, despite the
(but note the dipole moment orientation complication in respect fact that nonresonant ellipsometry (i.e., in the transparent region)
of the connection between oscillator strength and density). The averages over the whole film thickness. Two interesting points
excitonic energies also exhibit a nonmonotonic dependence onfrom Sills et al.’s study are that increasing molecular weight
d, with blue-shifted peaks in the same intermediate thickness apparently shifts th&, peak toward larger thicknesses and that
range. The blue shift would usually be taken to indicate a the onset thickness for deviations from bulk behavior is
reduction in average conjugation length, but a more detailed significantly higher in this reporid~ 250 nm) than determined
study is needed to better understand the origin of the observedfrom other measurementd ¢ 40—60 nn?4). In the interest of
exciton oscillator strength and peak energy changes. completeness, it is worth pointing out that while some authors
The crystallization of the PFO films is accompanied by a have reported a molecular weight dependence of §ivariation
densificatior?” The decrease in room temperature film thickness with thickness for supported PS filmig;13 other groups have
upon annealing ranges froxd ~ 25 nm toAd ~ 5 nm, when found molecular weight independent resaft8 The discrepancy
going from thick @@ ~ 319 nm) to thin <40 nm) films, might simply be due to the use of different annealing treat-
respectively (see Figure 8a). In terms of the dielectric function mentd® and/or different measurement protocols, €Ig.mea-
parameters, the exciton amplitudes increase, their peak widthssured on coolingy* rather than on heatirg'®
broaden, and their central positions red shift, in agreement with  An alternative model to that of Sills et &.had been
previously published resul® An increase in oscillator strength  previously proposed by Kim et & their continuous multilayer
is also seen for all of the samples upon crystallization. While model (CMM) is based on dividing the polymer film into an
these trends are common to all PFO film thicknesses, a greaterinfinite number of sublayers, each with a different glass
effect is observed for thinner films than for bulk samples. Itis transition temperature. The CMM aipolymer surface was
possible to quantify the overall changes in absorption using the characterized by a loweéF, than the bulk, while close to the
normalized difference in the spectrally integrated values of the substrate, a higheFy was assumed due to polymer/substrate
ellipsometrically deduced extinction coefficients, defined as  attractive interactions. The CMM then provides an explicit
expression for the averagg(d) expected (by means of the mean

4500 value theorem) for a film of thickness

250 nm"] Kcrystalline B Kspin—coateddj'

450n
250nmn1 KspirH:oateAd;L

@)

d(2k + d)) @

0= Tgbmk( (& +ap

Figure 8b shows the dependencekobn film thickness and

again there is a nonmonotonic variation, here Withyatd ~ wherek and ¢ are two adjustable length-scale parameters that

90 nm. These results further confirm that the electronic
properties of conjugated polymer thin films are also significantly
affected by confinement, mirroring the film thickness variation

respectively account for the substrafmlymer and air-polymer
interactions. We note that although this model was developed
to explain the (at that time) exclusively monotoriig vs d

seen forTg and Te. variation reported in the literature, it does allow for a non-

The spectral changes with thickness and upon crystallization monotonic Ty vs d profile, provided thatk > 25. The latter
are similar in the case of F8BT films. The only major difference inequality requires that the effect of the polymesubstrate
compared to PFO films is that the F8BT films do not appear to interface should (in this model) propagate at least twice as deep
shrink upon crystallization: Ellipsometrically deduced film into the film as the effect of the aipolymer interface. The
thicknesses for the as spin-coated and crystalline films lie within CMM thus contrasts with a number of other empirical models
each other’s experimental errors. This might be the result of a that only describe a monotonic decreasd jiwith decreasing
higher density for F8BT films with respect to PFO films, as d, the result of higher chain mobility at the air/polymer interface.
also suggested by the deduced higher refractive index in theFor example, the empirical relation of Keddie, Jones, and €ory,
transparency regioff. namely Ty(d) = Tgpudl — (oUd)?] (with fitting parametersn.

