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Heterogeneous Nucleation Promotes Carrier Transport in
Solution-Processed Organic Field-Effect Transistors

Ruipeng Li, Hadayat Ullah Khan, Marcia M. Payne, Detlef-M. Smilgies, John E. Anthony,

and Aram Amassian™>

A new way to investigate and control the growth of solution-cast thin films is
presented. The combination of in situ quartz crystal microbalance measure-
ments with dissipation capabilities (QCM-D) and in situ grazing-incidence
wide-angle X-ray scattering (GIWAXS) in an environmental chamber provides
unique quantitative insights into the time-evolution of the concentration of
the solution, the onset of nucleation, and the mode of growth of the organic
semiconductor under varied drying conditions. It is demonstrated that careful
control over the kinetics of solution drying enhances carrier transport signifi-
cantly by promoting phase transformation predominantly via heterogeneous
nucleation and sustained surface growth of a highly lamellar structure at the
solid-liquid interface at the expense of homogeneous nucleation.

1. Introduction

In organic electronics, the development of high-performance
and soluble small-molecule semiconductors has enabled field-
effect mobilities of better than =1 cm? V! s7! in solution-cast thin
films, 7] with recent reports of mobilities in solution-processed
organic field-effect transistors (OFETs) even surpassing 10 cm?
V-1 5718 This high performance requires the microstructure and
morphology of solution-cast thin films, which develops via nuclea-
tion and growth processes, to exhibit a high degree of crystallinity
with two-dimensional in-plane m-stacking, a high purity of lamellar
texturing, a low density of grain/domain boundaries, low crystallo-
graphic misorientation at boundaries, and high surface coverage
of the substrate.*1 Efforts to tune the microstructures and mor-
phologies of solution-cast thin films have been hampered by the
lack of understanding and control over the nucleation and growth
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of the thin films as the solution undergoes
phase transformation. Instead, much of
the recent success stems almost exclusively
from ex situ characterization combined with
trial-and-error methods, with a few recent
exceptions.[61113]

Vacuum processing of organic semi-
conductors, on the other hand, has devel-
oped into a mature and widely accepted
thin film deposition method for elec-
tronics and other applications because of
the availability of in situ thin film diag-
nostic techniques, ranging from simple
microbalance rate monitors to more
sophisticated electron-based scattering,
spectroscopy and microscopy,>'*"%!  to
X-ray-based scattering and absorption,[*-8] to scanning probe
microscopy.l'”) Time-resolved investigation of solution drying
to reveal the intricacies of the phase transformation process is
hampered by the inaccessibility of the solution environment to
most vacuum-based characterization probes, while rapid drying
makes the use of in situ scanning probe microscopy and neu-
tron scattering techniques inappropriate for most common
experimental conditions.[2%%!]

Here, we quantify and control the nucleation and growth
of solution-cast thin films of 6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-Pn), a highly soluble small-molecule semicon-
ductor which can be solution-cast to yield OFETs with mobili-
ties of up to 4.6 cm? V71 5711019 Combining in situ quartz
crystal microbalance measurements with dissipation capabili-
ties (QCM-D) with in situ grazing-incidence wide-angle X-ray
scattering (GIWAXS) in an environmental chamber, we provide
unique and unprecedented qualitative and quantitative insights
into the nucleation and growth of organic semiconductors pre-
pared under varied conditions of solution drying. By control-
ling the kinetics of solution drying, the onset of heterogeneous
nucleation, the rate of thin film growth, Ry, and, importantly,
the relative dominance of surface incorporation versus bulk
nucleation, we tune the microstructure and morphology of thin
films, and consequently modulate the field effect mobility in
OFETs by nearly two orders of magnitude.

