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 Boron subphthlocyanines (SubPcs) are an emerging class 
of molecular semiconductors with unique optical/electronic 
properties. [ 9 ]  The nonplanar pyramid-shaped structure affords 
SubPcs with high solubility and low crystallinity, allowing for 
the formation of uniform, grain-boundary-free amorphous 
thin fi lms via simple solution processing. Our group and 
others have reported the use of solution processed thin fi lms 
based on SubPcs in OPVs. [ 10,11 ]  As compared to high vacuum 
vapor deposition, solution processing signifi cantly simplifi es 
the fabrication process and reduces the cost. However, the 
amorphous feature of solution processed SubPc thin fi lms pos-
sess relatively low charge carrier mobility, i.e., on the order of 
10 −6  cm 2  V −1  s −1  much lower than 10 −3  cm 2  V −1  s −1  for typical 
vapor deposited crystalline organic thin fi lms. [ 12 ]  This amor-
phous morphology also limits the exciton diffusion length, 
resulting in OPVs with poor fi ll factors, low short-circuit cur-
rents, and low power-conversion effi ciencies. Applying facile 
posttreatments to convert solution processed amorphous 
SubPc thin fi lms into highly crystalline ones is of great interest. 
However, neither thermal annealing nor solvent annealing is 
able to effectively tune the morphology of solution processed 
SubPc fi lms. 

 Herein, we report a facile posttreatment approach capable 
of introducing molecular ordering (or crystallization) in solu-
tion processed organic semiconductor thin fi lms through a 
thermal imprint process (or thermal annealing under mechan-
ical gauge pressure). This work follows our previous study, 
in which we have demonstrated that thermal nanoimprint of 
a solution processed amorphous thin fi lm of 2-allylphenoxy-
(subphthalocyaninato)boron(III) (SubPc-A), could generate 
stable nanoscale crystalline domains. [ 13 ]  In this work, we 
show that large area phase change from amorphous to crys-
talline morphology for solution processed SubPc-A thin fi lms 
can be realized by thermal imprint with a fl at mold. Using 
optical microscope, X-ray diffraction, atomic force microscope 
(AFM), and scanning electron microscope (SEM), we have 
characterized the morphological properties of SubPc-A fi lms 
upon different posttreatments. The morphological change 
induced by thermal imprint results in enhanced electronic 
properties, in particular the hole mobility that increases from 
≈1 × 10 −7  to ≈2 × 10 −3  cm 2  V −1  s −1 . This change of morpho-
logical and electronic properties could not be achieved by 
either thermal annealing or room temperature imprint alone. 
We have also applied molecular dynamics (MD) simulations to 
investigate the molecular ordering and stability of the SubPc-A 
crystal under different geometrical confi nement and tempera-
ture conditions. This simulation result clearly indicates that 
both high temperature (via thermal annealing) and geometrical 
confi nement (via imprinting) are necessary for the resulting 

  The use of organic molecules for thin fi lm electronic devices has 
been extensively explored over the last decades, with great success 
realized in organic light emitting diodes, organic photovoltaic 
cells (OPVs), organic fi eld-effect transistors, and so on. [ 1 ]  In all of 
these devices, the morphology and microstructure of organic 
thin fi lms play critical roles in determining the optical/elec-
tronic properties and device characteristics. [ 2 ]  Generally, thin 
fi lms with long-range ordered structures, for instance single 
crystalline thin fi lms, are desired for device applications, con-
sidering their higher charge carrier mobility and longer exciton 
diffusion length than thin fi lms with disordered structures. [ 3 ]  
However, producing organic thin fi lms with long range ordered 
structures is not trivial, and there are a number of factors 
affecting the formation of organic thin fi lms, including mole-
cular structures, substrates, processing conditions, etc. Indeed, 
most single crystalline organic thin fi lms investigated to date 
suffer from limited size of nanometers or micrometers. [ 4 ]  
Directed assembly of molecular semiconductors to enhance 
molecular ordering and charge transport has been demon-
strated in a variety of systems. [ 5 ]  However, different material 
species are introduced into the systems, which could possess 
negative impacts on the integrity and stability. Posttreatments 
on disordered organic thin fi lms, including thermal annealing, 
solvent annealing, solvent-vapor exposure, etc. have shown to 
be able to introduce molecular reorganization and improve the 
ordering degree of molecular structures, therefore increasing 
the intermolecular interactions. [ 3,6,7 ]  With different ways of 
posttreatments, amorphous-to-crystalline phase transforma-
tion has been observed for a number of polymer and small 
molecule-based thin fi lms. [ 7,8 ]  
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facile molecular ordering in the SubPc-A thin fi lm. This impli-
cation is highly consistent with our experimental observations. 