We next discuss our results in terms of existing models for ando), does not allow a local minimum/maximum. It is clear
the effects of nanoconfinement on the phase transition temper-that substrate interactions need to be included in order to be
atures of supported polymer thin films. The nonmonotonic able to describe sufficiently well the effects of geometric

variation of Ty or T¢ with thicknessd has not been widely
reported for other polymers. However, Ellison and Torkelson
did find such behavior for PS films supported on silica when
selectively probingTy of the uppermost~14 nm via a
PL-labeling techniqué! In addition, Sills and co-workers also
found a nonmonotonic dependenceTgfwith d for PS and a

confinement oy,

Our data can be fit using eq 2 (the dashed line in Figures 5
and 6), but the deduced bullg value (e.g.,TPu = 25 °C for
PFO) and the thickness at whidl = T,°"* (e.g.,d ~ 250 nm
for PFO) are in fact quite unreasonable. This reveals an
additional limitation, namely that the polymer/air and polymer/

cross-linkable styrenevinylbenzocyclobutene copolymét. substrate interface interactions are assumed to act in a particular
They used a shear-modulated scanning force microscopydirection: They are assumed to decrease and incrégse
technique to determin€y, a method that probes a near surface respectively. The CMM would clearly need to be modified to
region of order 1 nm thickness. The nonmonotonic variation cover the case where the substrate interaction is strong but
was proposed to arise as a consequence of the combined effeatepulsive. We note that neutron scattering experiments for
of structuring at the substrate interface and interdiffusion polyfluorenes deposited on ITO-coated substrates have been
between this interfacially modified layer and the unperturbed interpreted in exactly that way with low-density sublayers of
bulk structure® Three structural regions would then be ex- around 2 nm proposed to exist at the polymer/substé%%
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interface3®> These considerations highlight the complexity of external or internal heating. Spin-coated films typically possess
behavior that can arise and hence the flexibility needed for a a nonequilibrium structure that is frozen-in during solvent loss

suitably general model. as theTy of the residual solvent/polymer mixture rises above
A substantially better fit to our experimental data can be ambient temperature. Morphological instabilities are then ex-
obtained using th&@y(d) relationship derived by Zhou et &f: pected and not just in situations where the film temperature rises

aboveTg: Polymers also undergo physical aging bel®ywia
T bulk o —1 o,—1 conformational/structural relaxatiorf-¢elaxation) processes.
Ty(d) = QT[exp{— m) + ex;(— d/d——l) 3) The ability to select an active layer thickness in an LED or
0 0 laser$®=42 or for that matter in any other device, for whi@h

can be elevated relative to the bulk value is then an attractive
wherea; ando, are dimensionless adjustable parameters that proposition. It will also be interesting to study physical aging
account for polymer/substrate and polymer/air interface effects, below T in more detail for conjugated polymer films: Recent
respectively, ando represents a characteristic phase transition studies show significant changes in aging properties for ultrathin
length (which might be related for instance to the degree of PS and PMMA film4344with, under certain circumstances, a
polymerization/molecular weight, the average chain end-to-end dramatic suppression of aging. It would be highly desirable to
distance, or the length scale for cooperative motidf}.  be able to achieve the same result for conjugated polymer thin
Compared to eq 2, eq 3 is mathematically symmetric with films within device structures. Semicrystalline morphologies also
respect to the effects of the interfaces (iTg(d) depends equally offer an opportunity for enhanced thermal stabifity> but the
ona; anday). Note also that eq 3 allows the character of the accompanying increase in heterogeneity (nonmonodomain
interaction at both interfaces to be either attractive (leading to samples) and rigidity (embrittlement) can cause problems. In
a higher-than-bulRy(d)) or repulsive (leading to a lower-than-  general terms the bully values of polymer semiconductors
bulk Tg(d)) depending on the particular values @f and o.: should be kept high to ensure stability but a more complete
Ford > do, o > 1 (<1) leads toTqy reducing (enhancing)  understanding of the influence of spatial confinement and
interactions. Fits of our experimental data to eq 3 (cf. solid lines interface interactions within device structures could prove
in Figures 5 and 6) resulted in smaller standard deviations thanequally valuable. Conversely, a reductioriTynear an interface
found for fits to eq 2 2 is reduced 1.4 and 2.9 times for PFO  (leading to enhanced cooperative motion and more free volume)
and F8BT, respectively). The good (moderate) agreementshould be avoided since it is likely to be detrimental to long-
between eq 3 (eq 2) and the experimental trends (compared taerm device stability for a number of reasons, including (1)
monotonicTy(d) profiles) demonstrates that substrate/polymer reduced adhesion, (2) enhanced percolation of external ions and/
interactions are relatively more important in polyfluorene-on- or interdiffusion of polymer chains, and (3) greater susceptibility
spectrosil substrates than for PS spin-coated on Si. In addition,to damage during vacuum deposition of metal electrodes.
the introduction of a characteristic system length scale over
which properties change (eq 3) helps to improve the fit. Conclusions

