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Enhancing the electron transport to match up with the hole 

transport developed far ahead is critical for organic electronics. 

As electron motion is susceptible to extrinsic factors, to seek 

these factors and to avoid their negative effects become the 

central challenge. Here, the existence of polar solvent residues in 

solution-grown single-crystals of 6,13-

bis(triisopropylsilylethynyl)-5,7,12,14-tetraazapentacene is 

identified as a factor detrimental to electron motion. Field-effect 

transistors of the crystals exhibit electron mobility boosted up by 

about 60% after the residues are removed. The average electron 

mobility reaches up to 8.0 ± 2.2 cm2 V-1 s-1 with the highest value 

of 13.3 cm2 V-1 s-1, significantly higher than those obtained 

previously for the same molecule (1.0-5.0 cm2 V-1 s-1). 

Furthermore, the achieved mobility is also higher than the 

maximum reported electron mobility for organic materials (11 

cm2 V-1 s-1). This work should greatly accelerate the advance of 

organic electron-transporting materials. 

Conceptual Insights: Solution processability is widely 

believed to be a critical advantage of organic semiconductors 

and solvent residues in the processed thin films and crystals are 

inevitable. This work shows that trace amount of polar solvent 

residues in solution-grown single-crystals is detrimental to 

electron motion. Removing these residues leads to an increase 

of electron mobility by about 60%. Using this strategy, a record 

high electron mobility among organic materials, 13.3 cm2 V-1 s-1, 

is achieved in solution-grown TIPS-TAP single crystals. The 

negative solvent effect on the electron transport shown in this 

work has the potential to greatly advance the development of 

high-performance n-type organic semiconductors. 

Hole and electron transports in organic semiconductors are 

equally important for double-carrier electronic devices, such as 

complementary circuits,1 solar cells,2 and light-emitting 

diodes.3 However, the overall developments in organic hole and 

electron transporting materials are not parallel with the electron 

side lagging far behind, as clearly seen from the comparison of 

the hole and electron field-effect mobility.4-7 Currently, hole 

mobility above 10 cm2 V-1 s-1 has been achieved in a variety of 

organic materials including both small molecules and 

polymers.8-21 In sharp contrast, electron mobility (µe)

approaching 10 cm2 V-1 s-1 is not often reported.22-32

Intrinsically, organic semiconductors should provide an equal 

opportunity for both charges.33 The underdeveloped electron 

transport performance of organic materials indicates that the 

intrinsic properties must be masked by extrinsic factors. As 

such, the development of organic electron-transporting 

materials lies greatly in the discovering and eliminating the 

extrinsic factors detrimental to electron motion.  

    Field-effect transistors (FETs) are widely used to study the 

hole transport (p-channel) and electron transport (n-channel) 

properties of organic semiconductors.34 The well-known 

obstacles to electron conductance in an organic n-channel FET 

have been recognized to be associated with high electron 

injection barriers,33,35 electron traps induced by O2 and H2O,4,36

traps at the semiconductor-dielectric interface,37 and the 

polarizable environment near the moving electrons.25 

Accordingly, efforts have been made to reduce the effect of 

these extrinsic factors through varied strategies. Improving the 

charge injection has been widely used through either selecting 

proper electrodes22,27,38-43 such as low work-function metals or 

enhancing the electron affinity of organic semiconductors.28,44-

46 On the other hand, eliminating electron traps (such as 

hydroxyl groups) on the dielectrics,37 greatly improved the 

electron transport of organic semiconductors. In addition to the 

above factors impeding the electron motion, we found,47 very 

recently, a solvent effect on the n-channel behaviors. For 6,13-

bis(triisopropyl-silylethynyl)pentacene (TIPS-pentacene),48 a 

standard p-channel material, electron transport emerges in their 
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single crystals grown from non-polar solvents but is suppressed 

in those from polar solvents. The distinct electronic properties 

induced by the different solvents are not associated with the 

change of molecular packing16,17,49 or the doping in the 

semiconductor,27,50,51 but, instead, imply that trace amounts of 

polar solvents residues in the crystals ruin the electron 

conductance. In context of this result, we envision that similar 

solvent effect should exist in solution-grown n-channel material 

and by proper selection of the used solvents to avoid polar 

solvents residues, enhancement of the electron transport is 

expected. In this work, we investigated the electron transport of 

6,13-bis(triisopropylsilylethynyl)-5,7,12,14-tetraazapentacene 

(TIPS-TAP, Fig. 1b inset), a soluble n-channel material 

exhibiting µe between 1.0-5.0 cm2 V-1 s-1 in the previous

reports.31,45,52,53 By reducing the amount of the polar solvent 

residues in the TIPS-TAP single crystals, µe was boosted up to 

13.3 cm2 V-1 s-1 with an average value of 8.0 ± 2.2 cm2 V-1 s-1. 