  Figure    1   shows the molecular structure of SubPc-A and its 
molecular stacking in single crystals. The columnar stacking 
of the macrocycles as a result of the cone-shaped geometry is 
signifi cantly different from other axially functionalized SubPcs 
with molecular packing along axial groups. [ 11,14 ]  Due to the 
strong interaction among the delocalized π molecular orbitals 
of the macrocycles, this columnar stacking is likely to possess 
a high charge transport effi ciency. In other words, achieving 
highly crystalline SubPc-A thin fi lms represents an effective 
approach to enhancing the carrier mobility.  

 Amorphous SubPc-A thin fi lms were prepared by spin 
coating chloroform solutions of SubPc-A on top of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/ 
indium tin oxide (ITO)/glass substrates (See the Experimental 
Section). We investigated different posttreatment methods 
for the thin fi lm morphology control/modulation, including 
thermal annealing, imprint at room temperature, and thermal 
imprint. 90 °C was chosen for thermal annealing and thermal 
imprint, as it was previously identifi ed as the optimal tem-
perature for nanoimprint processes, which can effectively 

introduce nanoscale molecular stacking. [ 13 ]  All the posttreat-
ments were conducted for a variety of durations, and the 
results were compared to the as-cast amorphous thin fi lms. 
We found that only thermal imprint processed samples exhibit 
signifi cant change of thin fi lm morphology.  Figure    2   shows 
the optical microscopy images acquired under normal and 
polarized light illuminations for the solution processed SubPc-
A thin fi lms upon different posttreatments. Figure  2 a,c,e 
under normal light have almost identical features, so do 
Figure  2 b,d,f under polarized light (totally dark due to the lack 
of crystalized structure), suggesting that the smooth amor-
phous morphology remained mainly unchanged after thermal 
annealing at 90 °C for 12 h and imprint at room temperature 
for 12 h. Signifi cantly different morphology over large area 
from crystalized structure with little defects was observed 
for the SubPc-A thin fi lms after thermal imprint at 90 °C for 
12 h, as shown in Figure  2 g,h under normal light and polar-
ized light, respectively. Overall, the amorphous SubPc-A thin 
fi lms have been fully converted into highly crystalline thin 
fi lms after thermal imprint 90 °C for 12 h. It should be pointed 
out that both thermal annealing and imprint were performed 
in an oven under nitrogen environment, suggesting neither 
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 Figure 1.    a) The molecular structure of SubPc-A and b) its single crystal structure.

 Figure 2.    Optical images of the SubPc-A fi lms upon different treatments under normal (top) and polarized light (bottom): a,b) as spun cast, 
c,d) thermal annealing at 90 °C for 12 h, e,f) imprint at room temperature for 12 h, g,h) thermal imprint at 90 °C for 12 h.
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heating method nor environment would infl uence the amorh-
pous to crystalline phase change.  

 X-ray diffraction (XRD) was used to characterize the crystal-
linity of SubPc-A fi lms upon different treatments. As shown 
in  Figure    3  , no diffraction peaks are observed for the as-cast 
thin fi lm and the thin fi lms after thermal annealing or imprint 
at room temperature alone, indicating a negligible degree of 
crystallinity. However, the XRD spectra of the thin fi lms upon 
thermal imprint at 90 °C for 12 h displays very clear peaks 
associated with high degree of ordered molecular stacking (or 
crystallization). A powder diffraction program was simulated 
using the single crystal structure for SubPc-A. By calculating 
the  d -spacing from Bragg’s law, the 10° peak is indexed as (003) 
and the 15° peak is indexed as (104).  

