
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 
 

Late Stage Crystallization and Healing During Spin-Coating Enhance 

Carrier Transport in Small-Molecule Organic Semiconductors 

Kang Wei Chou†, Hadayat Ullah Khan†, Muhammad R. Niazi†, Buyi Yan†, Ruipeng Li†, Marcia M. Payne♮, 

John E. Anthony♮, Detlef-M. Smilgies‡, and Aram Amassian†,* 

† Physical Sciences and Engineering Division, Solar and Photovoltaic Engineering Research Center,  

King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia 

♮Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506, United States 

‡Cornell High Energy Synchrotron Source, Cornell University, Ithaca, New York 14853, United States 

*Email: aram.amassian@kaust.edu.sa 

 
Keywords: organic thin-film transistors, small-molecule, spin casting, time-resolved grazing incidence 

wide-angle x-ray scattering. 

 

ABSTRACT 

Spin coating is currently the most widely used solution processing method in organic electronics. Here, we 

report, for the first time, a direct investigation of the formation process of the small-molecule organic 

semiconductor (OSC) 6,13-bis(triisopropylsilylethynyl) (TIPS)-pentacene during spin-coating in the 

context of an organic thin film transistor (OTFT) application. The solution thinning and thin film formation 

were monitored in situ by optical reflectometry and grazing incidence wide angle X-ray scattering, 

respectively, both of which were performed during spin-coating. We find that OSC thin film formation is 

akin to a quenching process, marked by a deposition rate of ~100 nm/s, nearly three orders of magnitude 

faster than drop-casting. This is then followed by a more gradual crystallization and healing step which 

depends upon the spin speed. We associate this to further crystallization and healing of defects by residency 

of the residual solvent trapped inside the kinetically trapped film. The residency time of the trapped solvent 

is extended to several seconds by slowing the rotational speed of the substrate and is credited with 

improving the carrier mobility by nearly two orders of magnitude. Based on this insight, we deliberately 

slow down the solvent evaporation further and demonstrate improved carrier mobility by an additional 
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order of magnitude. These results demonstrate how spin-coating conditions can be used as a handle over 

the crystallinity of organic semiconductors otherwise quenched during initial formation only to recrystallize 

and heal during extended interaction with the trapped solvent. 

 

INTRODUCTION 

In recent years, solution-processed small-molecule organic thin-film transistors (OTFTs) have achieved 

field-effect mobilities well in excess of 1 cm2 V-1s-1, with some reports of field effect mobilities above 10 

cm2 V-1s-1.1-5 Such transistor mobilities increasingly surpass those of the best OTFTs prepared via vacuum 

evaporation and also the performance of hydrogenated amorphous silicon devices by nearly an order of 

magnitude.6,7 The characteristics of solution-processed OTFTs can vary dramatically depending on the 

solution processing conditions, especially in the case of small-molecule organic semiconductors, since thin 

film nucleation and crystallization are highly sensitive to solution drying kinetics.8 Understanding the link 

between processing conditions and thin film formation and crystallization processes is therefore critical to 

the successful solution-processing of high performance organic electronic devices.9-11 

 

Although new deposition methods like blade coating, solution shearing, inkjet printing and spray coating 

are making important advances in the processing of organic semiconductor thin films,1,3,12,13 spin coating 

remains one of the most widely used lab-based solution-processing methods both for material screening 

and device optimization. Uniform, thin, smooth and continuous films are achieved by depositing a drop of 

solution and subsequently spreading/ejecting and drying it at high rotational speed. During drop casting, the 

crystallization of the active layer is dictated by the vapor pressure of the solvent and temperature of the 

solution, and the time scale of crystallization may range from seconds to hours, making it subject to 

substrate-induced dewetting.8,14,15 During spin casting, on the other hand, this time may be reduced to the 

sub-second range by virtue of the rotational speed, which ejects excess solution and causes accelerated 

drying of the solution.16,17 Spin casting is thus a highly non-equilibrium process, potentially quenching the 

solid film formation process and greatly impacting the development of the microstructure.  
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Current studies of process-structure-performance relationships in organic electronics rely mostly on post-

deposition characterization of thin films. Structural studies of this type provide important insight into the 

final structure of films. However, the understanding of the mechanism of thin film formation in relation to 

the processing conditions, such as spin speed, remains undetermined. Clearly, the ability to monitor the 

solution to solid phase transformation during the spin coating process is critical for the understanding of the 

process-structure-performance relationships in spin-coated OTFTs. Time-resolved laser reflectance 

measurements have already been successfully deployed during the spin coating process to study the 

evolution of the in-plane phase separation during film formation and to evaluate the spatially averaged 

drying rates of polymer blended films.18,19 Ebbens et al. also developed a stroboscopic imaging technique to 

record optical micrographs of the film formation and phase separation during the spin coating process.20,21 