2. Results and discussion

The concentration of the drying solution, C(t), is known to
determine the nucleation behavior for a given solution and
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substrate;!??! determining C(#) is therefore of paramount impor-
tance to relating the nucleation and growth behaviors, and ulti-
mately the thin film microstructure, to the solution casting con-
ditions. Measuring the mass of the drying solution with respect
to casting time, t, is an easy and reliable method to estimate the
mean concentration up to the onset of nucleation, t = t*. This
yields a linear dependence with respect to time (see Figure 1a),
as expected in conditions of constant evaporation rate, E, and C
o 1. Hence, prior to nucleation (t < t.), C(t) can be estimated as

Ymax — Ymax
Vo - (1)

Ct) =

where Y,,, is the total amount of solute, V, and V are the
starting and current volumes, respectively, p is the solution den-
sity and S is the effective casting surface area on the substrate.
This greatly simplifies the estimation of the critical concentra-
tion (C*) of the solution on condition that nucleation can also
be detected. In doing so, it is important to distinguish between
nucleation and crystallization.

In situ GIWAXS (Figure 1a,b) and QCM-D measurements
(Figure 1c,d) are used to detect the onsets of crystallization and
mass deposition, as well as the kinetics of crystallization and
thin film growth, respectively. In situ GIWAXS measurements
were performed under identical conditions of solution-casting
using an environmental chamber, as shown in Figure la,
to detect the onset of crystallization, the kinetics of crystal
growth, as well as the packing structure and texture of the
films.28] GIWAXS measurements of the as-cast dry film
(cf. Figure S1a, Supporting Information) reveal a highly lamellar
ordered film, shown by the series of (00]) peaks (I =1, 2, 3) with
q,=3.81 nm™! and an equivalent interplanar d-spacing of 1.65 +
0.02 nm for the (001) Bragg sheet.®l The two isotropic rings at
q=2.6 and 5.5 nm™! originate from the two Kapton windows of
the chamber. The inset of Figure S1a (Supporting Information)
shows a GIWAXS image taken at ¢t = 289 s, just seconds prior
to the onset of nucleation. The broad isotropic ring originates
from the solvent with no evidence of long-range order. Onset of
crystallization of the lamellar structure is shown in Figure 1la,
revealing that the crystalline phase is nucleated at t* = 295 s
for C* = 1.6 wt%. However, as we will reveal below, C* is over-
estimated in conditions of ambient and fast drying, due to the
resulting buildup of solute near the liquid-air interface. The
local critical concentration required for nucleation at the solid-
liquid interface is shown below to be closer to =1 wt%.

