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Abstract 

An organic microcrystal array-embedded active layer for highly directional alternate p- and n-channel 

is prepared for fabricating a high-performance ambipolar organic field-effect transistor (OFET) and 

complementary inverter by successive depositions of p- and n-channel organic semiconductors on a 

polymeric gate dielectric. First, a microcrystal array of 6,13-bis(triisopropylsilylethynyl)pentacene 

(TIPS-pentacene, p-channel) is directly grown over the gate dielectric, and then a copper 

hexadecafluorophthalocyanine (F16CuPc) layer is formed by a thermal evaporation method, resulting 

in the formation of an organic microcrystal array-embedded active layer with highly directional 

alternating n- and p-channels between the source and drain electrodes. Devices based on this active 

layer exhibited clear ambipolar charge transport characteristics with a high ambipolarity (> 90 %). The 

ambipolar charge transport mechanism is discussed in detail. In addition, air-stable complementary 

inverters comprising two ambipolar OFETs is also demonstrated. 

 Keywords: organic semiconductor; ambipolar organic field-effect transistors;  inverters; polymer gate 

dielectric 
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Introduction 

During the last few decades, organic semiconductors have attracted great interest because of their 

potential applications in large-area and low-cost molecular electronic devices
 1-3

 such as organic light-

emitting diodes, organic field-effect transistors (OFETs), organic solar cells, and sensors. In addition to 

their low-cost and large-area coverage, these semiconductors offer a range of additional benefits, 

including ease of fabrication, low processing temperature, mechanical flexibility, and compatibility 

with plastic substrates, making this technology a viable alternative to amorphous silicon technology.
4
 

OFETs are of particular interest to the printed electronics industry with applications, including display 

devices, sensors, and electronic barcodes.
5
 Most of the high-mobility organic semiconductors are 

predominantly unipolar OFETs based on hole (p-type)
6
 or electron (n-type)

7
 transport and their 

performance has almost reached the threshold for practical use.
8
 There is also significant technological 

interest in fabricating devices such as inverters and light-emitting OFETs that require balanced charge 

transport behavior,
9
 where both electron and hole transport are required. Inverters with unipolar 

transistors operate only in one quadrant (that is, either in the first or third). In contrast, ambipolar 

OFETs based on complimentary logic circuits allow operation in both (first and third) quadrants of 

transfer characteristics, thus providing a unique opportunity for achieving a high noise margin.
10 

Crone 

et al. achieved complementary inverter circuits by separately performing the vacuum deposition of two 

n- and p-type semiconductor materials, which complicates the process of circuit fabrication.
11

 Many 

groups have reported ambipolar OFETs based on organic semiconductors with various types of layer 

structures such as single component,
12

 blend
13

, and bilayer.
14

 In 1995, Dodabalapur et al.
15

 introduced 

an ambipolar OFET based on a C60/α-hexathienylene (α-6T) organic heterojunction; thereafter, various 

heterojunctions such as C60/pentacene,
16

 CuPc/F16CuPc,
17

 BP2T/F16CuPc,
18

 PTCDI-

C13H27/pentacene,
19

 and pentacene/ZnO
20

 using well-known organic semiconductors such as pentacene, 

F16CuPc, CuPc, and PTCDI derivatives were reported. Among these semiconductors, pentacene (p-

type) and F16CuPc (n-type) are well-studied materials for OFETs.
21

 In addition, 6,13-

bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), a solution-processable pentacene derivative, 
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has attracted much attention recently because of its good solubility in organic solvents and high hole 

mobility (1.73 cm
2
/V·s).

22
 Hence, a heterojunction of a solution-processable pentacene derivative (p-

type) and F16CuPc (n-type) is expected to afford high-performance ambipolar OFETs.  

In our previous report, the n-channel TCNQ microcrystals based unipolar OFET devices were 

fabricated as a component of complimentary inverter circuitry with p-channel pentacene film based 

OFET.
23

 In this work, we have incorporated the unipolar (p-type) micro-wires of TIPS-pentacene in n-

type organic semiconductor material film (F16CuPc) to obtain ambipolar charge transport by forming 

highly directional alternating p- and n-channels between the source and the drain. We also have 

analyzed the ambipolar OFETs and complementary inverter employing organic microcrystal array-

embedded active layer and a with a solution-processable gate dielectric. The embedded active layer is 

composed of a highly ordered array of crystalline TIPS-pentacene prepared by solution processing and 

an air stable F16CuPc thin film deposited directly on the TIPS-pentacene crystal array. In this device 

architecture, highly directional alternating p- and n-channels are formed between the source and the 

drain. This simple and efficient self-assembly method can be applied to the formation of large, 

elongated, and ordered crystalline arrays of other pi-conjugated organic molecules that can be 

employed to fabricate high-performance and low-cost ambipolar OFETs and inverters on polymer 

dielectrics. Devices based on this microcrystal embedded layer exhibited clear ambipolar charge 

transport characteristics with a high ambipolarity (> 90 %). The organic complementary inverter based 

on the ambipolar inverter exhibited efficient switching of the input voltage.  