This technique allowed the reconstruction of the height profile with a precision comparable to atomic force 

microscopy (AFM). We have recently demonstrated the use of in situ time-resolved UV-visible absorption 

measurements during spin-coating of polymer semiconductors, revealing the state of aggregation of the 

polymer semiconductor in the bulk solution as well as the importance of managing the kinetics of solution 

drying.17 The above-mentioned techniques provide valuable morphological information of polymer blends 

in the micrometer range and insight into photophysical aggregation, but fail to provide information on the 

crystallization behavior of small-molecule thin films, where complex processes, such as transient 

polymorphism, may occur at the early stages of growth.22,23  

 

Time-resolved x-ray reflectivity and scattering techniques have been successfully applied in the past to the 

study of vacuum-deposited small-molecule thin films by both thermal and hyperthermal processes on bare 

and chemically treated inorganic and organic surfaces,23-29 and to investigate the effects of solvent vapor 

annealing of small-molecule thin films.14,30 More recently, x-ray scattering has been used to investigate 

solution processing of small-molecule thin films, including drop-casting and blade-coating of small-

molecule thin films for OTFTs8,31 and spin-coating of polymer:fullerene16 and molecule:fullerene22,32 bulk 

heterojunction organic photovoltaics. 
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Here, we report the direct investigation of the crystallization behavior of a small-molecule organic 

semiconductor prepared by spin coating and its influence on charge carrier mobility in OTFTs by 

performing in situ and real-time grazing incidence wide angle x-ray scattering (GIWAXS) during the spin 

coating process. The functionalized pentacene, 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene (see 

also Figure 1a), was chosen for this study, as it is a widely studied soluble organic small-molecule 

semiconductor capable of achieving carrier mobilities well above 1 cm2 V-1s-1.1,4 The film formation was 

investigated for different spin speeds, ranging between 1000 and 2000 rpm, a rather small range selected to 

demonstrate the importance of small variations in processing conditions on the kinetics of crystallization. 

We find the crystallization process to be marked first by a fast step function and followed by a slower 

crystallization step. To our surprise, we find the fast formation step to be relatively insensitive to the 

processing conditions investigated despite significant differences in the solvent evaporation rate just prior 

to the onset of nucleation, whereas the duration of the late stage crystallization is highly dependent upon 

the selected spin speed. The change of the evaporation rate and the associated slow crystallization step are 

shown to strongly affect the carrier mobility by nearly two orders of magnitude. These results reveal new 

insight into the crystallization process during spin coating of small-molecule organic semiconductors and 

highlight the important role of solvent evaporation kinetics and residency time in mediating the 

microstructural outcome of spin coating. We have further used these insights to fabricate OTFTs using very 

slow spin speed (300 rpm) and demonstrate devices yielding a  another order of magnitude improvement in 

carrier mobility. These improvements in carrier transport are reminiscent of the beneficial effects of solvent 

vapor annealing at the right dose on the performance of small-molecule OTFTs.14 

 

EXPERIMENTAL DETAILS 

Sample description. The acene-based small-molecule semiconductor 6,13-bis(triisopropylsilylethynyl) 

(TIPS) pentacene (Figure 3a), first described by Anthony and co-workers,32 was dissolved in toluene (1 

wt.%) in normal ambient conditions and stirred overnight at room temperature. All depositions were 

performed at room temperature on pre-cut silicon oxide wafers. The wafers were cleaned by consecutively 

ultrasonicating in soapy de-ionized (DI) water, DI water, toluene, acetone and isopropanol for 20 minutes 

each. As the substrate needs to be hydrophilic in order to achieve high surface coverage of the TIPS-
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pentacene film, the sonication was followed by UV ozone treatment for 10 minutes. All solution and 

sample preparations for the x-ray characterization and device fabrication were performed in air. 