QCM-D senses changes in frequency (AF) and energy dissipa-
tion (AD) associated with the total mass deposited on or bound
to the quartz sensor and its viscoelastic properties or rigidity.?*%’]
The mass deposited and the liquid-to-solid phase transformation
of the solute at the solid-liquid interface can therefore be moni-
tored unambiguously during the drop-casting process under
different processing conditions, while changes in the unbound
mass located in the bulk and at the surface of the solution can
be conveniently ignored. QCM-D also exhibits significant loss of
sensitivity to adsorbed mass away from its radial center, making
it conveniently insensitive to edge effects, including coffee ring
formation.?®l In Figure 1c,d, we show the baseline values of
AF (=-310 Hz) and AD (=120 x 107%), respectively, associated
with the pure solvent (dashed red lines) after drop-casting 200 pL
of solvent on the microbalance at ¢t = 0. The finite AF and AD
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Figure 1. In situ measurements performed during drop-casting of a TIPS-
Pn solution in a controlled environment, monitored by a,b), GIWAXS
and balance and ¢,d) by QCM-D. a) The illustration of the closed vapor
chamber allowing to control the drying speed and to perform in situ
GIWAXS simultaneously. b) The normalized change in mass and inten-
sity of the (001) Bragg sheet of TIPS-Pn during a typical drop-casting
experiment in ambient conditions. The solid line following the experi-
mental GIWAXS data points corresponds to an Avrami model fit of the
crystallization process. c) The dissipation shift (AD) and d) the frequency
shift (AF) of the pure solvent drop (dashed red lines) and of the drying
TIPS-Pn solution (solid black line) in relation to the process time. The
process time is initiated (t = 0) upon casting the solution. The key kinetic
parameters of drop-casting, including the total casting time (fc,sting), the
deposition time (tgeposition), the solvated mass (minimum AF) and the dry
mass (steady state of AF), are defined in (a) and (b) and allow us to esti-
mate the deposition rate (see text for details). All solutions and casting
experiments are prepared/performed at room temperature.
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values are related to the viscosity, shear modulus, and density
of the solvent liquid and are determined by the characteristic
length of the evanescent shear wave of the quartz crystal local-
ized in the liquid medium near the solid-liquid interface. The
baseline values therefore remain stable even as the solvent evap-
orates from the surface of the solution, allowing high sensitivity
in the detection of submonolayer changes in bound or deposited
masses of solute at the solid-liquid interface near the center of
the sensor. The drop-casting experiment of a 4 UL solution of
TIPS-Pn (solid black lines) left to dry under ambient conditions
on a quartz sensor is also shown in Figure 1b,c. The AF and AD
undergo a step increase at t > 0 and are hardly distinguishable
from the pure solvent until AD — 0 at ¢t > 295 s, indicating no
significant deposition at the solid-liquid interface in the presence
of the bulk solution. The coincidence of mass deposition (as
sensed by QCM-D) and crystallization (as detected by GIWAXS)
proves that growth is initiated by heterogeneous nucleation
of lamellar crystallites. The end of the phase transformation
process responsible for thin film deposition is detected as AD
= 0, making it possible to delineate the duration of thin film
deposition, tgeposition, from the onset of decrease of AD from its
bulk liquid value until AD = 0 and the total casting time, tc,ging,
from the onset of drop-casting until AD = 0. We find these to
be tgeposition = 45 + 0.1 s and teging = 340 s in ambient drying
conditions (E = 2.2 X 10~ ug mm™ s7') as per QCM-D. In situ
GIWAXS measurements suggest that crystallization continues
for a few seconds longer, which can be attributed to evaporation
of the residual solvent trapped in the film, in agreement with
AF measurements shown in Figure 1d. The frequency shift in
Figure 1c stabilizes for t > 350 s at a value of AF = —440 Hz, cor-
responding to a dry film thickness of =55.3 + 0.2 nm, as per the
Sauerbrey equation.””) With unambiguous determination of the
deposition time by QCM-D, we calculate the mean deposition
rate, Ry, to be Ry = 1.23 + 0.01 nm s™! in ambient drying con-
ditions. To gauge run-to-run reproducibility, we have performed
10 attempts in ambient drying conditions. We find a mean depo-
sition time of t3 = 45.0 £ 3.2 s and a final thickness of 52.9 +
7.1 nm, yielding a deposition rate of Rq=1.23 + 0.09 nm s~%. For
these same runs, the critical concentration is found to be C* =
1.57 £ 0.13 wt%, consistent with the in situ GIWAXS finding.
In an effort to tune the nucleation behavior, we varied the
drying conditions of the solution by enclosing the sample in an
environmental chamber to slow down or speed up the evapora-
tion process by controlling the flow rate of N, gas under other-
wise identical conditions of solution preparation and casting. In
Figure 2a, we plot C* with respect to E and Ry, ranging from 3
x 107 t0 7 x 10~ pug cm™? s and from 0.1 to 4 nm s}, respec-
tively. Two regimes are clearly distinguishable: a rate-invariant
regime with C* = 1 wt% when E and Ry are substantially slower
than ambient conditions, and a rate-dependent regime where
C* scales with ~R4%7? and rises continuously as high as =4 wt%
for Ry =4 nm s7L. This is a surprising outcome a priori, because
drying proceeds via evaporation from the top surface of the solu-
tion, far from the solid-liquid interface. It is believed, however,
that rapid evaporation leads to accumulation of the solute near
the liquid-air interface, thus allowing a concentration gradient
to be established. The limited diffusivity of the solute therefore
leaves the local concentration at the solid-liquid interface sig-
nificantly lower than the concentration of the overall solution,
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which is determined from measurements of total mass. At
reduced rates of evaporation of toluene at room temperature,
the solute can achieve uniform distribution throughout the
solution via diffusion, insuring the local concentration at the
solid-liquid interface to be equal to the bulk concentration.
We therefore conclude that heterogeneous nucleation on SiO,
occurs when C* = 1 wt% locally near the solid-liquid interface.

