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Drop casting of small-molecule organic semiconductors typically forms crystals with
random orientation and poor areal coverage, which leads to significant performance
variations of organic thin-film transistors (OTFTs). In this study, we utilize the
controlled evaporative self-assembly (CESA) method combined with binary solvent
system to control the crystal growth. A small-molecule organic semiconductor,
2,5-Di-(2-ethylhexyl)-3,6-bis(5′′-n-hexyl-2,2′,5′,2′′]terthiophen-5-yl)-pyrrolo[3,4-c]
pyrrole-1,4-dione (SMDPPEH), is used as an example to demonstrate the effectiveness of our approach. By optimizing the double solvent ratios, well-aligned
SMDPPEH crystals with significantly improved areal coverage were achieved. As
a result, the SMDPPEH based OTFTs exhibit a mobility of 1.6 × 10−2 cm2/Vs,
which is the highest mobility from SMDPPEH ever reported. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4927577]

I. INTRODUCTION

Solution processable small-molecule organic semiconductors have been intensively studied
nowadays due to their relatively high charge carrier transport,1–4 and cost-effectiveness in fabrication, which make them promising for applications in flexible electronics over large areas.5–7 However, thin films drop casted from small-molecule organic semiconductors typically exhibit random
crystal orientation with poor coverage, which leads to significant performance variations of organic
thin-film transistors (OTFTs).8,9 Therefore, it is mandatory to well align the crystals in order to
achieve performance consistency of OTFTs. Various efforts have been made to address these issues
in different semiconducting material systems.10–12 For example, Lee et al. demonstrated the growth
of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS pentacene) on a slightly tilted substrate, resulting in an array of ribbon-shaped TIPS pentacene crystals well-aligned in the tilted direction
of the substrate.13 More recently, Li et al. employed a “droplet-pinned crystallization” method to
control the crystal growth of C60, which successfully leads to well-aligned C60 single crystals.14
Nevertheless, the films obtained in all these work above still show low areal coverage, which must
be improved in order to fabricate high-mobility OTFTs with performance uniformity.
In this work, we combine the “controlled evaporative self-assembly (CESA)” method15–17
with double solvent scheme18,19 to both control the crystal growth and enhance areal coverage of
organic semiconductors. Since diketopyrrolopyrrole (DPP) based organic materials have attracted
enormous interests for applications in both organic photovoltaics (OPV) and OTFTs, a derivative of DPP, 2,5-Di-(2-ethylhexyl)-3,6-bis(5′′-n-hexyl-2,2′,5′,2′′]terthiophen-5-yl)-pyrrolo[3,4-c]
pyrrole-1,4-dione (SMDPPEH),20–27 is used as an example to demonstrate the effectiveness of our
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approach. When drop casted from single solvent (chloroform), SMDPPEH formed crystals with
significant misorientation and poor film coverage. In comparison, the application of CESA method
combined with double solvent system leads to greatly enhanced crystal alignment, film coverage
and crystal width. As a result, the SMDPPEH OTFTs based on CESA approach and double solvent
system exhibit a mobility of up to 1.6 × 10−2 cm2/Vs. To the best of our knowledge, this is the
highest mobility from SMDPPEH ever reported.

II. EXPERIMENT

SMDPPEH material was purchased from Sigma Aldrich and used as received. Bottom-gate,
bottom-contact transistors were fabricated on heavily doped n-type silicon substrates with a 100 nm
thickness of thermally grown SiO2 layer. The gold electrodes were patterned by using standard
photolithography followed by metal deposition and lift-off. The patterned substrates with Au
source/drain contacts were cleaned by acetone and isopropyl alcohol sequentially. Then surface
treatments, including hexamethyldisilazane (HMDS) and pentafluorobenzenethiol (PFBT) treatments, were carried out. HMDS treatment was utilized to passivate the silanol groups on the
hydrophilic SiO2 substrate surface, whereas PFBT treatment was performed to tune the energy
level of gold contacts for facilitating hole charge injection.28 Specifically, HMDS self-assembled
monolayers were formed on the gate dielectric via vapor deposition at 140 ◦C, and rinsed off the
residue of HMDS by isopropyl alcohol. PFBT treatment was performed on the source/drain gold
contacts by immersing the substrates in a 10mM PFBT/toluene solution for 2 hours, followed by
rinsing with toluene.
SMDPPEH in chloroform/ethanol double solvents (3 mg/ml) was drop casted onto the substrate
to form an active layer. In the double solvent system, chloroform was selected as the “good” solvent
since SMDPPEH can be well dissolved in chloroform, whereas ethanol was used as the “bad”
solvent because of the limited solubility of SMDPPEH in ethanol. Moreover, the similarity of the
boiling points between ethanol (78.4◦C) and chloroform (61.2◦C) ensures simultaneous evaporation
when the CESA method is applied for crystal alignment. If there exists a big difference in boiling
point between “good” and “bad” solvent, the solution will eventually ends up with one single
solvent situation. Optical micrographs of SMDPPEH thin film were taken by using a Zeiss Axioplan
optical microscope with a build-in camera. Current-voltage (I − V ) characteristics were carried out
with an Agilent B1500A semiconductor parameter analyzer. Each device was measured three times
to ensure the consistency of results. All measurements were performed in ambient environment at
room temperature. Field-effect mobilities in the saturation regime were extracted from the slope of
the (IDS )1/2 − VGS transfer characteristic.

