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The ordered arrays of the CuPc/F16CuPc nanoribbons have been formed by two different methods, in situ 

vapor growth method, and a pushing transfer method based on the vapor grown bundle-like nanoribbons. 

The low deposition temperature and the low vapor concentration are critical for the growth of the small-

size nanoribbons. During the growth process the external moment of the small-size nanoribbon gradually 

increases, which helps to bend and adhere the slim nanoribbon to the substrate surface, thus leading to the 10 

formation of in situ grown CuPc/F16CuPc single-crystal nanoribbon arrays. On the other hand, based on 

the commonly observed bundle-like nanoribbons at high-temperature deposition region, the well ordered 

nanoribbon arrays can be formed by a pushing transfer process. These results show the promising 

potential for the large-scale and high-efficiency fabrication of organic nanowire/nanoribbon transistors. 

1.Introduction  15 

The organic single crystal nanowire or nanoribbon transistors 

have attracted much attention because they are capable to 

combine the advantages of the single crystals and organic 

semiconductors, and overcome the difficulty of the growth of the 

large bulk crystal.1-3 However, one challenging problem for 20 

organic single crystal nanowire/nanoribbon transistors is the 

nanoscaled device fabrication.3 The small size of the 

nanowires/nanoribbons makes it difficult to handle the organic 

crystals, resulting in the low success ratio of the device 

fabrication and the time consumption. One solution to overcome 25 

such a challenge is to form the highly ordered and highly 

crystalline organic arrays on the substrate surface, which is 

desirable in organic electronics for the controlled, predictable 

assembly of devices and circuits.4,5 It also shows a promising 

potential for high-efficiency and large-scale nanodevice 30 

fabrication. 

    Currently, most reports on the highly ordered organic 

nanowire/nanoribbon arrays focus on the solution method by the 

solvent evaporation, which is driven by a combination of 

dewetting, contact-line pinning, and self-assembly of the 35 

molecules.6 The solution process requires organic semiconductors 

with good solubility in the solvents, which is not often the case 

and hence limits the application of the solution method for the 

growth of organic nanowire/nanoribbon crystals. In comparison, 

the vapor growth process is available for most organic materials, 40 

and it can produce higher-quality crystals and avoid the solvent 

pollution. Therefore, it is desirable to fabricate the organic 

nanowire/nanoribbon arrays based on the vapor process. 

    Metal phthalocyanines and phthalocyanine derivatives have 

been extensively studied for a variety of applications in organic 45 

electronics and optoelectronics. Among them, copper 

phthalocyanine (CuPc) and copper hexadecafluorophthalocyanine 

(F16CuPc), which respectively behave as p- and n-type 

semiconductors, have attracted significant attention due to their 

high chemical stability and excellent electrical properties. The 50 

preparation of well-defined one dimensional (1D) nanostructures 

of CuPc and F16CuPc is of considerable interest in the design of 

novel functional materials and nanoelectronic devices. Their 

single-crystalline nanoribbons have shown the high field-effect 

performance with the mobility of about 1 cm2V-1S-1 for CuPc7 55 

and 0.35 cm2V-1s-1 for F16CuPc8, respectively. 

     Here, we have studied in situ grown CuPc and F16CuPc 

nanoribbon arrays via a vapor process and their formation 

mechanism, which possibly provides a feasible method to grow 

the arrays of other materials. On the other hand, the 60 

nanowire/nanoribbon bundle is a generally observed morphology 

for a variety of organic and inorganic nanowires.9-18 Based on the 

nanowire/nanoribbon bundles, a pushing transfer method has 

been used to obtain the highly ordered nanoribbon arrays. Based 

on these nanoribbon arrays, one of the most difficult steps in the 65 

process of nanodevice fabrication, i.e., transferring the 

nanoribbon to the substrate, can be overcome, and the large-scale 

and high-efficiency fabrication of the nanoscaled organic field-

effect transistors (OFETs) can be realized. 