The next important step is to calculate C(t) for C > C* so
that we may know when C(t) reaches the solubility limit, Cg,
upon which homogeneous nucleation becomes possible. C(t)
can be estimated by accounting for the depletion of solute from
the solution upon heterogeneous nucleation and growth of the
crystalline thin film, as described by the Avrami model, 2%
such that:

Ymax - Ys YmaxeK(tit*)”

Cly = 25— = @

Here, Y, is the instantaneous amount of crystalline mate-
rial, K is the apparent crystallization rate constant and n is the
Avrami exponent related to the dimensionality of the crystalli-
zation process. K and n are determined from a model fit to the
time-evolution of gy (see Figure 1D for the fit and Figure S1b
(Supporting Information) for Avrami parameters under dif-
fering drying conditions).% The resulting C(t) is plotted as a
function of normalized casting time (t/taging) in Figure 2b for
the experiment performed in ambient environment, as well as
two additional deposition experiments monitored by QCM-D
and in situ GIWAXS and performed at R; = 0.26 and 2.28 nm
s7L. For comparison, C(t) is plotted as a function of casting
time in Figure S2 (Supporting Information) for the same three
experiments. The temporal coincidence of the onsets of nuclea-
tion (by QCM-D) and crystallization (by GIWAXS) revealed
in Figure S1b (Supporting Information) for all three rates of
drying demonstrates that pre-crystallization at the edge of the
drop plays a minor role in the conditions investigated.

The functional form of C(f) in Figure 2b is strikingly
dependent upon the speed of drying. At ambient and higher
speeds of evaporation, C(t) resembles a t! functional form,
suggesting that the nucleation and growth processes are domi-
nated by the drying behavior of the solution. By contrast, the
slower rate of drying leads to a significant deviation from £,
with C(t) dipping well below C* as nucleation and growth of
the TIPS-Pn lamellae depletes the solution of its solute at a
faster pace than the concentration is allowed to rise by evapora-
tion of the solvent. Key differences are also seen in the onset
of homogeneous nucleation. Conditions of ambient and faster
drying are conducive to rapid onset of homogeneous nuclea-
tion, whereas slower deposition leads to C < Cp throughout the
drying process, favoring heterogeneous nucleation and surface-
dominated growth.

The fraction of solute that transforms to solid via surface
growth, i.e., for C < Cg, is presented in Figure 2c. In ambient
conditions of drying, only =40% of the solute is transformed
purely via surface growth, indicating the growth behavior can
be improved. The fraction increases dramatically to =90% when
Ry is reduced to 0.26 nm s~! and decreases somewhat to 25%
when Ry is increased to 2.28 nm s7!. As expected, the transition
from predominantly surface-driven growth to mixed (surface

wileyonlinelibrary.com 293

dadvd T1TInd



-
™
s
[
-l
wd
=
™

294  wileyonlinelibrary.com

Makies

www.afm-journal.de

Evaporation rate, E /ug mm?s”
107 10

10 T T L]
_______ =50/ ceccccmmeaylad
:\o\ Cy=5%
E Heterogeneous
O nucleation, C*
1k

0.1 1 10
Deposition rate, R,/ nm s

B,
S
E

—— Faster
[ —— Normal
10 3 —— Slower

Homogeneous
nucleation, C,

C=Cp -
= Heterogeneous
= " nucleation, C* ™
3 1
(&} 3

01 s s 1 s
0.0 05 ({{8 0.9 1.0

casting

www.MaterlalsVIews.com

Evaporation rate, E/ug mm?s”