Characterization techniques. The spin coating of TIPS-pentacene was studied at different spin speeds 

(1000 rpm, 1250 rpm, 1500 rpm, 1750 rpm and 2000 rpm). Polarized optical micrographs were taken in 

transmission mode through crossed polarizers using a Nikon Eclipse LV100POL Polarizing Microscope. 

Scattering experiments were performed at the D1 station at the Cornell High Energy Synchrotron Source 

(CHESS, Ithaca, NY) and a Pilatus 100k detector was used with a framing rate of 10 Hz and exposure time 

of 0.09 seconds. The setup is shown in Figure 3a. The hard x-ray beam had a wavelength of 1.1688 Å and a 

width of about 0.1 mm. The beam was incident at an angle of 0.15° with respect to the sample plane, which 

is above the critical angle of the organic semiconductor and below the critical angle of silicon. Silver 

behenate was used for calibration. The penetration depth for toluene at 10.6 keV is 2.66 mm. For an 

incidence angle of 0.15°, the maximum thickness in order for the x-rays to reach the substrate is about 3.5 

m. The feasibility of in situ time-resolved GIWAXS during drop-casting and spin-casting was recently 

demonstrated.8,16 The intensity evolution of the (001) Bragg sheet and satellite peak during the spin coating 

process were investigated. The final thickness of the films was evaluated using a Dektak Profilometer. A 

small scratch was applied to remove the film locally from the sample surface and measure the film 

thickness. In situ time-resolved optical reflectometry measurements were performed using a F20-UVX 

spectrometer (Filmetrics, Inc.) equipped with a tungsten halogen and a deuterium light source (Filmetrics, 

Inc.) over the wavelength range from 400 nm to 1700 nm. Most measurements were performed with an 

integration time of 0.15 s per reflection spectrum. The solution thickness was extracted using a fast Fourier 

transform (FFT) algorithm in the thick film regime (> 1 m) and a coarse model fit based on the transfer 

matrix formalism over the wavelength range 800-1700 nm for thinner films (< 1 m). High-speed optical 

microscopy measurements were performed at KAUST on a Nikon LV100 microscope and recorded by a 

Photron SA-3 CMOS camera mounted on the microscope. The images were recorded at a speed of 3600 

frames per second.  

Device fabrication. A highly doped n-type silicon wafer (100) with thermally oxidized 300 nm thick SiO2 

was used as bottom gate and gate dielectric for top contact organic field-effect transistor (OFET) 

fabrication. Prior to deposition of the organic semiconductor, the substrates were also cleaned by 
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consecutive ultrasonication of the substrate in soapy DI water, pure DI water, toluene, acetone and 

isopropanol for 20 minutes each. All substrates were blown dry with N2 and followed with UV ozone 

treatment for 10 minutes to form a hydrophilic surface. Solutions of TIPS-pentacene were prepared in 

toluene (1 wt.%) as described above. A pipette was used to drop 80 μl of TIPS-pentacene solution onto the 

Si/SiO2 substrates and the solution was immediately spin coated in air. Gold source and drain electrodes 

were deposited by evaporation through a shadow mask with a channel width (W) of 500 μm and length (L) 

of 50 μm. All electrical measurements were performed using a Keithley 4200 Semiconductor 

Characterization System under N2 atmosphere inside a nitrogen-filled glove box. 

 

RESULTS AND DISCUSSION 

A 50 l drop of the OSC solution was cast on a clean substrate and immediately spin coated for a duration 

of 50 seconds. Five different spinning speeds were used (1000, 1250, 1500, 1750 and 2000 rpm) to prepare 

the various thin films. A series of high speed optical micrographs of the first second of spin-coating 

experiment are shown in Figures 1a, 1b and 1c, revealing that the process is initially dominated by a liquid 

ejection regime. In situ time-resolved optical reflectometry measurements were performed for all five 

spinning conditions and the time-evolution of solution thickness are summarized in Figure 1d. The 

thickness evolution appears to be independent of spin speed at early times as it is dominated by solution 

ejection, but transitions after 1 second to an evaporation-dominated regime which depends upon rotation 

speed. From the linear thinning regime below 5 m wet film, we determine the rate of evaporation to 

range between 1.6 and 4 m/s, for spin speeds ranging between 1000 and 2000 rpm, respectively. The 

solution drying time is therefore a strong function of spin speed and ranges between 2.4 s (2000 rpm) and 

5.4 s (1000 rpm).  