III. RESULTS AND DISCUSSION

DPP is best known for its ease of side-chain substitution which forms different functional
groups and leads to a good field-effect mobility.29–31 As a newly-developed derivative of DPP,
SMDPPEH hosts two pendant alkyl chains, which increases its solubility and thermal stability.32
The molecular structure of SMDPPEH is shown in Figure 1(a). When SMDPPEH is drop casted
from single chloroform solvent, a few scattered crystals are formed on the substrate with random
orientation and poor areal coverage (Figure 1(b)), while drop casted from chloroform/ethanol double solvents, the resultant films exhibit enhanced crystal density as shown in the optical images of
Figure 1(c), because the “bad” solvent ethanol increases nucleation seeds for SMDPPEH crystallization. In both cases of crystal growth in single and double solvents, however, there is no uniform
crystal orientation, which could cause significant device performance variation if such films are
used as the active layer of OTFTs.33,34 In order to address these issues, we applied the CESA
method combined with the double solvent system to effectively control the crystallization, and
obtained SMDPPEH crystalline films with enhanced crystal alignment and areal coverage.
The CESA method applied to effectively align the SMDPPEH crystals is illustrated in Figure 2(a). As shown in the schematic, SMDPPEH solution was constrained in the cylinder-on-flat
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FIG. 1. (a) Molecular structure of SMDPPEH. Optical image of SMDPPEH crystals drop casted in (b) single chloroform
solvent and (c) chloroform/ethanol (5:1) double solvents. Figure (b) and (c) share the same scale bar of 100 µm.

geometry, due to the capillary force between the cylinder and the substrate. When the contact line of
the solution is pinned during solvent evaporation, the edge of the droplet has a higher evaporation
rate which leads to elevated solution concentration.35 This further facilitates an outward flow carrying more solutes from the droplet center to the periphery,36 where nucleation seeds are formed from
the solutes. When the solution reaches supersaturation, SMDPPEH molecules start to crystallize
from the nucleation seeds and grow along the direction of capillary force towards the contact center
between the cylinder and the substrate. With the combination of CESA method and double solvent
system, well-aligned SMDPPEH crystals with significantly improved film coverage were achieved,
as shown in the optical images of Figure 2(b). The digital image of Figure 2(c) shows the crystal
growth over the entire substrate. The chloroform/ethanol double solvent is at 5:1 ratio.
In order to optimize the SMDPPEH film morphology with CESA method, different ratios
between “good” solvent chloroform and “bad” solvent ethanol were tested. When a small amount
of ethanol was added as in the case of chloroform/ethanol at 15:1 ratio, a few SMDPPEH crystals with enhanced crystal width and orientation were formed because only a small number of
nucleation seeds from “bad” solvent ethanol were generated at this ratio, whereas the majority of
the SMDPPEH material directly precipitated or formed many small crystals onto the substrate as
round-shaped crystal aggregations as shown in Figure 3(a). When the amount of ethanol increased
to chloroform/ethanol ratio of 10:1 and 5:1, both crystal orientation and coverage of the SMDPPEH
film were improved (Figure 3(b) and 3(c)). Particularly, chloroform/ethanol at 5:1 ratio leads to the
most improvement in the thin-film morphology of SMDPPEH, in terms of the best crystal alignment, the highest film coverage and the largest crystal width. However, if the amount of ethanol
further increased to 1:1 (Figure 3(d)), both crystal width and film coverage of the SMDPPEH
film decreased dramatically and crystal misorientation started to appear. Finally, the CESA method
lost control of SMDPPEH crystal alignment when the amount of ethanol increased to chloroform/ethanol at 1:5 ratio, and the resultant film exhibited significant crystal misorientation with
large gaps in between (Figure 3(e)).
The change in the crystal orientation, areal coverage and crystal width of the SMDPPEH film
can be reasonably explained by the intermolecular interaction between SMDPPEH and ethanol.