10° 10*
100 T ——rrrrry
""""" surface &
75} bulk growth
C>Cy
50}

C<Cy
o5 | surface growth

Pure surface growth /%

sl " PEErEr AW Ty

0.1 1 10
. Deposition rate, R, /nm s
>
< 10°F
= .
3 -3
10 N
0.1 1 10

Deposition rate, R, /nm s

Figure 2. a) The critical concentration for heterogeneous nucleation, C*, determined from QCM-D experiments. The data reveal a rate-invarient
behavior in conditions of slow evaporation and a rate-dependent behavior in ambient and accelerated drying conditions. b) The time-evolution of the
concentration of the TIPS-Pn solution, C(t), in relation to the normalized casting time (t/tcasting) at Ry = 0.26 nm s7'(red), 1.23 nm s~ (green) and
2.28 nm s™' (blue). The onset of nucleation is indicated by the solid circles and the solubility limit of TIPS-Pn in toluene (C = Cg) is indicated as a hori-
zontal dashed line. c) The fraction of solute deposited while C < Cg. d) The intensity of the (001) Bragg sheet with respect to Ry for films deposited on
quartz sensors. The vertical blue bands in (a,c,d) correspond to the ambient evaporation condition, where a total of ten experiments were performed
to collect significant statistics. The solubility limit of TIPS-Pn, Cg = 5%, is indicated as a horizontal dashed line.

and bulk) nucleation and growth degrades the lamellar struc-
ture, as shown by XRD measurements (see Figure S3, Sup-
porting Information). All samples show purely (001) textured
films in XRD measurements with no evidence of any alternate
texture or polymorph. The diffraction peak intensities decrease
significantly and monotonously with increasing Ry, as this leads
to less lamellar crystallization (Figure 2d). Noting that all exper-
iments are performed with the same starting mass of solute,
this proves that the ability of the thin film to attain the lamellar
texture, which is of great importance to small-molecule OFETS,
is significantly hindered by the onset of mixed growth mode.
The absence of diffraction peaks other than the lamellar struc-
ture in both XRD and GIWAXS suggests that mixed growth
leads to loss of long range order, possibly through increased
disorder in the deposit formed at the end of the rapid drying
experiments.

Cross-polarized optical micrographs (Figure 3a,d) and atomic
force microscopy (AFM) images (Figure 3b,c and e,f) confirm
these observations. At low Ry, flat, ribbon-like domains form,
leading to the formation of a thin film with high coverage

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the substrate, characterized by large, contiguous and flat
platelet-like domains, consistent with predominantly surface-
dominated, quasi layer-by-layer formation of the (001)-termi-
nated lamellar structure of TIPS-Pn. The high magnification
AFM microscopy images (Figures 3c,f) of the surface of these
platelets reveals molecularly flat (001)-facets of TIPS-Pn crys-
tals decorated with small, =1-2 monolayer deep pits. Increasing
R4 to 2.28 nm s71, results in the formation of a film with lower
surface coverage, characterized by fewer and isolated platelets
decorated with much taller (lighter color), three-dimensional
(3D) mound-like features. These mounds are round and appear
to be dome shaped with a height-to-width aspect ratio of =0.1,
consistent with formation of highly disordered TIPS-Pn islands
formed by rapid homogeneous nucleation and precipitation in
the final stages of drying.

This growth model is illustrated in Figure 4, where molecules
incorporated via surface growth regime (C < Cy) are shown in
grey and molecules incorporated or deposited when C > Cy are
shown in red. In conditions of ambient evaporation of the solu-
tion (Figure 4a), nearly 60% of molecules are deposited in the

Adv. Funct. Mater. 2013, 23, 291-297
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device characteristics to R; (Figure 5, and
Figure S4,S5 in the Supporting Information).
Hole mobility increases fourfold by reducing
R4 by an order of magnitude from 1 nm s™!
to 0.1 nm s7}, thus increasing the fraction
of lamellar growth from 40% to above 90%.
Meanwhile, faster drying conditions with R4
up to 6 nm s7! lead to a catastrophic drop in
carrier mobility, suggesting that the lamellar
structure and film continuity near the sem-
iconductor-dielectric interface are severely
compromised by earlier onset of the mixed
growth regime B!

