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We report thickness-dependent glass transition temperature (Tg) and charge mobility in cross-linked thin films
made of conjugated polymer poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine) (TFB). Monotonic
Tg depressions with reducing film thickness in thermally and UV cross-linked TFB thin films supported on
Si-SiOx substrates are observed through ellipsometry measurements, suggesting that a surface mobile layer with
enhanced chain dynamics still exists in cross-linked TFB thin films, even with a high cross-linking percentage.
Data fitting using a three-layer model shows that the Tg in the interface, bulk and surface layer both increases
with increasing cross-linking, while the thickness of the interface and surface layer increases and reduces,
respectively. Cross-linking of TFB thin film generates traps that hinder charge transport and consequently reduce
charge mobility. The charge mobility converges in thick (>140 nm) and thin (<40 nm) TFB films but shows strong
thickness dependence in between, reducing from 4.0 × 10−4 cm2/V s in a 180-nm film to 0.1 × 10−4 cm2/V s in
a 20-nm thin film.
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I. INTRODUCTION

Many physical properties of polymers confined in thin
film geometry have been found to deviate from their bulk
counterparts, for example, glass transition temperature (Tg),
viscosity, molecular mobility, and so on [1–4]. Among these
physical properties, the Tg in saturated polymer thin films
have been widely studied by experimental and computational
approaches [5–7]. Although controversial reports can be
found in the literature, it is largely agreed in the soft matter
physics community that Tg and chain dynamics deviations in
polymer thin films are genuine [8,9]. This conclusion has been
verified by experimental results carried out using different
techniques, including spectroscopic ellipsometry (SE) [1,2],
dielectric relaxation [10], fluorescence intensity [11], X-ray
reflectivity [12], positron annihilation lifetime spectroscopy
(PALS) [13,14], neutron scattering [15–17], and local thermal
analysis [18]. The thickness and substrate dependent Tg

deviations of polymer thin films originate from the competition
between surface and interface modified chain dynamics that
virtually divide a thin film into several vertically heterogeneous
layers [5,19]. The chain dynamics near the free surface region
of a thin film are enhanced to reduce Tg , while constrains and
interactions near the interface region usually reduce the chain
dynamics to increase Tg [20,21].

Conjugated polymers are often made into thin films as
part of many electronic and optoelectronic devices [22,23].
These thin films usually have a thickness ranging from several
to hundreds of nanometers and are often stacked adjacently
with other films. Similar to saturated polymer thin films, the
Tg of conjugated polymer thin films also exhibits thickness
and substrate dependence [24–27]. The Tg deviations in
conjugated polymer thin films have also been explained by
surface and interface effects that are well established in the
study of saturated polymer thin films [24,25]. Advanced light
scattering techniques on conjugated polymer thin films have
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confirmed that the molecular packing of conjugated polymers
in the cross-sectional direction is heterogeneous [28,29]. These
morphological differences have been thought to originate
from the surface and interface effects [28,29] and may well
contribute to the different chain dynamics, Tg deviations, and
charge mobilities in these conjugated polymer systems [24].
Although much research has been dedicated to saturated and
conjugated polymer thin films, few works have reported the
Tg deviation behavior in cross-linked polymer thin films.
It is unclear whether the extra bonding in the cross-linked
polymer network will diminish the surface effect to reduce
chain dynamics near the free surface or whether it will provide
extra constrains to polymer chains near the substrate interface.

In this work, we investigate the Tg behaviors
in conjugated poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)
diphenylamine) (TFB) thin films that are cross-linked by
thermal and UV approaches. TFB thin films are commonly
used in optoelectronic devices, for instance, light-emitting
diodes (LEDs), as a hole extraction or injection layer to
enhance device efficiency [30]. In these devices, which are
made of a stack of multilayers processed from solution casting,
cross-linking is often desired to prevent redissolving of a thin
film when another layer is cast on top [31]. Thermal annealing
under a proper temperature is important in order to bring a
positive improvement to device efficiency [32]. Our results
here show that Tg depression with reducing film thickness
still exists in cross-linked TFB thin films supported on a
Si-SiOx substrate, even at a high cross-linking percentage.
Cross-linking reduces charge mobility in TFB thin films as a
result of trap generation, and a general thickness-dependent
charge mobility is observed in both pristine and cross-linked
TFB thin films.