 We also used SEM and AFM to further characterize the thin 
fi lm microstructures.  Figure    4   shows SEM and AFM images 

of SubPc-A thin fi lms under different treatments. Consistent 
with optical microscopy images, we observed amorphous mor-
phology with extremely high surface smoothness (root mean 
squared roughness  R  q  < 1 nm) for as-cast, thermally annealed, 
and room temperature imprinted thin fi lms. For the ther-
mally imprinted thin fi lms in Figure  4 g, gaps and pinholes 
were observed in SEM images. These defects, making the thin 
fi lms less smooth and uniform, were introduced during the 
amorphous to crystalline phase transfer process because of 
the change of specifi c volume and density. AFM provided mor-
phological features with higher resolution than SEM. The size 
of AFM image in Figure  4 h is the same as the small square 
in Figure  4 g with a 5 µm × 5 µm area. From SEM images 
Figure  4 a,c,e, we cannot see apparent difference at this scale 
(scale bar = 40 µm) among samples from three treatment con-
dition—as spin cast, thermally annealing, and room tempera-
ture imprinting, in another word, those samples did not crys-
tallize. Although from AFM images Figure  4 b,d,h, we can see 
slight difference, they all have a low  R  q  value. In AFM image 
Figure  4 h, clear crystalline domains with size of micrometers 
and grain boundaries were observed. The crystalline domains 
have extremely high surface smoothness with roughness sim-
ilar to the amorphous thin fi lms ( R  q  < 1 nm).  

 The change of moprhology and microstructure of organic 
semiconductor thin fi lms usually has direct impact on the 
electronic properties, for instance, charge transport. The hole 
carrier mobilities of SubPc-A thin fi lms upon different trea-
ments were measured by space charge limited current (SCLC) 
method, in a device structure of ITO/PEDOT:PSS (30 nm)/
SubPc-A(150 nm)/Au(55 nm) as illustrated in the inset of 
 Figure    5  . The  J – V  curves shown in Figure  5  could be well fi tted 
with the SCLC model, and the corresponding hole mobility 
values are extracted to be 0.71 × 10 −7  (as-cast), 1.24 × 10 −7  (ther-
mally annealed), 0.96 × 10 −7  (room temperature imprinted), 
and 1.79 × 10 −3  cm 2  V −1  s −1  (thermally imprinted), for the 
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 Figure 3.    XRD patterns of SubPc-A thin fi lms with different treatments.

 Figure 4.    SEM (top) and AFM (bottom) images of SubPc-A thin fi lms after different treatments: a,b) as cast fi lm, c,d) thermally annealed fi lm, 
e,f) room temperature imprinted fi lm, g,h) thermally imprinted fi lm.
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SubPc-A thin fi lms with different treatments. These results, 
for the fi rst time, experimentally demonstrate the expected 
thermal-imprint-induced enhancement of the hole mobility 
of SubPc fi lms and also strongly implies that such mobility 
enhancement is attributed to the morphological change from 
amorphous to crystalline.  

 It is still not practical to simulate the entire crystallization 
process (takes minutes to complete) of amorphous molecular 

systems using classical MD simulations (can cover < 100 ns). [ 15 ]  
Therefore, we used MD simulations here to investigate the 
reverse process with respect to crystallization, focusing on the 
structural stability and degree of ordering of single SubPc-A 
crystal, under various temperatures (200, 400, and 600 K), on 
a layer of SiO 2  that mimics the surface of the fl at oxidized sil-
icon template. Note that a more stable and ordered fi nal crystal 
structure (with lower energy) usually implies faster crystalliza-
tion due to the larger thermodynamic driving force (the energy 
difference between the initial amorphous structure and the 
fi nal crystalline structure). Two systems were considered here: 
one with the SiO 2  layer (together with its periodic image) com-
pressing both the top and the bottom surfaces of the crystal to 
mimic the imprinting process ( Figure    6  a), and the other with 
the top surface of the crystal exposed to vacuum without any 
confi nement (Figure  6 b). The degrees of molecular ordering 
of SubPc-A were measured by the angular distribution of the 
SubPc-A molecules with respect to the direction ( z -axis) normal 
to the SiO 2  surface (see  Figure    7  a,b). For SubPc-A molecules 
facing up, the angle  α  = 0°–90°, while for the ones facing down, 
 α  = 90°–180°. For bulk SubPc-A crystals (the middle layer in 
Figure  6 ) without interfering with the SiO 2  template, primary 
peaks, located at 30°–50° (facing up) and 140°–160° (facing 
down), were observed under all the temperature values consid-
ered (middle panels in Figure  7 c,d).   

 In general, from MD simulations we can observe that 
increasing the temperature from 200 to 600 K introduces small 
perturbation to the single crystal structure of SubPc-A with 
imprinting (refl ected by slight broadening of the angle distribu-
tion in Figure  7 c), while such perturbation is greatly amplifi ed 
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 Figure 5.     J – V  curves for the space charge limited current (SCLC) meas-
urement of the hole carrier mobilities of SubPc-A thin fi lms upon different 
treatments. The inset shows the device structure.