 

An overview of the static GIWAXS patterns right after the spin coating process (exposure time of 1 

second) is presented in Figure 2, together with static polarized optical microscopy (POM) images showing 

the polycrystalline appearance of the thin films. The thickness of the dry films was measured by 

profilometry and is found to decrease with increasing spin speeds from 66 nm to 37 nm, respectively. This 

is due to more ejection of the bulk solution during the early stages of spin coating (see inset of Figure 1d). 
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The POM images clearly show an increase in lateral feature size and a tendency to form spherulitic shaped 

domains at lower spin speeds. At high spin speeds, the film is composed of a uniform distribution of small 

domains. The scattering images in Figure 2 were background subtracted with a scattering pattern obtained 

without the film. The high intensity in the qz direction represents the (001) Bragg sheet associated to 

lamellar stacking (peak at qz around 0.4 Å-1), and indicates a highly lamellar ordered thin film well-known 

to have an “edge-on” orientation with brickwork packing motif and two-dimensional - stacking that 

favors charge-transport in the plane of the semiconductor thin film (Figure 3a).33 The (001) Bragg sheet of 

the TIPS-pentacene crystallites have a d-spacing between 1.6 – 1.7 nm (the detailed values are summarized 

in the supplementary information). The small satellite peak at an azimuthal angle of about 65º represents 

the (001)’ peak in the <111> orientation and indicates the formation of a mixed polycrystalline texture. 

Further quantitative comparison of degree of crystallinity on the basis of diffraction peak intensity is 

difficult given the significant differences in physical thickness. Using the Scherrer equation,34 an out-of-

plane correlation length can be derived from the full width at half maximum (FWHM) along the qz 

direction. The correlation length has a decreasing trend for increasing spin speeds from 16.3 nm down to 

12.5 nm, respectively. The physical thickness is nearly 3-4 times greater than the crystalline thickness 

estimated by the Scherrer formula, suggesting the film thickness is made up of several lamellar crystallites 

of TIPS-pentacene. This ratio is similar to drop-cast films of TIPS-pentacene of similar thickness prepared 

from toluene.8 The azimuthal spread is an indicator for the in-plane mosaicity of the film and was evaluated 

at the different spin speeds for the (001) and (001)’ peaks, respectively. Here, a decrease can be found in 

the width for increasing spin speeds from 14.8º to 11.0º for the (001) peak, and from 16.0º to 13.3º for the 

(001)’ peak, indicating a slightly improved lamellar texture in films cast at increasing spinning speed.  

 

The time evolution of the crystallization process was investigated in situ using time-resolved GIWAXS 

during spin coating (Figure 3a) and by monitoring and plotting the integrated intensity of the (001) and 

(001)’ reflections with respect to the spin coating time with 0 second corresponding to the moment 

spinning starts.16 In Figure 3b, we show the time-evolution of the (001) normalized intensity for TIPS-

pentacene films prepared at all spinning speeds. As no differences could be found in the crystallization 

kinetics of (001) and (001)’ reflections, we conclude TIPS-pentacene crystallizes in these two orientations 
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simultaneously. We have therefore limited the data representation in Figure 3b to the evolution of the (001) 

Bragg sheet intensity, as this had a far better signal-to-noise-ratio than (001)’. Not surprisingly, the onset of 

crystallization (nucleation) is a strong function of the spin speed, decreasing by nearly a factor of two, as 

was previously suggested by optical measurements of solution thinning (Figure 1). As the in situ optical 

reflectometry and in situ GIWAXS measurements were performed separately, a direct one-to-one 

quantitative comparison of the onset of crystallization with respect to solution thickness or concentration 

cannot be established with a high degree of reliability and has therefore not been performed. 

 

Figure 1: (a, b, c) High speed optical micrographs of the spin-coating process (1000 rpm) revealing 

bulk liquid ejection well within the first half second of the spin-coating process. (d) In situ thickness 

evolution obtained from optical reflectometry measurements performed during spin-coating, 

revealing the thinning behavior of TIPS-pentacene in toluene solution spin-cast at different spinning 

speeds. Spin-coating is characterized by rapid hydrodynamic thinning at first, followed by 

evaporation-dominated thinning. The inset shows the thickness of the solution after 1 second of spin 

coating as well as the rate of evaporation versus spin speed, as determined from the slope of solution 

height versus time in the evaporative regime.  

