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We report the observation of a screw-dislocation-driven spiral 

growth of DMDPC organic thin films using a physical vapor 

deposition. The existence of screw dislocations was clearly 

confirmed by the observations of outcropped steps, single 

monolayer height helical periodicity and spiral fringes.  

Organic thin film transistors (OTFTs) have attracted 

considerable interest due to their potential applications in 

flexible, low cost and large area devices such as displays,1 

sensors,2 and organic complementary circuits.3 In the last 

decade, tremendous progress has been made in the synthesis 

of n- and p-channel organic semiconductors and the charge 

carrier mobilities have reached a new level of above 10 cm2 V-1 

s-1.4 The performance of organic semiconductors is directly 

related to the molecular packing, crystallinity, growth mode 

and purity.5 Nonetheless, in OTFTs, because the induced 

charges in the conducting channel reside with the first several 

monolayers near the interface between semiconductor and 

dielectric,6 the growth and crystalline order of these interfacial 

layers are deadly crucial to the transistor performance.7  

Generally, the growth mode is determined by a 

competition between interlayer interaction and molecule 

substrate interaction energies.8 In the case of organic 

molecular films such as pentacene, C8-BTBT, etc.,9 the 

interactions between molecules are weak van der Waals 

interactions, so that their first monolayer tends to form 

consecutive crystalline domains before a second layer starts to 

grow.10 Also many other molecules were designed to achieve 

high mobility and good stability through chemical structural 

modification.11, 12 However, film growth of those molecules 

other than simple structured and/or functionalized with 

substitute groups does not always obey the layer-by-layer (or 

S-K mode for pentacene) two-dimensional (2D) growth mode. 

If under an un-optimized growth condition, three-dimensional 

(3D) nucleation and even amorphous modes occur, which are 

harmful to charge transport in thin film transistors.13 On the 

other hands, when the system is under a low supersaturation, 

an initial growth tends to convert into a defect-assisted growth 

mode: the spiral terrace growth mode where adatoms easily 

swept fast across the terrace to arrive at the edge of the 

island.10 Compared with 3D nucleation grains and amorphous 

growth, it is favourable to adopt the spiral growth mode if a 

molecule cannot be grown by a 2D layer-by-layer growth, since 

large lateral grain size under the spiral growth may be favorite 

to the grain connection and facilitates to the charge transport 

along the conduction channel. 

In inorganic materials, the screw dislocation driven (SDD) 

growth was discussed in 2D layered materials and nanotubes 

before.14-17 For a molecular thin film growth, the observations 

of spiral growth driven by dislocations were seldom reported. 

Here, we demonstrate that spirals in organic thin films 

involving screw terraces can be directly grown using physical 

vapor deposition (PVD). A thorough investigation for small 

molecule DMDPC is carried out systematically to control thin 

film growth and minimize detrimental grain boundaries, and 

substrate modification as well as optimization of growth 

parameters such as deposition rate, film thickness and 

substrate temperature are applied to fabricate a field effect 

transistor. 
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In this work, we use the conjugated molecule 3,6-

dimethyl-2,7-diphenylisochromeno[7,8,1-def]chromene 

(DMDPC) to grow the spirals, which was proved to be a type of 

red-emitting luminophore material for the application of 

sensors and OLEDs.18 The chemical structure of DMDPC was 

shown in Figure 1a. N-type heavily doped silicon wafers with 

thermally grown 300nm thick SiO2 were used as substrates. 

The wafers were cleaned with piranha solution, followed by 

ultrasonic clean treatment in acetone, ethanol, deionized 

water. The surface of the wafers was modified with n-

octyltrichlorosilane OTS SAM by vapor-deposition method. The 

DMDPC was evaporated onto Si/SiO2 substrate treated with 

OTS which decreases the number of surface trapping hydroxyl 

groups on bare SiO2 surface.19 The DMDPC films were 

deposited in a thermal evaporation system Auto 306 (BOC-

Edwards Co.). The deposition rate was controlled to be at 

0.2nm/min. The substrate temperature was controlled by a 

ceramic heating plate integrated in AUTO 306. As the lower 

deposition rate and higher substrate temperature bring the 

system to low supersaturations where the priority growth 

mode is dislocation assisted growth.10  

In general, each of these grains was constructed by 

stacking of spiral terraces on OTS treated substrate, while the 

thin film morphology on bare SiO2 was tiny island sharp (see 

supporting information S1). To further explore the detailed 

structures of DMDPC thin films, we performed systematical 

atomic force microscope (AFM). Figure 1a shows the height 

image of the typical spiral growth observed in our samples, the 

step height of the terrace was 1.8nm, which matches the 

thickness of single molecular layer, as verified from the cross-

section of height profiles labeled in Figure 1b (Figure 1d). The 

monolayer thickness could also be independently clarified by 

the X-ray diffraction (XRD). Figure 1e shows that the films 

exhibit two diffraction peaks at 2θ=5.04o (d spacing=17.6Å) 

and 2θ=15.46o (d spacing=5.74 Å), which are in agreement 

with the (001) and (003) diffractions derived from the single 

crystal structures. It shows that the film had a 17.6Å inter-

planar distance perpendicular to the surface, which indicates 

that the 1.8nm step height is created by the DMDPC 

monolayer.  