 Figure 6.    MD simulated confi gurations for single SubPc-A crystal on a fl at SiO 2  template: a) with imprinting (confi nement on both the top and bottom 
surfaces, achieved via the periodic image of SiO 2 ) and b) without imprinting (no confi nement on the top surface). The crystal was divided into three 
layers (top, middle, and bottom) for subsequent data analyses in Figure  7 .
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without imprinting (Figure  7 d). Specifi cally, the top SubPc-A 
layer with geometrical confi nement remains ordered even at 
600 K (right panel in Figure  7 c), while the top SubPc-A layer 
exposed to vacuum is completely disordered at 600 K (smearing 
of the peaks, right panel in Figure  7 d). Interestingly, we found 
that the various pressure values considered here (1–100 bars) 
have negligible effects on the angle distribution results, indi-
cating that geometrical confi nement alone, without signifi -
cant pressurization, is enough to introduce the fast molecular 
ordering and crystallization observed experimentally. Geomet-
rical confi nement via the SiO 2  template also introduces new 
peaks (5° for the bottom layers with or without imprinting, and 
175° for the top layer with imprinting) in angle distributions 
(see the left and right panels of Figure  7 c,d), refl ecting small 
molecular reorientation of SubPc-A on the SiO 2  template due 
to such confi nement. The above computational results are con-
sistent with the trend observed experimentally on the role of 
geometrical confi nement (imprinting) on the crystal stability 
and molecular ordering of the SubPc-A thin fi lm. 

 On the other hand, too strong geometrical confi nement can 
lead to interlocked or jammed SubPc-A molecules, resulting in 

slow molecular diffusivity and high energy barriers for molec-
ular rearrangement during crystallization. Therefore, thermal 
annealing is a necessary process to elevate the kinetic energy 
of SubPc-A molecules so that they can escape the local energy 
minima due to jamming in the glassy state. In our simulation 
results, the 200 K case exhibits perfect crystallinity but no fl ex-
ibility for molecular rearrangement and very low molecular 
diffusivity, while the 400 K case (close to the annealing tem-
perature of 90 °C used experimentally) starts to exhibit some 
fl exibility (small broadening of the angle distribution peaks) 
and higher molecular diffusivity. The computational results 
again confi rm the experimentally observed role of the thermal 
annealing process on the kinetically driven growth of the 
SubPc-A thin fi lm. 

 In summary, we demonstrate a new simple and scalable 
method, thermal-imprint, to convert amorphous organic 
semiconductor thin fi lms to crystalline ones. With the amor-
phous to crystalline transformation, the hole carrier mobility 
of SubPc-A fi lms show a dramatic enhancement of over a few 
orders of magnitude. An in-depth understanding of the under-
lying science associated with this thermal imprint-induced 

 Figure 7.    a) Defi nition of the principal triangular plane of the SubPc-A molecule, connected by the three N atoms. b) Defi nition of the principal axis 
normal to the plane,  n , and the angle formed between the principal axis and the  z -axis normal to the SiO 2  template,  α . Probability distribution of  α  
is used here as a descriptor to quantify the degrees of molecular ordering of SubPc-A. c) Distribution of  α  at various temperatures with imprinting, 
corresponding to the system shown in Figure  6 a. d) Distribution of  α  at various temperatures without imprinting, corresponding to the system shown 
in Figure  6 b.
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morphological change in SubPc-A fi lms has been achieved by 
the MD simulations. Our work suggests that thermal imprint is 
a highly promising posttreatment method to achieve high per-
formance organic electronic fi lms. Further studies of the crys-
tallization kinetics are under way. Ongoing work also involves 
the investigation of the effect of morphological change on the 
device performance of organic solar cells based on SubPc-A, as 
well as applying thermal imprint on other molecular systems 
for morphology control.  

  Experimental Section 
  Materials : ITO coated glass substrates were purchased from thin 

fi lm devices. PEDOT:PSS (Baytron-PH500) was purchased from 
H. C. Starck. Gold shot (99.99+%) and chloroform (99+%, anhydrous) 
were purchased from Sigma-Aldrich. SubPc-A was synthesized as 
reported in a previous paper. [ 15 ]  Single crystals of SubPc-A were grown by 
slow diffusion of methanol into dichloromethane solutions of SubPc-A. 