The insight into the dependence of het-
erogeneous versus homogeneous nucleation
upon the kinetics of drying can help explain
the observation of generally lower carrier
transport in case of spin-cast films versus
drop-cast films of TIPS-Pn.l The slow rate
of drying in drop-casting, typically hundreds
of seconds when using toluene, allows sur-
face growth to proceed at the expense of bulk
growth, whereas much faster rates of drying
in case of spin-casting in the order of sec-
onds can be expected to blur the line between
the onsets of heterogeneous and homoge-
neous nucleation. Spin-casting should there-
fore result in a predominantly mixed growth
mode with significant disorder. Nevertheless,
the fast drying of the solution being one to
two orders of magnitude faster in case of
spin-casting has the slight advantage of pro-
ducing continuous films since the solute
solidifies on time scales much shorter than
dewetting.?>33 While continuous coverage of
the substrate can mitigate some of the nega-

ee}

(o)}

Height /nm
W W L\»]) W

W

tive effects of forming a partially disordered
film by spin-casting, transport is far better
when thin film continuity and lamellar struc-
ture at the semiconductor-dielectric inter-
face are combined by careful control of the
processing kinetics, as demonstrated in this
article.

Duad 1
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Figure 3. a,d) Cross-polarized optical micrographs and AFM images in b,e) low and c,f) high
magnification with line profiles of the surface topography of TIPS-Pn thin films deposited at

Rg=0.26 nm s™' (a—c) and Ry =2.28 nm s (d-f).

mixed regime. By slowing down the process further (Figure 4b),
90% of molecules are surface incorporated, leading to a highly
lamellar textured film. Conversely, nearly 75% of molecules are
deposited in the mixed regime when the evaporation is hastened
(Figure 4c).With the ability to control the relative growth of the
lamellar structure via tuning of the nucleation behavior, we
have fabricated several top-contact OFETs using a broad range
of drying conditions of the solution. All experiments were mon-
itored using a digital balance, allowing us to relate the resultant
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4 5
3. Conclusion

In conclusion, we have investigated the growth
of TIPS-Pn thin films during drop-casting,
using several in situ growth-monitoring tech-
niques complemented by ex situ structural
and morphological investigations, as well as field effect mobility
measurements. The combination of QCM-D and GIWAXS with
simple weight monitoring measurements provides unprec-
edented insights into the heterogeneous and homogeneous
nucleation and growth behaviors of polycrystalline thin films
under a broad range of drying conditions. The QCM-D detects
the timeline and kinetics of key processes associated with drop-
casting and accurately determines the phase status (solid versus
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which, in cases of high vapor pressure sol-

vents, is done by reducing the rate of drying,
preferably while maintaining a constant
process temperature, such as made possible
by using an environmental chamber. Tuning
the kinetics of drying allows us to determine
the growth behavior of the film. Investigation
of the structure and morphology of TIPS-Pn

Figure 4. Schematic representations of TIPS-Pn films drop-cast under conditions of a) ambient,
b) slow and c) fast drying. The grey and orange molecules refer to parts of the thin film formed
via pure heterogeneous nucleation and surface incorporation (C < Cg) and by a mixture of

surface and bulk growth modes (C > Cg), respectively.

liquid) of the films. Combining this information with thin film
crystallization kinetics and knowledge of the mean solution con-
centration allows us to obtain quantitative insights into the time-
evolution of a solution concentration during the drying process.
Thin film growth was found to be initiated by heterogeneous
nucleation occurring at a critical concentration of C* = 1 wt%
of TIPS-Pn in toluene near the solid-liquid interface. Correct
estimation of C* requires growth experiments to be performed
in the heterogeneous nucleation and surface growth regime,
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Figure 5. The hole mobility of TIPS-Pn OFETs prepared on bare SiO, with
respect to Ry and the evaporation rate, E. The vertical band corresponds
to the ambient drying condition.
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using XRD and AFM, respectively, reveals
that the kinetics of film formation strongly
influences crystallinity and growth behav-
iors, as indicated by the steadily decreasing
lamellar diffraction intensity with increasing
deposition rate, as well as by the formation of
disordered mounds on the surface of TIPS-Pn
crystallites. Slow evaporation insures orderly
growth of the lamellar structure by nearly all
of the available solute and thus results in high
carrier mobility, whereas fast evaporation of
the solvent causes the film growth mode to
change prematurely from lamellar to disor-
dered and leads to catastrophic reduction of
carrier mobility in the conditions investigated
herein.