II. EXPERIMENT AND METHODS

The conjugated polymer TFB (molecular structure shown
in Fig. 1) was obtained from Luminescence Technology Corp.
with a Mw of 30 kDa. Si-SiOx supported TFB films were

2470-0045/2016/94(5)/052503(8) 052503-1 ©2016 American Physical Society

https://doi.org/10.1103/PhysRevE.94.052503


DAN LIU, HUI QIN, JINGHUI ZHANG, AND TAO WANG PHYSICAL REVIEW E 94, 052503 (2016)

FIG. 1. Molecular structure of the conjugated polymer TFB.

prepared by spin casting at a constant spin speed of 1500 rpm
of its chlorobenzene (CB) solutions with concentration ranging
from 1.5 to 35 mg/ml, to receive films with thickness from 20
to 200 nm. The Si substrate has a 1.4-nm native silicon oxide
layer on top. Each TFB film was held in a vacuum oven at
150 ◦C for 2 h to minimize residual solvent and stress that
were trapped and formed during spin casting. Spectroscopic
ellipsometry (M2000D, J. A. Woollam Co., USA) was used to
measure the thickness and Tg of all films. The Cauchy model
was employed to fit the ellipsometry parameter � and � in
the wavelength range from 600 to 900 nm, over which the
film is optically transparent. Heating and cooling of TFB films
were performed in N2 atmosphere using an Instec heating and
cooling setup. During the Tg measurement, the temperature
was first heated from room temperature to 200 °C at a rate
of 5 °C/min, then cooled to 25 °C at a rate of 2 °C/min. The
heating cycle can further remove the residual solvent and stress
in TFB films. The thickness vs temperature plot during the
cooling cycle was used to determine Tg , which is marked by
the intersection of the extrapolated linear fits to the glassy and
rubbery regions.

Scanning probe microscopy (SPM) (Solver Next, NT-MDT,
Russia) operated with a hybrid module was used to measure
the adhesion, deformation, modulus, and stiffness of TFB thin
films. The hybrid mode is an oscillatory nonresonant mode
that brings the probe and sample into intermittent contact in a
vertical oscillation and the induced probe deflection generates
a force-distance curve. The attractive wells on the approaching
or retracting part of the curve can be employed to measure
adhesion and deformation, and the slopes of the curve are
related to the stiffness and elastic modulus. Silicon cantilevers
(NT-MDT, Russia) with a spring constant of about 5 N m−1

and a resonant frequency of 165 kHz were used in all SPM
characterizations. All measurements were performed at 25 °C
in air.

Thermal cross-linking of a TFB film was performed by
adding 4 wt % cross-linking agent dicumyl peroxide (DCP)
into the CB solution of TFB. After spin casting, the films were
held in a vacuum oven at 80 °C for 12 h, then heated to 125,
140, and 160 °C, respectively, and held for 4 or 12 h to allow

cross-linking. UV cross-linking was performed by irradiating
spin-coated TFB films under a 254-nm UV light for different
durations. The cross-linking among TFB molecules is a radical
reaction among the alkyl group of the side chains, with radicals
generated either by decomposition of the cross-linker DCP, or
cleavage of the C-H bonds (with an energy around 4.3 eV) un-
der the 254-nm UV light (with an energy around 4.9 eV). The
gel fraction after cross-linking was determined by comparing
TFB thickness changes after sufficient CB solvent soaking
until no further thickness reduction of the film was found.

The charge carrier (hole) mobilities of TFB
films were determined from the dark J-V curves
of hole-only devices glass-indium tin oxide (ITO)-
poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate)
(PEDOT:PSS)-TFB-Au following the space charge limited
current (SCLC) transport method. In our hole-only device, a
40-nm-thick PEDOT:PSS was first spin-coated onto the ITO
glass at 5000 rpm for 30 s. Then a TFB CB solution with
different concentrations (1.5–35 mg/ml) was spin-coated
onto the PEDOT:PSS layer. A 30-nm-thick Au cathode was
deposited at a rate of 0.5 Å/s on top of TFB via thermal
evaporation, under the vacuum of at least 1 × 10−7 Torr.