We further confirmed the DMDPC molecular initial 

growth process by depositing nominal 3nm thick films. Figure 

2a-d show the AFM phase images of several separated spiral 

islands grown on OTS treated silicon substrate with size 

around 400nm (defined by the largest edge length of the 

grain). The 3D grain islands have different height range from  

(a) (b) (c) 

(d) (e) 

(001) 

(003) 
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3nm to 10nm.The outcrop steps can be clearly seen on 

each top of the grain, we were able to obtain that the original 

growth process is driven by the screw dislocation. Some grains 

close to each other would merge into a bigger one as shown in 

Figure 2a marked by red circle. This is reasonable for that the 

grains with the consistent molecules orientation would merge 

into a bigger one. Figure 3a gives a direct view of single grain 

with size 600nm×600nm, the phase image can clearly show 

outcrop step and point of emergence. Further, we got higher-

magnification AFM force image (Figure 3b) of the region 

marked by the black box in Figure 3a. We marked two 

different cross-section dash lines, Ⅰis far from the dislocation 

center andⅡis close to the dislocation center. The step height 

measured in lineⅠand lineⅡwere 1.78nm and 1.18nm (Figure 

3d, 3e), respectively. The monolayer step height is the 

elementary Burgers vector of the screw dislocation in the 

DMDPC films. These screw dislocation features in the initial 

growth process were observed to further support that the 

DMDPC films followed a screw-dislocation-driven spiral growth 

mode.  

(b) 

(c) 

(d) 

(a) 

(b) 

(d) 

(c) 

Ⅰ 

Ⅱ 

100nm  200nm  

(e) (d) 
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Next, we investigate the growth mechanism for DMDPC  

spirals. In the low flux region, molecules diffuse along the 

surface and the growth mode is possible 2D layer-by-layer 

growth. However, nucleate new islands via 2D mode induce an 

energy barrier when a layer is completed.20 Therefore, initial 

layer-by-layer growth tends to convert into a much faster and 

defect-assisted growth mode. According to BCF theory, the 

nucleation rate is very low and growth can occur at the 

existing surface steps associated with screw dislocations.21 The 

formation of a screw dislocation core in DMDPC spirals 

requires the generation of slipped planes as the screw defects 

in the first monolayer, otherwise the growth will follow the 2D 

layer growth. We consider the case that a misfit dislocation at 

the grain boundary is possible origin of the spiral growth on 

OTS treated silicon substrate (shown in Figure 4a). According 

to the crystal structure, the DMDPC molecules adopt an “edge 

to face” stacking in a herringbone motif. Then each grid point 

has two DMDPC molecules with “face-to-face” packing 

structure, and the parallel molecules are centrosymmetric 

which the methyl side of one molecule is close to another’s 

oxygen side, as shown in Figure 4e, the red ball in one 

molecule is close to the grey ball in another molecule, where 

the red and the grey ball represent oxygen and methyl 

respectively. This kind of crystal structures in spiral growth 

were also reported recently.22 Once the outcrop monolayer 

step is created, DMDPC molecules adsorbed on the terrace, 

diffused and incorporated into kink sites, leading to the layer 

spreading laterally across the terrace.23 As the layer spread 

laterally, next new layers are formed on top of terrace by the 

next turn of the spiral.24 With a screw dislocation formed, it 

remains active and gradually grows in the vertical direction 

(shown in Figure 4b-d). Obviously, the emergence layers 

generated from a dislocation can grow on top of the bottom 

layers.23, 25 On top of the spirals, the dislocation core can be 

clearly identified. We believe that this mechanism of spiral 

growth in organic films is not limited to DMDPC. Many other 

organic materials such as pentacene, C60 and perylene share 

similar PVD growth mechanism. 20, 26, 27 

Since the DMDPC films were controllably spiral grown, it 

is significant to explore the charge transport behaviours. 

OFETS based on DMDPC were fabricated by employing the 

bottom-gate top-contact architecture. N-type heavily doped 

silicon wafers with thermally grown 300nm thick SiO2 were 

used as substrates. The wafers were cleaned with piranha 

solution, followed by ultrasonic clean treatment in acetone, 

ethanol, deionized water. The surface of the wafers was 

modified with n-octyltrichlorosilane OTS SAM. The DMDPC 

films were deposited in a thermal evaporation system Auto 

306 (BOC-Edwards Co.). The deposition rate was controlled to 

be at 0.2nm/min. The substrate temperature was controlled 

by a ceramic heating plate integrated in AUTO 306.  