2. Experimental Section 70 

The bundle-like nanoribbons and the in situ patterned 

nanoribbons of CuPc and F16CuPc were grown with high 

reproducibility by a vapor-solid process. CuPc or F16CuPc 

powder was put at the high-temperature zone of a horizontal tube 

furnace as the source material. The Si/SiO2 substrate was used for 75 

the growth of in situ patterned nanoribbons, and the various 

substrates, such as glass, porous alumina, and Si/SiO2 substrate, 

were used for the growth of bundle-like nanoribbons. The system 

was prepumped to ~15 Pa. Argon was introduced as a carrier gas 
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and was kept at a flow rate of 200 sccm. The control of the 

deposition region was a key factor for the formation of in situ 

grown nanoribbon and the bundle-like nanoribbons. The ultralong 

nanoribbons for two different morphologies can be obtained by 

further optimizing the growth time, deposition region, substrate 5 

material (porous Al2O3, Si, etc), and substrate treatment. The 

Si/SiO2 was used as the transfer substrate for the formation of the 

array from the bundle-like nanoribbons. The transfer process was 

carried out by hand. CuPc and F16CuPc nanoribbon OFETs were 

fabricated on Si/SiO2 substrates. 19   10 

    The morphology was characterized by scanning electron 

microscopy (SEM, Hitachi 4300) and transmission electron 

microscopy (TEM; JEOL 2010). The electrical measurements 

were carried out by a KEITHLEY 4200 system in a metallic 

shielded box at common temperature and pressure. 15 

3. Results and discussion 

3.1 Morphologies of in situ grown nanoribbon arrays and 
patterns 

Figure 1 schematically shows the horizontal tube furnace for the 

vapor growth of CuPc and F16CuPc, and the temperature 20 

distribution of the furnace for the growth of CuPc nanoribbons. 

When placing a substrate at the light blue region as shown in the 

temperature distribution image of Figure 1, the in situ grown 

CuPc nanoribbons on the surface of substrate can be formed. 

SEM images of Figure 2 clearly illustrate that an individual CuPc 25 

or F16CuPc nanoribbon has a highly uniform width along its 

entire length with clean and smooth facets. The CuPc and 

F16CuPc nanoribbons could be tightly adhered to the surface of 

the substrate during the growth for various architectures, as 

shown in Figure 2. The width of the in situ grown nanoribbon 30 

ranges from 40 to 150 nm and the length is from several to 

several tens of micrometers. Carefully observing the morphology 

of these nanoribbons, it is found that the in situ grown 

nanoribbons of CuPc and F16CuPc mainly consist of two types of 

structures. The type I structure is presented in Figure 3a where 35 

the color of the nanoribbon is uniform and the whole nanoribbon 

tightly adheres to the surface of the substrate. The type II is 

presented in Figures 3b-e. The low- and high-magnification SEM 

images clearly show the bright and dark regions along the length 

of the nanoribbon. The contrast reveals the height fluctuation of 40 

the nanoribbon, which is caused by the change in the incident 

angle of the electron beam with respect to the nanoribbon surface. 

 
Figure 1．．．．Schematic view of the horizontal tube furnace for the vapor 

growth of CuPc and F16CuPc, and the temperature distribution of the tube 45 

furnace for the growth of CuPc nanoribbons. The bundle-like structures 

were fabricated in the sky blue region, and the in situ grown CuPc 

nanoribbons were obtained in the light blue region. 

 50 

Figure 2．．．．SEM images of in situ grown nanoribbons with different architectures: (a,b,c) CuPc, and (d,e,f) F16CuPc. 
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Figure 3．．．． SEM images of in situ grown nanoribbons (a) 

structure of type I nanoribbon, and (b-e) structure of type II 

nanoribbon. Figures 3d and 3e are the enlargement of the boxed 

areas in Figure 3c. The arrowheads indicate the bright regions 5 

where the nanoribbons fail to adhere to the substrate. Scale bar: 2 
µm. 