III. RESULTS AND DISCUSSION

Polymer TFB contains rigid benzene rings on the conju-
gated backbone, as well as flexible alkyl side chains. The
nitrogen atom in the backbone also renders the TFB molecule
the possibility to twist its conformation upon cross-linking.
The cross-linking of TFB films by thermal and UV treatments
was examined by measuring the gel fraction and mechanical
properties of the films. Before cross-linking, a TFB film
can be easily dissolved by immerging into a CB solution.
However, the cross-linked TFB films by either thermal or UV
cross-linking cannot be completely dissolved anymore and
also won’t delaminate from the substrate, even after soaking
in CB for 10 days. The gel fraction generally increases with the
temperature and duration during thermal cross-linking, as well
as the irradiation time during UV cross-linking (in air or N2).
The gel fraction was only 46.1% upon thermal cross-linking
at 140 °C for 4 h, and increased to over 90% when the cross-
linking was performed at 160 °C for 12 h. As can be seen from
Tables I and II, UV cross-linking is more efficient compared
with thermal cross-linking, and the irradiation time is substan-
tially shorter to reach the same gel fraction in a TFB thin film.

The occurrence of cross-linking in TFB films can also
be justified from the changes of mechanical properties as
examined by SPM. The mechanical constants extracted from
the force-distance mapping on TFB thin films having the same
thickness of 150 nm are compared. Figure 2 shows the Gaus-
sian distribution of mechanical constants, including stiffness,
modulus, deformation, and adhesion, of TFB films having

TABLE I. The mechanical constants of 150-nm TFB films upon thermal cross-linking

Cross-linking treatment Gel fraction (%) Stiffness (N m−1) Modulus (MPa) Deformation (nm) Adhesion (pN)

Pristine 0 1.62 ± 0.26 54.2 ± 18.3 9.9 ± 3.2 26.9 ± 3.8
125 °C 4 h 15.2 3.43 ± 0.31 72.2 ± 18.9 7.2 ± 2.5 18.0 ± 2.0
160 ◦C 12 h 90.6 4.39 ± 0.28 136.6 ± 46.5 3.3 ± 1.0 10.5 ± 1.2
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TABLE II. Fitting parameters from the thickness-dependent Tg depression of thermally and UV cross-linked TFB films using the three-layer
model in Eq. (2).

Cross-linking treatment Gel fraction (%) Tg
interface(◦C) Tg

bulk(◦C) Tg
surface(◦C) h1(nm) h2(nm) χ 2

Pristine 0 158.0 146.4 128.0 3.4 22.9 0.84
140 °C 4 h 46.1 164.3 154.1 130.1 4.5 19.0 2.60
160 °C 4 h 65.7 163.7 154.7 130.0 4.4 19.8 0.66
160 °C 12 h 90.6 175.1 166.6 134.0 12.0 14.0 3.20
UV 4 min in air 25.9 160.9 148.3 129.5 3.4 18.5 1.23
UV 12 min in air 44.9 167.3 150.8 130.5 4.0 15.3 0.98
UV 28 min in air 82.0 170.0 162.5 132.6 8.6 14.4 0.54
UV 4 min in N2 20.1 157.2 146.4 127.0 3.7 21.4 2.63
UV 12 min in N2 31.2 159.1 150.2 128.9 3.7 20.5 1.65
UV 28 min in N2 50.1 159.7 153.1 129.0 4.2 16.7 0.86

three different gel fractions. Table I summarizes the peak
values and error bars of these mechanical constants. Under
the temperature of 25 °C, the pristine TFB film has the lowest
stiffness (1.62 ± 0.26 N m−1) and modulus (54.2 ± 18.3 MPa),
but the highest deformation (9.9 ± 3.2 nm) and adhesion
(26.9 ± 3.8 pN). With increasing gel fraction, the stiffness
and modulus rise, and the deformation and adhesion reduce.

When the gel fraction is much higher at 90.6%, the stiffness
and modulus reach 4.39 ± 0.28 N m−1 and 136.6 ± 46.5 MPa,
respectively, and the deformation and adhesion decrease to 3.3
± 1.0 nm and 10.5 ± 1.2 pN, respectively. Similar tendencies
on the mechanical constants of UV cross-linked TFB films
were observed (data not shown). Upon cross-linking among
the alkyl side chains, more constrains are generated among

FIG. 2. Gaussian distributions of mechanical constants of a 150-nm TFB thin film under different thermal cross-linking conditions:
(a) stiffness; (b) modulus; (c) deformation; and (d) adhesion.
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FIG. 3. (a) Thickness vs temperature plots of two TFB films with different thicknesses and gel fractions supported on Si-SiOx substrate.
(b) Tg depression of pristine and thermally cross-linked TFB films having different gel fractions with reducing film thickness. (c, d) The Tg

depressions of TFB films having different gel fractions after UV cross-linking in air and N2, respectively.