0 1 2 3 4 5 6
0.01

0.1

1

10

 

S
o

lu
ti
o

n
 t
h

ic
k
n

e
s
s
 (

m

)

Time (s)

498.5 ms 644.5 ms0 ms

500 1000

Wavelength (nm)

(a) (b) (c)

(d) (e)

(d)

0 1 2 3 4 5 6 7
0

5

10

15

20  1000 rpm

 1250 rpm

 1500 rpm

 1750 rpm

 2000 rpm

 Time (s)

 

S
o

lu
ti
o

n
 h

e
ig

h
t 

(
m

)

1000 1500 2000

-4

-3

-2

-1

 

Spin speed (rpm)

4

5

6

7

8

E
v
a
p

o
ra

ti
o
n
 r

a
te

 (


m
/s

)

T
h

ic
k
n
e
s
s
 @

 1
s
 (


m
)

Page 8 of 22Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



9 
 

 

 

Figure 2: The left column summarizes the GIWAXS patterns for TIPS pentacene thin-films, as cast 

by spin coating at different spinning speeds. The corresponding POM images are shown in the right 

column. The (001) ordering peak is at a qz around 0.4 Å-1. The thickness of the films was measured 

using a profilometer.  

 

In Figure 4a, only the lowest and highest spinning speeds are considered and an abrupt increase can be 

observed in the normalized peak intensity just a few seconds after the onset of spin coating (highlighted in 

yellow). The increase indicates a rapid crystallization process over a sub-second timescale. Following this 

sharp rise, the curves are marked by a slower, more gradual increase (green guide line added), followed by 

Page 9 of 22 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



10 
 

a plateau a few seconds later indicating completion of the crystallization process. Remarkably, the duration 

of the rapid crystallization process is independent of the spin speed, whereas the duration of the slow 

crystallization process is very much spinning speed-dependent. The timeline of the crystallization process 

is graphically summarized in Figure 4b for all spin speeds and the exact values can be found in the 

Supplementary Information (Table S2). The duration of the rapid crystallization process (the width of the 

yellow area as seen in Figure 4a and 4b varies between 0.12 sec and 0.28 sec) does not appear to show any 

obvious dependency on the spinning speed. The onset of fast crystallization and the duration of the slow 

crystallization process, on the other hand, do show clear dependencies. Logically, at lower spin speeds, less 

solution is ejected during acceleration (as indicated by the final film thicknesses) and overall the solvent 

evaporates more slowly, leaving a little more solvent in the drying film, most likely at grain boundaries. 

The amount of residual solvent cannot be quantified easily, but it is most certainly present as it is the only 

plausible explanation as to why lamellar crystallization still proceeds for several seconds after the rapid 

crystallization step instead of quenching rapidly. The ejection of less solvent at slow speed and the slower 

evaporation rate of the solution explains both the longer delay before the onset of fast crystallization at 

lower spin speeds (wider black area in Figure 4b) and a slower crystallization after the fast jump of more 

than 8 seconds at 1000 rpm (green area in Figure 4b). This slowing down of the kinetics of the second 

crystallization step at lower spin speeds eventually allows the film to form larger crystalline domains as 

observed in the POM images in Figure 2, while at high spin speeds we observe the nucleation and growth 

of much smaller domains. 

 

Bottom gate, top contact organic thin film transistors (OTFTs) were fabricated under the same conditions 

as the in situ GIWAXS experiments. The average saturation hole mobility, the threshold voltage and the 

current on/off ratio were extracted from the transfer curves and summarized in the supporting information 

(Figure S4). The carrier mobility shows a strong dependence with the spin speed, increasing by nearly two 

orders of magnitude with decreasing spin speed from 5×10-4 cm2 V-1s-1 (2000 rpm) to 2.2×10-2 cm2 V-1s-1 