A direct method to avoid polar solvents residues in the 

crystals is to use non-polar solvents for crystallization. As a 

typical non-polar solvent, hexane was selected to grow TIPS-

TAP single crystals using the droplet-pinned crystallization 

method,24,54 a facile solution processing approach to prepare 

well-aligned single crystals of a variety of organic 

semiconductors.55,56 The crystals were directly grown on 

divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB)-

covered SiO2/Si substrates where the BCB layer (~10 nm thick) 

was found to efficiently eliminate the electron traps on SiO2
37

so that electron transport can be well examined. Well-aligned 

long ribbons of several hundred micrometers in length were 

obtained (Fig. 1a and Fig. S1†). Atomic force microscopy 

(AFM) images of the ribbons show a thickness of 18.9-78 nm 

and width of 1.5-12.9 µm. The same color of individual ribbons  

Fig. 1 Morphology and crystalline structure of crystals grown from 

hexane solutions. (a) An optical microscopy (OM) image of the 

crystals. (b) An OM image of the crystals between crossed-polarizers. 

Inset: structure of TIPS-TAP. (c) An SAED pattern of the crystal. (d) 

Schematic representations showing the top and bottom surfaces of 

the crystals and AFM images of the crystals. 

between crossed-polarizers indicates their single-crystallinity 

(Fig. 1b). A selected-area electron diffraction (SAED) pattern 

confirms the single crystal nature by showing a single set spots 

with a crystallographic structure consistent with the previous 

report (Fig. 1c).52 

    Based on these aligned single crystals, FETs were 

constructed by depositing Au source and drain electrodes using 

a shadow mask in a top-contact, bottom-gate configuration 

(Fig. 2a). As the crystals did not cover the channel region 

completely, the real channel length (L) and width (W) were 

measured (Fig. 2b) instead of using the channel dimensions of 

the shadow mask (L: 50 µm; W: 1 mm). FETs characteristics 

were investigated in a N2 glovebox and saturation regime µe 

was calculated for 50 devices. The typical transfer and output 

characteristics are shown in Fig. 2c,d, exhibiting excellent gate 

modulation. An average µe of 5.3 ± 1.2 cm2 V-1 s-1 (range: 2.7 to

8.4 cm2 V-1 s-1, Fig. 2e), on-to-off current radio (Ion/Ioff) > 105,

and threshold voltages (VT) between 45 and 72 V were 

obtained. 

    The achieved µe is significantly higher than the reported 

values (1.0-5.0 cm2 V-1 s-1) for the same molecule, TIPS-

TAP.31,45,52,53 In the previous reports, polar solvents such as 

chlorobenzene, dichloromethane (CH2Cl2) and acetone were 

used to prepare the n-channel materials of TIPS-TAP. The non- 

Fig. 2 FET characteristics of crystals grown from hexane solutions. 

(a) A schematic representation of the FET configuration, where S is 

the source, D the drain and G the gate. (b) An OM image showing 

the method of W/L measurement. L was measured from the real 

channel length and W was measured from the contacting area of the 

crystals that cross the S and D electrodes. W was calculated by the 



equation: W =Σ(W1 + W2)/2. (c,d) Typical transfer and output 

characteristics of the FETs. (e) Histogram of the µe of 50 FETs. 

polar solvent, hexane, used in the current work and the resulting 

superior µe might imply a negative effect of polar solvent 

residues on the electron transport. 

Despite the high µe up to 8.4 cm2 V-1 s-1, the poor

morphologies of the crystals revealed by AFM (Fig. 1d) 

indicate a possibility to further improve the electron transport. 

AFM imaging on the top surfaces of the crystals shows relative 

rough features instead of smooth terraces. More importantly, 

the bottom surfaces of the crystals where the electron transport 

channel locates are also rough with steps. The rough bottom 

surfaces lead to non-intimate interfaces with the substrates, 

affecting adversely the electron transport. The formation of 

rough surfaces is associated with the fast crystallization mainly 

due to the low solubility (about 0.4 mg/mL) of TIPS-TAP in 

hexane. And solvents allowing higher solubility may result in 

smoother surfaces during slower crystallization. In addition to 

hexane, other solvents were examined. Non-polar solvents 

including cyclohexane, heptane, octane and nonane showed 

very low solubility below 1 mg/mL. Alternatively, polar 

solvents such as CH2Cl2 and chloroform (CHCl3) with much 

higher solubility were selected and a heat-treatment was used to 

reduce the amount of the polar solvent residues in the solution-

grown crystals. 

    Crystallization from CH2Cl2 solutions was first studied. The 

crystals were expressed by rough surfaces associated with the 

fast solvent evaporation and crystallization due to the highly 

volatile nature of CH2Cl2 (Fig. S2a,b†). Relatively low µe of 2.2 

± 0.8 cm2 V-1 s-1 (range: 1.0 to 4.4 cm2 V-1 s-1) for the as-

prepared crystals and 3.6 ± 1.1 cm2 V-1 s-1 (range: 2.3 to 5.6 cm2 

V-1 s-1) for heat-treated ones was obtained, respectively (Fig. 

S2e,f†). 