TFB chains, leading to reduced flexibility and consequently
enhanced stiffness and modulus but reduced deformation and
adhesion. As SPM probes the surface part of a thin film, the
changes of the mechanical constants certainly suggest that the
surface regions are cross-linked, while it is inconclusive by this
technique to infer that the same is true for the cross-linking in
the bulk or interface layers away from the surface region.

Cross-linking also elevates the average Tg of a TFB thin
film, as can be determined from our SE measurements. With a
film thickness of about 160 nm, the Tg of a TFB film having
a gel fraction of 90.6% (achieved by thermal cross-linking
at 160 °C for 12 h) is 164.4 °C [see Figs. 3(a) and 3(b)].
This is significantly higher than that of 143 °C of the pristine
TFB film [see Fig. 3(b)]. For TFB films with different gel
fractions, a higher Tg was also obtained compared with the
pristine TFB film of similar thickness. This can be observed in
cross-linked TFB films by either thermal or UV cross-linking.
By comparing Figs. 3(c) with 3(d), it seems that for the same
irradiation time, UV cross-linking in air is more efficient
to raise the gel fraction in the TFB films and increase the
film Tg .

Our previous work has observed thickness-dependent Tg

deviations in pristine TFB films supported on Si-SiOx, with
monotonic Tg depression observed in films thinner than ca.
60 nm [25]. This is confirmed again in this work through TFB
films having a different molecular weight [see Fig. 3(b)]. More
importantly, monotonic thickness-dependent Tg deviation is
observed here in all TFB films having low and high gel
fractions by either thermal or UV cross-linking, as shown in
Figs. 3(b)–3(d). When the film thickness is over 80 nm thick, Tg

converges to a plateau in all TFB films. A general Tg reduction
up to 15 °C can be determined in very thin cross-linked
TFB films around 20 nm thick. We note here that the Tg

of a polymer film thinner than 10 nm cannot be accurately
determined by SE measurements, as the two linear regions
corresponding to the glassy and rubbery states, respectively, in
the thickness-temperature plot will disappear [33]. However, a
20-nm TFB film is thick enough with obvious linear glassy and
rubbery regions to allow Tg to be determined with confidence
[see Fig. 3(a)]. We note that Tg depression with reducing film
thickness in cross-linked polystyrene thin films was reported
by Jin and Torkelson recently, although the bulk Tg increases

052503-4



THICKNESS-DEPENDENT GLASS TRANSITION . . . PHYSICAL REVIEW E 94, 052503 (2016)

with increased cross-linking [34]. The Tg reduction upon
confinement in cross-linked PS films is even larger after
cross-linking, and this is correlated with the increased bulk
fragility due to the enhanced coupling between the relaxing
units [34].

It is generally believed that Tg of a polymer thin film is
affected by its free surface as well as the interface between its
substrate. The enhanced chain dynamic at the free surface will
reduce Tg [20,35]. Strong interactions at the polymer-substrate
interface will constrain the chain dynamic and elevate Tg ,
while weak interactions make negligible impacts on the chain
dynamic and Tg [16,36]. The average Tg of the whole thin film
results from the competition between the interface and free
surface effects [24]. Since the Tg depression in ultrathin films
is largely due to the surface effect, our results here indicate that
the constrains between TFB molecules due to cross-linking
will not significantly restrict chain dynamics at the surface.
The surface effect still dominates and outweighs constrains
due to cross-linking and interface effects, leading to a reduced
average Tg when the film is thinner than the critical thickness
around 80 nm.

These surface and interface effects have been incorporated
into various layered models that virtually divide a thin film into
several vertically heterogeneous layers, each having different
chain dynamics and Tg [1,25,37,38]. In our previous work [25],
we have proposed a three-layer model [expressed by Eq. (1)]
based on the well-accepted Keddie-Jones-Cory model [1]:

Tg(h) = h − h1

h
T bulk

g

[
1 −

(γ

h

)δ
]

+ h1

h
T interface

g . (1)

Here, γ and h1 empirically represent the thickness of the
surface layer (i.e., interface with air) and interface layer (i.e.,
interface with the substrate), respectively. δ is a fitting constant
that will vary as a result of correlation with other parameters
in Eq. (1), h is the total thickness of the thin film, and Tg

interface

defines the Tg of the interface layer. This three-layer model
has been demonstrated to be able to fit both monotonic and

nonmonotonic Tg deviation behaviors in conjugated polymer
thin films [25].