(1000 rpm). However, as noted earlier, the duration of the rapid crystallization step does not change with 

the spin speed and therefore cannot account for the significant variations of OTFT performance. Instead, it 

appears as though the second stage of crystallization influences the microstructure and the carrier mobility 
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much more. In Figure 5, we plotted the carrier mobility with respect to the total crystallization time, namely 

the sum of the durations of both the rapid and the slow crystallization processes. The plot shows a clear 

correlation between the carrier mobility of the TIPS-pentacene thin films and the total duration of the 

crystallization process. It is well known that charge transport, for instance in organic thin film transistors, 

correlates well with the crystalline order in small-molecule semiconductor thin films, on the condition that 

said film is also continuous and the semiconductor is -stacked in the plane of the semiconductor-dielectric 

interface.33 As the films appear to cover the substrate in its entirety, it appears that the improved 

microstructure is entirely responsible for the improvement in device performance, as seen previously.11,36 

The thickness of thin films differs, but it is not expected to directly influence the carrier transport, because 

all films are in excess of 35 nm thickness and appear to show no pinholes or any evidence of de-

wetting.14,37 

 

Figure 3: (a) Schematic of the in situ GIWAXS setup allowing time-resolved measurements, during 

the spin coating process, of the (001) Bragg sheet and the (001)’ Bragg peak at 65 off normal. The 

inset shows the orientation of the TIPS pentacene crystallites with respect to the substrate. (b) Time-

evolution of the (001) Bragg sheet intensity (area under the curve) for all spin speeds. Inset shows the 

onset of crystallization with respect to the spin speed.  
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Figure 4: Panel (a) shows curves of the normalized (001) peak intensity in function of the spinning 

time during the spin coating process, for the lowest and highest spinning speed (1000 and 2000 rpm, 

respectively). The regions of interest (fast and slow crystallization) are marked. The duration of the 

different processes is summarized in panel (b) for all spinning speeds, as can be derived from the 

curves in the upper panel.  

 

In a prior investigation of the role of solvent vapor annealing of spin cast TIPS-pentacene thin films from a 

toluene-based solution, a quartz crystal microbalance with dissipation (QCM-D) was used to detect both the 

uptake of solvent vapor molecules and the resulting viscoelastic properties of the film and solvent.14 For 

very small doses of solvent vapor, the solvent molecules were found to adsorb without forming a liquid 

phase and further crystallization was promoted without causing the film to dewet. This resulted in 

improvements of the carrier mobility by up to 2 orders of magnitude. The device performance degraded 

quite dramatically, however, as soon as the solvent vapor molecules formed into the liquid phase on the 

surface of the film, highlighting the delicate balancing role that a solvent plays in achieving highly 
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crystalline organic semiconductor thin films. Unlike in the current study, the apparent size of crystalline 

domains did not increase by solvent vapor annealing; only the lamellar texture and crystallinity improved. 

This suggests there may be differences in the nucleation density of TIPS pentacene with increasing spin 

speed despite apparently exhibiting identical crystallization kinetics in the first regime of nucleation and 

growth, as observed by the in situ GIWAXS measurements. 

 

 

Figure 5: Linear dependency of the hole mobility versus the duration of crystallization (width of the 

green bars in Figure 4b, representing the slow crystallization time) for TIPS pentacene OFETs 

prepared with different spinning speeds. The inset shows the carrier mobility with respect to the spin 

coating speed. 

 

In the spin-coating experiments reported in this study, the spinning speed modulates the evaporation rate of 

the solution, as shown by the in situ time-resolved optical reflection measurements (Figure 1). These 

measurements revealed that solution thinning is dominated by evaporation for solution thicknesses below 5 

m and that evaporation is significantly slowed down by decreasing the spin speed. This decrease is seen 

both in the drying rate of the bulk solution (1 – 5 m) and in the final stage of the drying process (< 1 m). 

Case in point, the time it takes for the last micron of the solution to reach the steady (dry) thickness 
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increases from 0.6 s (2000 rpm) to 0.8 s (1500 rpm) and up to 1.35 s (1000 rpm). This hints that the 

solvent may reside for even an extended period in the forming film, as strongly suggested by the in situ 

GIWAXS measurements (Figure 4), and which is likely to promote significant coarsening of the crystallites. 

The rate of evaporation prior to nucleation and growth of the TIPS pentacene crystallites may promote a 

different nucleation density, with higher nucleation density occurring for faster drying solutions and a 

slower nucleation density occurring in case of slow-drying solutions, as suggested by the POM 

micrographs of the final thin films. However, we have also shown that the spin speed strongly modulates 

the residence time of trapped solvent in the film and thus promote further crystallization activity well after 

the initial film formation. 