  SubPc-A Thin Film Preparation : ITO glass substrates were cleaned 
by ultrasonication in soapy water, acetone, isopropanol, and deionized 
water for 15 min each; blown dry with nitrogen gas; and then treated 
with UV ozone for 20 min. The PEDOT:PSS solution was passed through 
a 0.45 µm polyvinylidene fl uoride syringe fi lter before spin coating at 
3500 rpm for 30 s. Then the substrates with PEDOT:PSS were heated at 
140 °C in air for 20 min. The SubPc-A solution in chloroform was passed 
through a 0.20 µm polytetrafl uoroethylene fi lter before spin coating at 
1500 rpm for 40 s. The thickness of SubPc-A layer was controlled by 
concentration. 

  Thermal Imprint Process : The imprint tool and imprinting scheme 
( Scheme    1  ) are shown as below. The assembled structure to be pressed 
was stacked in the following order from bottom to top: a silicon wafer 
with mold release agent face up, imprinted sample face down, and a 
polytetrafl uoroethylene slice. The pressure was estimated at 200–500 psi. 
A Thermo Scientifi c furnace FB1315M with temperature controller was 
used to get specifi c temperature. Samples for thermally annealing (only 
heating) and thermally imprint (heating and pressure) were heated at 
90 °C for 12 h. [ 13 ]  After the process, the samples were cooled at room 
temperature. Once the tool reached room temperature, pressure was 
released and the template was removed from the substrate.  

  Characterizations : X-ray diffraction (XRD) spectroscopy was performed 
with a Panalytical X’PERT Pro powder X-Ray diffractometer with a Cu 
X-ray source. Atomic force microscopy was performed with a Bruker 
Dimension Icon in tapping mode with an OTESPA-R3 tip. 

 Hole mobility characterization for the SubPc-A was measured in 
the device structure of ITO/PEDOT:PSS (30 nm)/SubPc-A(150 nm)/
Au(55 nm). A gold electrode was used to ensure a hole-only device, 
which was deposited in a high vacuum chamber (under 1 × 10 −6  mbar). 
The current density–voltage ( J – V ) characteristics were recorded with a 
Keithley 2400. The results were linearly fi tted with the SCLC model as 
Equation  ( 1)  

 
ε εμ= 9

8
1

0 3
2J

L
V

    
( 1)

  
 where  J  is measured current density in A cm −2 ,  ε  0  is the vacuum 
permittivity 8.85 × 10 −12  A s V −1  m −1 ,  ε  is dielectric permittivity constant 
(assumed to be 3 for organic semiconductors),  µ  is hole mobility in 
cm 2  V −1  s −1 ,  L  is the fi lm thickness in cm, and  V  is the applied voltage in V. 
Treatment duration for hole mobility measurements was 30 min. 

  Molecular Dynamics Simulations : MD simulations of the single 
SubPc-A crystal on a layer of SiO 2  (or  α -quartz, to mimic the oxidized 
surface of the fl at silicon template) were carried out using the 
GROMACS 4.5.7 package. [ 16 ]  The initial confi guration of the single 
SubPc-A crystal was obtained via the XRD powder diffractogram [ 17 ]  and 
that of the SiO 2  template was obtained from existing crystal databases. 
Both systems shown in Figure  6  underwent energy minimizations using 
the conjugate gradient method before further equilibration. 3D periodic 
boundary conditions were applied for all the systems. The system with 
imprinting (Figure  6 a) was equilibrated under the NPT ensemble (at 
200, 400, and 600 K, and various pressures ranging from 1 to 100 bars) 
for 25 ns. The system without imprinting (Figure  6 b) was equilibrated 
under the NVT ensemble (at 200, 400, and 600 K) with vacuum on top 
of the SubPc-A layer for 25 ns. The last 10 ns from both systems were 
collected for data analysis as shown in Figure  7  (angle distributions). 
The Nosé–Hoover temperature coupling [ 18 ]  and the Parrinello–Rahman 
pressure coupling [ 19 ]  methods were utilized to control temperatures and 
pressures. The SubPc-A molecule and the SiO 2  template were modeled 
using the universal force fi eld, [ 20 ]  and the partial atomic charges of 
SubPc-A were obtained quantum-mechanically using the semiempirical 
method PM3 [ 21 ]  implemented in program MOPAC7.1. Long-range 
electrostatic interactions were treated using the particle mesh Ewald 
summation method. [ 22 ]  A cutoff distance of 1 nm was used for the 
nonbonded Lennard–Jones and electrostatic potentials. A time step of 
0.5 fs was used to integrate the dynamic equations of motion.  
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 Scheme 1.    Setup for thermal imprint.
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