(a) 

(d) 

(e) 

(b) 

(c) 
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As to the fabrication of TFTs, 45nm DMDPC films were 

deposited onto the OTS treated substrate at room 

temperature. Source and drain electrodes were formed by 

evaporating 50nm gold films through a shadow mask with 

channel length L=50 µm and width W=1000µm. Electrical 

characterization of devices was measured in air by a Keithley 

4200 semiconductor analyzer. The Fabricated devices were 

measured in atmosphere at room temperature. Shown in 

Figure 5a are the typical transfer current-voltage curves, from 

which a field-effect mobility of 0.08cm2V-1s-1 was measured in 

the saturation regime using the equation: ISD = (µWCi/2L)(VG-

VT)2, where ISD is the drain current, µ is mobility, Ci is the 

capacitance per unit area for OTS-treated SiO2 substrate, W is 

the channel width, L is the channel length, VG and VT are the 

gate and threshold voltage, respectively. In addition, the 

device presented the high off-current and the relative low 

on/off ratio. One possible explanation is that the channel 

between the semiconductor and the substrate was doped by 

the air (see supporting information S2). Shown in Figure 5b are 

the typical output curves for the DMDPC TFTs. Compared to 

the un-optimized condition that the deposition rate was 

1nm/min and the substrate was bare SiO2, the device 

performance was at poor level with mobility of 1.3×10-3cm2V-

1s-1 (see supporting information S3).  

The grain size and grain boundary have great influence on 

the performance of thin film transistors.28 In this context, we 

systematically examined the grain size of DMDPC spirals under 

different substrate temperature. As shown in Figure 5d, 5e, 5f, 

three different substrate temperature 30oC, 40oC and 50oC 

exhibited different grain size. The higher substrate 

temperature results in larger grain size. The mobility of the 

fabricated DMDPC-based OTFTs were found to be related to 

the SSD grain size. The grain size can be extracted from the 

initial nucleation densities which can be fitted through the 

Equation (1):29 

N � ��exp		

����������∆�

���
�,                                 (1) 

Where N is the nucleation density, R is the deposition rate, p is 

a parameter related with the critical nucleus size which can be 

simulated as a constant in our experiments. kB is Boltzmann 

constant, TS is the substrate temperature, Edes is the energetic 

(a) (c) (b) 

(d) (e) (f) 
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barrier to desorption, Ediff is the energetic barrier to diffusion, 

and the ΔG is the thermodynamic barrier required to form a 

stable island.  

As the substrate temperature was increasing, the chance 

was higher for molecules to encounter another to form a 

stable cluster and the deposited molecules had a longer 

migration distance to form bigger DMDPC domains, leading to 

the increasing grain size and lower nucleation density. Figure 

5c shows the dependence between dislocation density and 

substrate temperature, the dislocation density decreases with 

the increasing substrate temperature TS, which indicates that 

using substrate temperature to control the grain size of 

DMDPC thin films is effective. We also systematically discussed 

the influence of deposition rate on the FET performance 

(supporting information S4, S5). The lower dislocation density 

means the lower nucleus density and larger grain size. The 

mobility of the fabricated thin film transistors for the 

increasing substrate temperature are 0.01, 0.05 and 0.12 

cm2V-1s-1, respectively. With the substrate temperature 

increasing, the grain size could increase and the relevant grain 

boundary decrease which contributed to the higher mobility.  

Conclusions 

In conclusion, spirals of organic thin films were synthesized 

using a directly physical vapor deposition (PVD) method. The 

DMDPC films were optimized to follow a screw dislocation 

driven growth mode. By the aid of the OTS treated substrate 

and low deposition rate as well as elevated substrate 

temperature, key screw dislocation features including 

monolayer steps and helical fringes were observed to support 

the spiral growth. Schematic models were drawn to illustrate 

how the screw dislocations generate and propagate. 

Moreover, fabricated thin film transistors possess the device 

performance with hole mobility up to 0.12 cm2V-1s-1. The 

dependent of mobility with grain size of spirals were discussed. 

This work shed light on the understanding of spiral growth 

mechanism of organic thin films, which might be helpful to 

optimize the organic electronic devices.  
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Abstract 

We report the observation of a screw-dislocation-driven spiral growth of DMDPC organic thin films 

using a physical vapor deposition. The existence of screw dislocations was clearly confirmed by the 

observations of outcropped steps, single monolayer height helical periodicity and spiral fringes. 

AFM force image showing obvious helical fringes and spirals.  
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