We found that our data plots in Figs. 3(b)–3(d) can be well
fitted using this equation. Here we further modify Eq. (1) to
the following Eq. (2), so that the Tg of the surface, bulk, and
interface layers can all be found in one model, as well as the
thickness of each layer:

Tg(h) = h − (h1 + h2)

h
T bulk

g + h2

h
T surface

g + h1

h
T interface

g .

(2)
Here, h1 and h2 represent the thickness of the interface and

surface layer, respectively, h is the total thickness of the thin
film, and Tg

surface and Tg
interface define the Tg of the surface and

interface layer.
The dashed gray lines in Figs. 3(b)–3(d) are the fitted curves

using the three-layer model expressed by Eq. (2), showing
that our experimental data can all be well fitted with a low
χ2. Table II lists the fitting parameters of Figs. 3(b)–3(d).
Figure 4 plots the variations of Tg and layer thickness as a
function of gel fraction (modified by either thermal or UV
cross-linking) that are summarized in Table II. As can be
seen from Fig. 4(a), Tg

bulk and Tg
interface both increase as

the gel fraction increases, which confirms the reduced chain
dynamics, especially in the bulk and interface regions after
cross-linking. The Tg

surface also increases but at a much smaller
rate compared with the other two in Fig. 4(a). The changes of
mechanical constants (Fig. 2) by SPM measurements already
suggest that this region has been cross-linked. We have also
measured the gel fractions of TFB films having different
thicknesses that have been cross-linked by the conditions stated
in Figs. 3(b)–3(d), and no thickness-dependent gel fraction
can be found. For a specific cross-linking treatment, the gel
fraction remains constant when film thickness changes (with
the variations falling within the error bars), which indicates that
the cross-linking is homogeneous in the cross section of a TFB
thin film. That is to say, the gel fraction in the surface region
would be similar to that in the bulk or interface region. Model
fitting also suggests that the thickness of the surface layer is

FIG. 4. (a) Tg
interface, Tg

bulk, and Tg
surface obtained from data fitting using Eq. (2) as a function of gel fraction in cross-linked TFB films. (b)

The thickness of the surface (h2) and interface (h1) layer obtained from data fitting using Eq. (2) as a function of gel fraction in cross-linked
TFB films.
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FIG. 5. (a) Dark J -(V -Vbi)2 characteristics of TFB hole-only devices. The thickness of these TFB films is around 60 nm. (b) Thickness-
dependent hole mobility of TFB films after different thermal treatments. (c, d) Thickness-dependent hole mobility of TFB films after different
UV cross-linking times in air and N2, respectively. The dashed lines are a guide to the eyes.

much bigger than the interface layer when the gel fraction
is low. However, the former reduces and the later increases
[see Fig. 4(b)] when the gel fraction increases, reaching a
thickness of 14 and 12 nm, respectively, when the gel fraction
is 90.6%. When the gel fraction increases, the interface region
has increased Tg

interface with a larger volume fraction, leading
to the much higher average film Tg , as can be measured by
SE in this work. Importantly, however, a surface region with a
low Tg

surface still exists in the cross-linked TFB film even with
high gel fraction.

As the conjugated polymer TFB has relatively high hole
mobility and is often prepared into thin films and incorporated
into optoelectronic devices such as organic light-emitting
diodes, the hole mobility changes in TFB films having different
thicknesses, and gel fraction values are investigated next.
We extracted the hole mobility of TFB thin films from
the dark J-V curves of hole-only devices with the structure
glass-ITO-PEDOT:PSS-TFB-Au. Figure 5(a) shows typical
dark J -(V -Vbi)2 characteristics of a hole-only device with
semiconducting TFB as the active layer. In general, the

current density–electric field characterstics can be distin-
guished into four regions, that is, the Ohmic region, trap-
limited region, trap-free voltage limit region, and trap-free
SCLC region [39,40]. In the trap-free SCLC region [the linear
regions at high voltage fitted with lines in Fig. 5(a)], the out-
of-plane charge carrier (hole) mobility follows Eq. (3) [39]:

J = 9

8
εε0μ

(V − Vbi)2

h3
. (3)

Here ε0 is the permittivity of free space and ε represents
the dielectric constant of the conjugated polymer, V and Vbi

represent applied voltage and the built-in voltage due to the
different work functions of electrodes, h is the thickness of the
TFB film, and μ is charge mobility.