3.2 Formation mechanism of the in situ grown nanoribbons 

Based on the observed morphology, we take the CuPc as an 

example to analyze the growth process and mechanism in detail. 10 

Figure 4 schematically shows the formation of the in situ grown 

nanoribbon, and the corresponding SEM images. In the initial 

stage, the CuPc nanocrystals are formed on the substrate. Based 

on these nanocrystals as seeds, 1D CuPc nanoribbons are formed 

in the subsequent growth process. Because of the strong π-π 15 

interaction between CuPc moleculars along the [010] direction 

and the highest surface energy for (010) plane, the nanoribbons 

prefer to grow along the [010] direction.20 The nanoribbons are 

likely to grow at a random angle with respect to the substrate. 

The preferred growth along the [010] direction makes the 20 

nanoribbon become longer and longer, and the aspect ratio 

increases. When the nanoribbon is short, the gravity of the CuPc 

nanoribbon and the van der Waals force between nanoribbon and 

substrate are weak. In this case, the nanoribbon remains straight, 

as shown in the schematic image of Figure 4a by the light purple 25 

ribbon. With the increasing reaction time, the length of the 

nanoribbon increases, and hence the gravity increases. The 

increased external moment caused by the gravity makes the 

bending occur, as shown in the schematic image of Figure 4a by 

the dark purple ribbon. When the nanoribbon is bent, due to the 30 

small thickness of the nanoribbon, the bending stresses 

distributed in the thickness direction are weak. Therefore, the 

nanoribbons possess high flexibility. As shown in Figures 4d-h, 

the nanoribbons can bend at 180°and even at 360°. Due to the 

excellent flexibility, the nanoribbons do not fracture but bend 35 

towards the substrate. The top or/and the middle sections of the 

nanoribbon preferentially contact with the surface of the substrate 

(Figures 4b1 and 4b2). The subsequent growth of the nanoribbon 

tightly adheres to the substrate and in situ grown nanoribbon 

(type II structure) can be obtained. Generally, the nanoribbon 40 

stands up on the substrate at a random angle in the initial growth 

stage. It is also possible that the initial angle is equal to zero, i.e., 

the nanoribbon is just parallel to the surface of the substrate. In 

this case, the whole nanoribbon remains tightly adhered to the 

surface of the substrate during the whole growth, forming type I 45 

structure. The amount of the type I structure should be much 

smaller than that of the type II structure since the angle is limited 

to zero for the type I structure. This is in good agreement with our 

observation in SEM measurements. 

 50 

Figure 4．．．．(a-c) Proposed growth process and corresponding experimental results showing the formation of in situ grown nanoribbons: (a) the tops of the 

nanoribbons are blurry due to their positions outside the depth of field, indicating that the nanoribbons are standing up on the substrate. (b1) the top, and 

(b2) the top and the middle sections of the nanoribbons adhere to the surface of the substrate driven by the gravity and the van der Waals force. (c1,c2) 

based on the top of the nanoribbons, they tightly adhere themselves to the substrate in the subsequent growth process. (d-h) SEM images of CuPc 

nanoribbons. The bending exhibits excellent flexibility of the nanoribbon. 55 

The formation mechanism proposed here can also well explain 

the previous report that only the small-size nanoribbons can be in 

situ grown on the substrate.21 With the increase in the thickness 

and the width of the nanoribbon, the limit bending moment 

increases.22 They are not easily bent in the growth process by the 60 

gravity moment. Therefore, the in situ grown nanoribbon can not 

be formed based on large-size nanoribbon. The growth of small-

size nanoribbons is a basic premise for the in-situ growth of the 
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ultralong nanoribbon. With the increasing thickness and the width 

of the nanoribbon, the internal moment increases.22 In this case, 

the bent nanoribbon possibly recovers its original morphology 

once the external force is removed. This also explains why the 

larger-size nanoribbon shows the better elasticity as reported in 5 

the previous paper.23 

     The temperature distribution of the tube furnace for the growth 

of CuPc nanoribbon in Figure 1, shows that the bundle-like 

nanoribbons were formed in the high-temperature deposition 

region, and in situ grown nanoribbons were obtained in the 10 

lower-temperature region. In contrast, the productivity of in situ 

grown nanoribbons is far lower than that the bundle-like 

nanoribbons. Most of source material has been consumed because 

of the formation of a lot of bundle-like structures in the front end 

of the deposition region (sky blue region). The vapor 15 

concentration should be low at the low-temperature deposition 

region (light blue region). It facilitates the formation of the sparse 

small-size nucleation points, which combined with the low 

deposition temperature is favorable for the growth of the small-

size nanoribbons, and the adherence of the nanoribbons onto the 20 

substrate surface in the subsequent growth process.  