 

Results and discussion 

In this study, three types of devices were fabricated. Fig. 1 shows a schematic of the unipolar organic 

field-effect transistors (Uni-OFETs) based on the (a) TIPS-pentacene microcrystal array, (b) F16CuPc 

thin film, and (c) ambipolar organic field-effect transistors (Ambi-OFETs). The figure also shows the 

chemical structure of the compounds associated with the devices.  
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A schematic of the Ambi-OFET device and complementary inverter integrated with two Ambi-

OFET devices is depicted in Fig. 2. TIPS-pentacene microcrystal array was grown by a unique 

solution-based approach previously reported by our group.
23

 The method can be briefly described as 

follows: a capillary tube of outer diameter 1.2 mm was placed on the gate dielectric with its length 

parallel to the patterned-bottom indium-tin oxide (ITO) electrode. A solution of TIPS-pentacene in ο-

dichlorobenzene (0.1 wt%) was dropped on the tube [Fig. 2(a)]. The substrate was baked for 1 h on a 

hot plate at 90 °C under ambient conditions. The microwires formed as the solvent evaporated from 

the edges of the dropped solution [Fig. 2(b)]. The polarized optical microscope image of the as-formed 

crystal array is shown in Fig. 2(i), clearly demonstrating that the growth of the microwires is uniform 

and directional. The F16CuPc film is deposited on top of the crystal array [Fig. 2(c)], and finally, gold 

(Au) was deposited to complete the device [Fig. 2(d)]. The fabrication of the complementary inverter 

using the ambipolar OFETs is depicted in Fig. 2(e)-(h).  

As components of the organic microcrystal array-embedded active layer, TIPS-pentacene and 

F16CuPc were used as p- and n-channel materials, respectively. We first have investigated the 

characteristics of uni-OFET devices based on microwires of TIPS-pentacene and F16CuPc thin-film on 

CL-PVP gate dielectric. For Uni-OFET based on microwires of TIPS-pentacene as shown in Fig. 3a, 

the polarized optical microscope image shows the long, highly ordered microwires of TIPS-pentacene 

are present between the source and drain electrodes. The as-formed crystal was confirmed by atomic 

force microscopy (AFM) (Fig. 3(b)). The height and width of the TIPS-pentacene wire are 

approximately 37 nm and 4 μm, respectively. The dimensions of the active channel of the OFET were 

measured from the OM and AFM images. The channel length (L) was measured to be 50 µm from the 

length of the shadow mask. The channel width (W) was determined to be 64 µm by measuring the 

contact area of the microwires crossing the source and drain electrodes. The output characteristics of 

the device measured at different gate biases (VGS, varying from 0 to -40 V) with a step of -10 V show 

well defined p-type OFET characteristics and shown in supporting information (Fig. S1). The transfer 

characteristic curves (IDS vs. VGS) of the OFETs based on the TIPS-pentacene wires are depicted in Fig. 
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3(c). The corresponding output characteristic curves [drain current (IDS) vs. drain voltage (VDS)] are 

depicted in the inset of Fig. 3(c). The output characteristics of the device measured at different gate 

biases (VGS, varying from 0 to -80 V) with a step of -10 V show the typical p-type behavior. The 

maximum charge carrier mobility (μh) and the threshold voltage (VTh) are calculated to be 7.2 x 10
-1 

cm
2
/V·s and -15.7 V, respectively. This charge carrier mobility is much higher than those previously 

reported for solution-processed TIPS-pentacene OFETs with a polymer gate dielectric. For example, 

devices prepared by drop-casting or spin-coating TIPS-pentacene onto a CL-PVP gate dielectric 

showed hole mobilities of 2.08  10
-2

 and 3.95  10
-3

 cm
2
/V·s

24,25
, respectively. The charge carrier 

mobility was calculated from the saturation region of the transfer curves with the following Equation 

(1): 