All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license. See:
http://creativecommons.org/licenses/by/3.0/ Downloaded to IP: 130.160.143.225 On: Sun, 06 Sep 2015 17:27:14

077170-4

Bi et al.

AIP Advances 5, 077170 (2015)

FIG. 2. (a) Schematic of the CESA method for crystal alignment. (b) The zoom in optical image of SMDPPEH films with
highly orientated crystals and great film coverage. The scale bar represents 50 µm. (c) digital image of crystal growth over
entire substrate with chloroform/ethanol ratio of 5:1.

When the ethanol solvent is added, it is expected that the hydroxyl groups in ethanol facilitate the
intermolecular π-π overlapping of SMDPPEH backbones, further leading to the supramolecular
aggregation of SMDPPEH molecules that serve as nucleation seeds.37 When the solution supersaturation point is reached, the SMDPPEH molecules start to crystallize from the nucleation seeds and
grow in the same direction as of the capillary force, resulting in well-aligned SMDPPEH crystals
with enhanced crystal coverage and width. In specific, when a small amount of ethanol is added
as in the case of chloroform and ethanol at 15:1 ratio, the slight supramolecular aggregation of
SMDPPEH molecules created only a small number of nucleation seeds, contributing to the formation of a few well-aligned crystals, as illustrated in the top left cartoon of Figure 3(f). Nevertheless,
the majority of the SMDPPEH material directly precipitated or formed many small crystals onto the
substrate as round-shaped aggregations. When the ratio between chloroform and ethanol changes
to 10:1 and 5:1, more addition of ethanol provided more hydroxyl groups and simultaneously
increased both the nucleation seed number and density, which significantly enhances crystal width
and film areal coverage while at the same time further improving the crystal alignment as illustrated in the bottom right cartoon of Figure 3(f). However, when the ratios between chloroform
and ethanol further change to 1:1 and 1:5, it is likely that the excessive amount of ethanol would
consume most of the SMDPPEH for the formation of nucleation seeds, so very few SMDPPEH
solutes were dissolved in the solution as supply for crystallization, consequently leading to the
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FIG. 3. Optical micrographs of SMDPPEH crystals drop casted from chloroform/ethanol double solvents at different ratios:
(a) 15:1, (b) 10:1, (c) 5:1, (d) 1:1 and (e) 1:5, respectively. All images share the same scale bar of 100µm as shown in (a).
(f) Effect of nucleation seed density on crystallization.

formation of many small crystals with significantly reduced crystal width, areal coverage and
crystal orientation.
To more accurately demonstrate the effect of different double solvent ratios on the SMDPPEH
thin film morphology, the average misorientation angle, crystal coverage and width were quantitatively characterized, as shown in Figure 4. The standard deviation of misorientation angle is based
on 10 crystals for each type of film, whereas that of the crystal width is based on 14 crystals.
The direction of capillary force is chosen as the baseline, and misorientation angle is defined as
the angle between the long axis of a crystal ribbons and the baseline. The SMDPPEH film drop
casted from chloroform/ethanol double solvent at the 15:1 ratio shows an average misorientation
angle of 6 ± 5◦, indicating the addition of a small amount of ethanol can largely reduce the crystal
misorientation. The misorientation angle further reduces to 4 ± 3◦ and 4 ± 2◦ when the ethanol
amount reaches to the 10:1 and 5:1 ratios, respectively, which demonstrates the SMDPPEH crystals
are well-orientated. However, further increasing the ethanol amount to the 1:1 and 1:5 ratios would
cause the misorientation angle to increase to 11 ± 7◦ and 30 ± 20◦, respectively.
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FIG. 4. Quantitative analysis of the (a) average crystal misorientation, (b) film coverage, and (c) average crystal width of the
SMDPPEH crystals at different ratios of the chloroform/ethanol double solvents.