 

3.3. Morphology of bundle-like nanoribbons 

At a high-temperature deposition region, the bundle-like structure 

nanoribbons with several tens of the individual nanoribbons 25 

jointed together at the bottom can be extensively observed. 

Typically, the bundle-like CuPc nanoribbons are formed in the 

sky blue region in the temperature distribution of Figure 1. 

Further, it is found that the bundle-like structure of the 

nanoribbons is easily formed in the experimental process. Figure 30 

5 shows the SEM images of the CuPc and F16CuPc bundles and 

their TEM images. The morphology characteristic implies that 

the nanocrystals have selectively aggregated onto the surface of 

the substrate at the initial stage and then the nanoribbon structures 

grow into bundles from the nucleation sites in various directions. 35 

The width of the bundle-like nanoribbon ranges from several tens 

of nanometers to several micrometers, and the length is from 20 

to 100 micrometers. The selected area electron diffraction 

(SAED) patterns (insets of Figures 5c and 5e) reveal the good 

crystal quality of single crystal F16CuPc and CuPc nanoribbons. 40 

The F16CuPc ribbon grows along the [100] direction, and the 

CuPc ribbon grows along the [010] direction.20,24 Generally, the 

formation of the bundle-like nanostructures originates from the 

kinetics dominant growth process. The nucleation and growth of 

the nanostructure is likely dominated to a larger extent by the 45 

kinetics process. The rapid growth velocity makes a large number 

of nanoribbons simultaneously grow based on one crystal 

nucleus, resulting in the formation of the bundle-like structure. It 

is found that a rougher substrate, for example, porous alumina or 

scratched silicon wafer, can improve the productivity of the 50 

bundle-like nanoribbons. The rough surface of the substrate 

provides the heterogeneous nucleation points which combines 

with the high deposition temperature resulting in the rapid growth 

rate in a un-equilibrium system25.  

 55 

 
Figure 5．．．．SEM and TEM images of the bundle-like nanoribbons: (a,b.c) 

F16CuPc, and (d.e) CuPc. The insets are the corresponding SAED 

patterns. 

3.4. Array formation from the bundle-like nanoribbons 60 

From the view of devices, the in situ grown nanoribbons are 

preferred because it avoids the time-consuming transferring 

process of the nanoribbons and the interface pollution caused by 

the transferring process.21 However, the productivity of the in situ 

grown nanoribbon is limited by the temperature fluctuation. Even 65 

a weak temperature fluctuation in the furnace possibly causes the 

failure of in situ growth of the nanoribbons. In comparison, the 

nanowire/nanoribbon bundle is a general observed morphology 

for a variety of organic and inorganic nanowires in both vapor 

and solution growth methods.9-18 Obviously, the bundle-like 70 

nanoribbons are easily obtained with simpler growth condition 

control. If the nanoribbon arrays can be formed based on the 

bundle-like structure, the simple electrode fabrication process 

combined with the facile growth method makes the nanoscaled 

device fabrication dramatically accelerated. Here, a pushing 75 

transfer method is developed to realize the nanoribbon arrays 

according to the morphology characteristic of the bundle-like 

nanoribbons. As shown in Figure 6a, these nanoribbons stand on 

the substrate. A target substrate (Si/SiO2) is placed over the 

standing nanoribbons and is gradually moved close to the 80 

nanoribbon bundles by hand. At the beginning, the top ends of 

some of nanoribbons contacts with the target substrate. When the 

target substrate moves downwards and forwards as shown in 

Figure 6b, these nanorbbons become bent first, and then the 

contact area between the individual nanoribbon and the target 85 

substrate is increased. This process makes more and more parts of 

an individual nanoribbon can be gradually flat adhered onto the 

target substrate. Finally, the forward movement also helps the 

bottom end of the nanoribbon to separate from the growth 

substrate, when the target substrate moves far away from the 90 

growth substrate (Figure 6c). Such a transfer process makes a few 

standing bundle-like nanoribbons adhered on the surface of the 
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target substrate in sparse distribution (Figures 6d-f). The transfer 