The fact that the variation witll of the crystalline phase We have investigated the influence of film thickness on the
transition temperaturel(d), does not map exactly on to that  thermal transition temperatures of conjugated polymer layers
for Tg is consistent with the two transitions being governed to spin-coated on spectrosil substrates. Comparison was made
differing degrees by variations in a number of polymer petween the experimentally determinggd) and Tc(d) varia-
parameters, including chain conformation and dynarfida. tions and the predictions of literature mod&#.We found
particular, the increase i for the thinnest films can simply  nonmonotonic changes in bolly and T, with decreasing film
be due to a shortage of material to form crystallites. It is worth thickness. Deviations from bulk behavior were first observed
noting that tan¥(T) scans for films withd < 10 nm did not for PEO whend < 159 nm and for F8BT whed < 300 nm.
show the characteristic step changdaseen in Figures 3and  As the film thickness was further reduced, we observed a
4 for thicker films. Likewise, no step change in photolumines- thickness range in whicfiy > TPk and T, > TPuk namely
cence intensity was seen in Hl(scans for films with 60 nm< d < 159 nm for PEFO and 80 nma d < 300 nm for
thicknessesl <10 nm. This may be consistent with a suppres- F8BT, with AT < 20 °C. For even thinner PFO filmsi(< 60
sion of crystallization as for polptxylylene)'” and poly(din- nm), we foundTy to decrease belowg ™, but T, increased
hexylsilane)?® but it might simply signify a sensitivity limitfor  ahoveT Uk again. In the case of F8BT, bolly andT. increase
the two technique3The strong PL signal observed for ultrathin - for d < 40 nm. A more detailed analysis of spectroscopic
polyfluorene films does not seem to support the latter hypothesis. ellipsometry data suggests that there may be a higher-than-bulk
A better understanding of the processes that lead to nonmono-density for films that lie within the intermediate thickness region
tonic Ty and T vs d profiles for polyfluorene thin films on  characterized by enhancdg and T values. These findings
substrates is currently being sought. The relative roles of the motivate a careful reconsideration of device design strategies
polymer/substrate interaction and the air/polymer interface are for enhanced thermal stability, a process that will necessitate
clearly important to understand. A systematic study of the effect extensive measurements Bf and T, within specific state-of-
of molecular weight might also provide useful insights. the-art device structures for which a variety of electrode interface

Finally, one should note that thgy(d) and Tc(d) behavior constructions, and surface treatments as well as active layer
presented here offers a potentially useful tool for the optimiza- thicknesses should be explored. The potential rewards in terms
tion of conjugated polymer based optoelectronic device stabil- of enhanced device lifetime should however be sufficient to
ity: Itis clearly desirable that the polymer components of such encourage such a detailed study to be undertaken.
devices retain as constant a morphology as possible over time
in order to ensure reliable performance. It might be argued that Acknowledgment. We thank the UK Engineering and
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