    Next, CHCl3 with a boiling temperature higher than CH2Cl2 

was examined. Delightedly, well-aligned ribbon-like crystals 

grown from CHCl3 solutions exhibited much smoother surfaces 

than those from CH2Cl2 and hexane (Fig. 3a-d). The AFM 

images show clearly the smooth top and bottom surfaces with 

rms roughness of 0.77 nm (top) and 0.50 nm (bottom), in sharp 

contrast to the rough features of those grown from hexane (rms 

roughness of 3.89 nm and 1.11 nm for the top and bottom 

surfaces, respectively, Fig. 1d). In addition, the crystals are 

wider (10.1-26.8 µm), favoring charge injection.54 Similarly, 

the polarizing OM image (Fig. 3b) and the SAED pattern (Fig. 

3e) exhibit the single-crystallinity and the crystallographic 

structure is consistent with those from hexane. X-ray 

photoelectron spectroscopy (XPS) analysis shows a peak of Cl 

2p, indicative of trace amount of the CHCl3 molecules in the as-

prepared crystals (Fig. S3a†). In contrast, this peak is weaker 

and undetectable for the heated crystals (Fig. S3b†), indicating 

the removal of CHCl3 residues after heating. According to the 

SAED, the crystallographic structures before and after the heat 

treatment are identical (Fig. 3e,f). 

After obtaining the single crystals with smooth surfaces 

using CHCl3, we proceeded to examine their charge transport 

properties. 124 FETs were fabricated and tested under N2 

atmosphere before and after heat treatment at 100 ºC.57 Fig. 4a 

Fig. 3 Morphology and crystalline structure of crystals grown from 

CHCl3 solutions. (a) An OM image of the crystals. (b) An OM 

image of the crystals between crossed-polarizers with uniform 

brightness throughout the crystals. (c,d) AFM images of the crystals’ 

top surface (c) and bottom surface (d). (e,f) SAED patterns of the 

crystals: (e) as-prepared; (f) heat-treated. 

and c show the typical transfer and output characteristics of the 

devices, with excellent gate modulation. Before heating, an 

average µe of 5.0 ± 1.8 cm2 V-1 s-1 (Fig. 4e) was obtained, close

to that of the crystals grown from hexane. In addition, Ion/Ioff 

was greater than 105, and VT was between 55 and 80 V. After

heating, each device exhibited an increase in µe, resulting in an 

average of 8.0 ± 2.2 cm2 V-1 s-1 (range: 3.0 cm2 V-1 s-1 to 13.3 

cm2 V-1 s-1, Fig. 4f). Ion/Ioff > 106, and VT between 57 and 80 V

were obtained. The 60% increase in the average µe after heating 

and removal of the CHCl3 residues indicate their negative effect 

on the electron transport. 

The µe of 8.0 ± 2.2 cm2 V-1 s-1 with the highest value of 13.3

cm2 V-1 s-1 is significantly higher than the maximum reported µe

(average 5.2 ± 2.1 cm2 V-1 s-1 with the highest value of 11 cm2

V-1 s-1)24 for organic materials. Within the 124 devices, 29 ones 

exhibit µe larger than 10 cm2 V-1 s-1. More importantly, the

achieved µe is also significantly higher than those obtained 

previously (1.0-5.0 cm2 V-1 s-1) for the same molecule, TIPS-

TAP.31,45,52,53 The higher mobility here is not only associated 

with the widely known factors including single-crystallinity,58 

smooth and intimate contact with the substrate54 and the 

elimination of electron traps using BCB37 coating. In addition,  



Fig. 4 FET characteristics of crystals grown from CHCl3 solutions. 

(a-d) Typical transfers and output characteristics of the FETs: (a,c) 

as-prepared; (b,d) heat-treated. (e,f) Histograms of the µe of 124 

FETs: (e) as-prepared; (f) heat-treated. 

the enhanced electron transport is attributed to the reduced 

polar solvent residues during the heat treatment. Upon heating, 

the crystallographic structure of the TIPS-TAP crystals remains 

unchanged (Fig. 3e,f), but the amount of polar solvent residues 

is dramatically reduced (Fig. S3†) and the µe increases by about 

60% in both CH2Cl2- and CHCl3-grown single crystals. As 

such, the existence of polar solvent residues in the TIPS-TAP 

crystals is identified as a factor detrimental to electron 

motion.47 As polarizable sources in or near the electron 

conducting channel, the polar solvent residues introduce 

energetic disorder and positional disorder that reduce the charge 

transport.59-62

Conclusions 

In summary, we have demonstrated a record high µe of 13.3 

cm2 V-1 s-1 in solution-grown TIPS-TAP single crystals. The 

high mobility mainly results from reducing the amount of the 

polar solvent residues in the crystals by heat treatment that 

brings about 60% increase in mobility. Because solution 

processability is believed to be a critical advantage of organic 

semiconductors and the usage of varied solvents is needed, the 

negative solvent effect on the electron transport shown in this 

work has the potential to lead to design criteria for high-

performance electron-transporting organic materials. 
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Graphical Abstract 

Electron mobility of solution-grown TIPS-TAP single crystals is boosted up to 13.3 cm2V-1s-1, after removing the 

polar solvent residues. 