The hole mobility of TFB films having different thicknesses
before and after thermal or UV cross-linking are calculated
and summaried in Figs. 5(b)–5(d). Figure 5(b) shows the
SCLC hole mobilities of pure and thermally cross-linked
TFB films having different thickness. First of all, the hole
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mobility is found to decrease with increasing gel fraction
when the thickness of the TFB film is similar. It is 3.6 ×
10−4 cm2/V s in a 160-nm pristine TFB film but reduces to
∼1.2 × 10−4 cm2/V s after thermal cross-linking at 160 °C for
12 h (gel% = 90.6%), which is two times lower. This reduced
hole mobility is due to molecule disorder and twists after
cross-linking, which generates morphological or energetic
traps to hinder charge transport. When the film is thicker than
the critical value of 140 nm, a plateau of hole mobility can
be obtained, although this plateau value depends on the gel
fraction in TFB films. When the film thickness is reduced
below this critical value, the TFB hole mobility exhibits
thickness dependence and reduces in thinner films, similar
to the Tg depression in thinner TFB films. While the enhanced
chain dynamics in thinner films will depress the average Tg ,
they also reduce the structural order of TFB films to decrease
the charge mobility. For TFB films thinner than 40 nm, the
hole mobility converges without significant changes, although
the gel fraction might be different. Figures 5(c) and 5(d) show
the hole mobility of UV cross-linked TFB films in air and
N2. Similar conclusions can be drawn for the UV cross-linked
TFB films, whose hole mobilities also exhibit thickness and
gel fraction dependence. We have presented earlier in Fig. 3
and Table II that UV cross-linking in air is more efficient at
increasing the gel fraction and elevating film Tg . The presence
of oxygen molecules in air might facilitate the cross-linking
process and leads to this end. Here we also compared the hole
mobilities of two 180-nm TFB films by UV irradiation in air
and N2, respectively, for the same irradition time. The hole
mobilities are around 1.5 and 0.9 × 10−4 cm2/V s after UV
irradiation for 4 and 12 min in air, and are slightly higher
at 1.7 and 1.2 × 10−4 cm2/V s after UV irradiation for 4 and
12 min in N2. These results are consistent with the changes in
gel fraction and Tg , although the very small variations in these
hole mobilities makes it inconclusive.

Conjugated polymers tend to π−π stack during their
solution casting process into thin films. The spin speed during
spin coating might lead to different amounts of π−π stacks in
a conjugated polymer thin film and results in the variation of
hole mobility [41]. We further investigated the hole mobility of
TFB films of the same thickness spun at three conditions: (1)
30 mg/ml at 4000 rpm, (2) 10 mg/ml at 1000 rpm, and (3)
4 mg/ml at 600 rpm. These result in films around 100 nm
thick, and possibly different amounts of π−π stacks in each

film. The average hole mobilities of these three TFB films are
3.0, 3.0, and 3.1 × 10−4 cm2/V s, respectively. This suggests
that different film casting conditions have no influence on the
out-of-plane hole mobility of TFB, as TFB in these thin films
is in a completely amorphous state without the formation of
any π -π stacks during solidification [25]. The results here
provide a precise guide for the fabrication and design of
high-performance optoelectronic devices with desired charge
mobility.

IV. CONCLUSIONS

In conclusion, we have observed deviations of Tg and
hole mobility in pristine, UV, and thermally cross-linked
conjugated polymer TFB thin films. Monotonic Tg depressions
with decreasing film thicknesses were found in pristine TFB
films as well as UV and thermally cross-linked TFB thin
films supported on Si-SiOx substrate. Fitting of the Tg vs
temperature plots using a three-layer model indicates that the
Tg of the surface, bulk, and interface layers all increase as
cross-linking increases, while the thickness of the surface and
interface layer reduces and increases, respectively. The surface
layer will not disappear when the TFB film is cross-linked,
even with a high gel fraction. The surface layer with enhanced
chain dynamics outweighs any constrains from cross-linking
and interface effects, and leads to reduced Tg in thinner
and cross-linked TFB films. Cross-linking reduces the hole
mobility of conjugated TFB thin films due to morphological
and energetic traps that hinder charge transport. We also
observed a thickness-dependent hole mobility in pristine and
cross-linked TFB films. The hole mobility converges in thick
(>140 nm) and thin (<40 nm) TFB films but shows strong
thickness dependence in between.
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