rate of the nanoribbons can be optimized by controlling the 

movement velocity of the target substrate, and the distance 

between the growth substrate and target substrate. This technique 

demonstrates the potential for large-scale fabrication of 5 

nanodevices, and is available for the other bundle-like organic 

and inorganic nanomaterials. 

 
Figure 6. (a-c) Schematic images of pushing transfer method from a nanoribbon bundle. (d,e) Schematic images of nanoribon array formed from multiple 

nanoribbon bundles. (f) SEM image of a real nanoribbon array based on the nanoribbon bundles using the pushing transfer method. 10 

3.5. Devices from the bundle-like nanoribbons 

In order to show the promising potential of the nanoribbon array, 

we have fabricated the transistor devices based on the arrays 

formed from the bundle-like nanoribbons. By a gold-microwire 

electrode mask method, the nanoribbon devices can be 15 

fabricated.20 The typical transfer characteristics of the CuPc and 

F16CuPc transistors using the pushing transfer method are shown 

in Figures 7a and 7b. The devices are fabricated on the Si/SiO2 

substrate. The typical SEM images of the real devices are shown 

in the insets of Figure 7 (an optical microscopy image is shown in 20 

Supporting Information). The field-effect mobility (µ), on-off 

ratio, and threshold voltage are 0.01-0.5 cm2V-1s-1, ~102-104 , -6--

0.43 V for CuPc, and 0.0001-0.218 cm2V-1s-1, ~102-104, -5.7-11 

V for F16CuPc, respectively. The histogram of Figure 7c shows 

the statistic results for the mobility of F16CuPc by the pushing 25 

transfer method. The F16CuPc exhibits the mobility inferior to 

CuPc, which mainly originates from the electron trapping at the 

semiconductor interface by hydroxyl groups in the case of 

commonly used SiO2 dielectric.26,27 
 

30 

 

 

 

 
Figure 7. Electrical characteristics of the bundle-like nanoribbon 35 

transistors fabricated by the pushing transfer method: (a) Transfer curves 

of the CuPc nanoribbon transistor. (b) Transfer curves of the F16CuPc 

nanoribbon transistor. (c) Mobility distribution of F16CuPc nanoribbon 

transistors. Scale bar: 5 µm. 

4. Conclusions 40 

In situ patterned and bundle-like CuPc/F16CuPc nanoribbons can 

be grown by the control of the deposition region and the 

deposition temperature. A low vapor concentration and a slow 

growth velocity facilitate the subsequent growth of nanoribbons 

following the previous length direction, resulting in the small-size 45 

long nanoribbons adhering onto the surface of the substrate. The 

fast growth velocity may cause a large number of nanoribbons to 

simultaneously grow on one crystal nucleus to form a bundle-like 

structure. The thickness and length of nanoribbons are also 

important for the growth of the in situ patterned nanoribbons. The 50 

thinner and longer nanoribbons tend to adhere to the surface of 
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the substrate due to the effect of gravity and their excellent 

flexibility. The thicker nanoribbons possess better elasticity. They 

are not easily bent, and hence can stand up on the substrate 

forming a bundle-like structure. Based on the bundle-like 

nanoribbons, the nanoribbon arrays can be formed by a pushing 5 

transfer method. The nanoribbon arrays show an outstanding 

advantage for high-efficiency and large-scale fabrication of 

nanodevices. 
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The highly ordered CuPc/F16CuPc nanoribbon arrays have been formed via in situ vapor growth method and the pushing 

transfer method from the vapor-grown bundle-like nanoribbons. 
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