 

As the slow evaporation rate combined with minute amounts of solvent trapped in the film appear to have a 

dramatic effect on the crystallization behavior, we attempt to further slow the evaporation process and 

extend the residency time of the residual solvent by further slowing down the spin speed. We have 

fabricated OTFTs using conditions of very slow spin coating speed (300 rpm), for which the device 

characteristics and performance metrics are shown in Figure 6 and Table 1, respectively. The resulting 

OTFTs perform remarkably well, with an average (peak) carrier mobility of 0.28 (0.47) cm2 V-1s-1, which is 

a full order of magnitude higher than what was achieved at 1000 rpm. This also surpasses what previously 

has been achieved by spin coating followed by solvent vapor annealing8 and approaches the performance of 

OTFTs typically achievable by drop-casting.  

 

The observations made in this study are consistent with a recent report in which high boiling point solvent 

additives, such as diphenyl ether and chloronaphthalene, when used in appropriate amounts, resulted in 

larger crystallites and in better performing devices.38,39 Indeed, the role of high boiling point solvent 

additives has been investigated extensively in the context of bulk heterojunction organic photovoltaics 

(OPV) and has been correlated to the further ripening of the blend after the rapid film formation stage is 

completed.40-43 In the case of solution processable small-molecule OPVs, in situ GIWAXS measurements 

performed during spin-coating demonstrated that the right amount of diiodooctane in the solution promotes 

molecular reorganization of the donor and leads to the formation of a thermodynamically stable polymorph 
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of the donor, which does not otherwise form without the use of the additive.22 This phase transformation is 

responsible for the high power conversion efficiency in the resulting solar cells. The results of the current 

study nevertheless demonstrate that some of the benefits of solvent additives can be achieved by extending 

the residency of the processing solvent in the film during and shortly after the thin film formation and 

crystallization stage. 

 

Figure 6:  Current-voltage sweeps (a) IDS-VG and (b) IDS
1/2-VG for organic thin film transistors 

fabricated by spin coating a TIPS-pentacene solution at 300 rpm, 1000 rpm and 2000 rpm. 

 

Table 1: Summary of the average device characteristics for organic thin film transistors fabricated 

by spin coating a TIPS-pentacene solution at a very slow speed of 300 rpm.  

Spin Speed  
Avg. Mobility 

[cm2 V-1s-1] 

Std deviation 

[cm2 V-1s-1] 

Vth  

[V] 

Ion/Ioff 

 

300 rpm  0.28 ±0.14 -25 (±4) 105 

1000 rpm 0.021 ±0.002 -2 (±2) 4·103 

2000 rpm 0.0005 ±0.0002 -16 (±2) 3·102 
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CONCLUSIONS 

Research in the growth and structural evolution of spin-cast organic semiconductor thin films has until 

recently been limited to post-deposition characterization and has thus resulted in limited insight into the 

mechanisms of thin film formation. The main cause for this shortcoming has been the absence of in situ 

characterization tools to investigate common processes, such as spin-coating. Here, we have shown that 

time-resolved GIWAXS can be employed to study the crystallization during the spin-coating process of 

organic semiconductors, such as TIPS-pentacene. We provide relevant crystallization data with a time 

resolution of 100 ms, which makes it possible to follow the kinetics of crystallization and detect two 

distinct stages of crystallization characterized by their different kinetics. A linear dependency is found 

between the hole mobility and the total crystallization time, which includes the period of time required for 

drying of the residual solvent trapped in the thin film. The best transistor characteristics are observed in 

conditions, which avoided rapid quenching of the crystallization, instead letting the residual solvent 

evaporate and promote further grain growth. The spin-cast films at lower spinning speeds resulted in the 

formation of large spherulitic domains as opposed to the much smaller domains formed at higher spinning 

speeds. This methodology can easily be translated to a wide variety of systems requiring or relying upon 

spin coating to achieve films with controlled crystallization and/or phase separation in areas such as 

electronics, optoelectronics, photovoltaics, thermoelectrics and energy storage. 
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Spin-coating of TIPS-pentacene is examined in-situ to reveal that residual solvent can heal structural 

defects and dramatically increase carrier mobility. 
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