The areal coverage of the SMDPPEH films at different double solvent ratios was plotted in
Figure 4(b). At chloroform/ethanol 15:1 ratio, the film has areal coverage of ∼36%, which is
enhanced to ∼99% when the addition of ethanol increases to both 10:1 and 5:1 ratios, implying
that the CESA method with optimal double solvent ratio can not only effectively align the crystal
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FIG. 5. (a) Schematic of bottom-gate, bottom-contact OTFTs with SMDPPEH crystal ribbons as active layer. (b) Transfer
characteristics for field-effect mobility extraction. The volume ratio of chloroform to ethanol solvent is 5:1. (c) Mobility
variation of SMDPPEH OTFTs based on different types of films.

growth, but also reduce the crystal gaps and enhance the film coverage. When the ethanol is further
increased to 1:1 and 1:5 ratios, the areal coverage decreased to ∼59% and ∼57%, respectively.
Moreover, the average crystal width of SMDPPEH films was also quantitatively calculated based
on the optical microscope images and was plotted in Figure 4(c). The SMDPPEH film at chloroform/ethanol 15:1 ratio exhibits an average crystal width of 58 ± 10 µm, whereas those films at 10:1
and 5:1 ratios show an average crystal width of 58 ± 15 µm and 61 ± 14 µm, respectively. In particular, the chloroform/ethanol 5:1 leads to the largest crystal width. When the solvent volume ratio
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further changes to 1:1 and 1:5, the average crystal width is reduced to 18 ± 6 µm and 20 ± 5 µm,
respectively.
Bottom-gate, bottom-contact OTFTs were fabricated, and the device configuration with
SMDPPEH microribbons as active semiconducting layer is illustrated in Figure 5(a). From the slope
of the square root plot (IDS )1/2 − VGS in the transfer characteristic (Figure 5(b)), the field-effect
mobility in the saturation region was extracted to be 1.6 × 10−2 cm2/Vs by using the following
traditional MOSFET equation:
(
)
WCi µsat
IDS =
(VGS − VT )2
(1)
2L
where W is the effective channel width based on the actual crystal coverage in the channel region, L
is the channel length, Ci is the capacitance per unit area of the gate insulator, µsat is the field-effect
mobility in the saturated region, VGS is the gate voltage and VT is the threshold voltage. To the best
of our knowledge, this is the highest mobility ever reported from the solution-processed SMDPPEH
semiconductor. Moreover, our mobility is much larger than the value of other p-type semiconductors commonly studied as the donor materials of photovoltaic cells, such as poly(3-hexylthiophene2,5-diyl) (P3HT),38 indicating SMDPPEH is a promising donor material for solution-processed
solar cells. In addition to the field-effect mobility, the threshold voltage VT was extracted to be -4V,
and the current on/off ratio Ion/off is 4.3 × 104.
Finally, we plotted the OTFT mobilities against different types of films as shown in Figure 5(c).
The mobilities of SMDPPEH OTFTs drop casted from pure chloroform without applying the CESA
method varied from 5.7 × 10−5 cm2/Vs to 5.4 × 10−4 cm2/Vs, with an average mobility of 2.3
× 10−4 ± 1.8 × 10−4 cm2/Vs. In comparison, the devices made from 5:1 chloroform/ethanol double
solvents with the CESA method demonstrated hole mobilities which ranged from 3.1 × 10−3 cm2/Vs
to 1.6 × 10−2 cm2/Vs, with an average mobility of 7.8 × 10−3 ± 5.1 × 10−3 cm2/Vs. The results above
demonstrated that the combination of CESA method and double solvent system effectively improves
the charge transport and significantly enhances the average mobility of SMDPPEH OTFTs.

IV. CONCLUSIONS

In summary, we applied the CESA method combined with the double solvent system to
achieve controlled crystallization of solution processable small-molecule organic semiconductors.
SMDPPEH was used as an example to demonstrate the effectiveness of our approach. The greatly
enhanced crystal alignment, film coverage and crystal width have been achieved. The effect of
different ratios between the chloroform/ethanol double solvents on crystal film morphology were
investigated, and chloroform/ethanol at 5:1 volume ratio was found to lead to the optimal film
morphology with the best crystal orientation, the highest film coverage and the largest crystal width.
As a result, a mobility of 1.6 × 10−2 cm2/Vs has been obtained, which is the highest mobility from
solution-processed SMDPPEH OTFTs ever reported.
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