4. Experimental Section

The drop-casting experiments were performed on SiO, coated quartz
crystal sensors and thermally oxidized Si(001) wafers. The AT-cut quartz
crystal sensors (5 MHz resonance frequency, Q-sense, BiolinScientific),
with an active area of 12 mm?, were coated with a 10 nm Au layer
and terminated with a 100 nm thick SiO, layer, exhibiting a root mean
squared surface roughness of =1 nm, as determined by AFM. The
Si(001) and quartz crystal sensors were cleaned in an ultrasonic bath
of acetone, isopropanol and ethanol in 10 min sequences. UV/ozone
treatment was performed for 10 min both before and after the cleaning
procedure. Solutions were prepared by stirring TIPS-Pn (supplied by JEA)
in toluene (Sigma Aldrich) with a concentration of 0.2 wt%.

QCM-D measurements were performed at room temperature in
a custom-built environmental chamber utilizing the Open Module
accessory of the E4 instrument (Q-sense, BiolinScientific). A 4 L
solution was dropped on the surface of the quartz crystal sensor and
the solution drying speed was controlled by sealing the chamber and
regulating the N, gas flow rate through the enclosed chamber. The
ambient condition experiments were performed by drying the solution
by removing the top lid of the chamber.

In situ GIWAXS measurements were collected at D-line in the Cornell
High Energy Synchrotron Source (CHESS; Cornell University). A wide
bandpass (1.47%) double-bounce multilayer monochromator supplied
an intense beam with a wavelength of 1.23 A. A wafer was placed
inside the enclosed chamber and N, flow rate conditions were set to
identical conditions as QCM-D experiments performed in the lab. The
incidence angle was set to 0.15° with respect to the substrate plane and
a CCD detector (Medoptics) with a pixel size of 46.9 um was placed at
a distance of 92.1 mm from the sample. A 1.5 mm-wide tantalum rod
was used to block the intense scattering at low angles of incidence. The
recording speed of patterns reached 6 s per image with an exposure
time of 1's.

All samples were subjected to ex situ X-ray diffraction (XRD)
measurements in the 6/26 mode with 26 ranging from 4° to 20° on a
Bruker X-pert diffractometer. The beam slits were set to 1 mm x 1 mm.
AFM images were obtained in the tapping mode using an Agilent 5400
instrument. The mass change during the drop-casting process was

Adv. Funct. Mater. 2013, 23, 291-297
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monitored as a function of time on a balance (Mettler Toledo model
AB135-S) with a detection limit of 0.1 mg.

A highly doped n-type silicon wafer (100) with thermally evaporated
300 nm SiO, was used for bottom gate, top contact OFET fabrication.
Initially the substrates were cleaned by rinsing with acetone, isopropanol,
ethanol, and DI water followed by Standard Clean 1 (RCA) ammonium
hydroxide (30% NH,OH), hydrogen peroxide (30% H,0,) and DI water
(with 1:1:5 ratio) for 30 minutes at 70 °C. All substrates were blown
dry with N, and heated at 100 °C for 20 min before transferring to the
nitrogen glove box. 4 L solutions of TIPS-Pn in toluene (0.2 wt.%) were
drop-cast onto Si substrates placed on a balance inside the glove box
with N, gas circulated at different flow rates to vary and monitor the
evaporation and deposition rates. Gold source and drain electrodes were
deposited by evaporation through a shadow mask with a channel width
(W) of 500 um and length (L) of 50 um. All electrical measurements
were performed with a Keithley 4200 Semiconductor Characterization
System under N, atmosphere inside the glove box.
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