                                                                                    (1) 

where Ci is the capacitance per unit area (61.04 pF/mm
2
), IDS is the drain-source current, μ is the field-

effect mobility, VGS is the gate voltage, VTh is the threshold voltage, and L and W are the channel 

length and width, respectively. The subthreshold swing (ss), a measure of the switching speed of the 

device, is calculated by Equation (2): 

                                                                                                 (2) 

A top-contact n-channel uni-OFET based on a F16CuPc thin-film was also fabricated and 

characterized. The surface morphology of the F16CuPc film grown on the polymer gate dielectric at 

room temperature was investigated using AFM, as shown in the inset of Fig. 3(d). The results indicate 

that the film is consisted of numerous small grains; a similar morphology was also observed by 

others.
26

 The output characteristics (IDS vs. VDS) at different VGS show typical n-type behavior with 

dominant electron transport [supporting information (Fig. S2)]. The transfer (IDS vs. VGS) characteristic 

curves of the OFETs based on a F16CuPc thin film are depicted in Fig. 3(d). The device shows a 

moderate charge carrier mobility (μe) of 2.1  10
-3

 cm
2
/V·s and a threshold voltage (VTh) of 22.6 V, 
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which is comparable to previously reported devices fabricated using F16CuPc thin films, even though a 

CL-PVP gate dielectric was used in this study. Wang et al. reported an electron mobility of 7.6  10
-3

 

cm
2
/V·s in a F16CuPc-based device fabricated by vacuum deposition onto a SiO2/Si substrate.

27
  

After characterizing the p- and n-type uni-OFETs, we fabricated ambi-OFETs with a 

microcrystal array-embedded active layer with the alternating p- and n- channel. A schematic of the 

formation of the ambi-OFETs is shown in Fig. 2. TIPS-pentacene microcrystal array embeded active 

layer was formed by depositing F16CuPc on and in between the crystals. The surface morphology of 

F16CuPc layer (deposited on and in between) is studied by AFM and discussed in supporting 

information (Fig. S3). The actual structure of the ambi-OFET with the microcrystal-embedded active 

layer was investigated using cross-sectional  scanning electron microscopy (SEM) images. The device 

was cut vertically, and the micrographs were taken at different positions (Fig. 4). The cross-sectional 

SEM image [Fig. 4(a)] of the device shows that the layer consisted of ca. 32-nm-sized TIPS-pentacene 

and 135-nm-sized F16CuPc. In Fig. 4(b), the image at the edge of the microwire shows the presence of 

both TIPS-pentacene with F16CuPc (left side of the image) and only F16CuPc (right side of the image) 

as active layer materials. These pictures confirm the formation of the microcrystal array-embedded 

active layer between the source and drain electrodes.  

The output (IDS vs. VDS) and transfer (IDS vs. VGS) characteristics of the ambi-OFET based on 

the microcrystal-embedded thin-film layer are presented in Fig. 5(a) and 5(b), respectively. The curves 

clearly exhibit ambipolar current modulation. Typical output curves of an n-channel OFET are shown 

when high positive VDS and VGS were applied. On the other hand, at applied higher negative VDS and 

VGS, typical output curves of a p-channel OFET are observed. In the low VGS region, an exponential 

increase in the drain current because of the opposite charge carrier is observed [shown in the second 

and fourth quadrants of Fig. 5(a)] with increasing VDS on both sides (positive and negative VDS and 

VGS). The saturation region of the drain current at lower VGS values is not observed in the output 

characteristics of the device. Application of higher positive and negative gate voltages suppressed this 

component, and typical saturation characteristics of n- and p-channel OFETs were observed. This type 
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of behavior has been previously reported in ambipolar OFETs.
27,28

 These characteristics are because of 

the simultaneous existence of both types of charge carriers (electron and hole) in one device.  

The relative difference in the gate and drain electrode voltages in the low VGS regions results in 

the formation of the opposite charge carrier in the channel between the source and drain. Also, the 

presence of the heterojunction effect, as shown in Fig. 6 (right side), between TIPS-pentacene and 

F16CuPc results in the accumulation of holes and electrons in the TIPS-pentacene and F16CuPc layers, 

respectively. This transfer of charge carriers between TIPS-pentacene and F16CuPc is more clearly 

explained by the energy level diagram shown in Fig. 6 (right side). The energy levels of TIPS-

pentacene and F16CuPc were obtained from previous reports,
29

 with the highest occupied molecular 

orbital (HOMO) energy level of TIPS-pentacene at 5.16 eV, and the lowest unoccupied molecular 

orbital (LUMO) energy level of F16CuPc at 4.8 eV. The work function of the n-type semiconductor 

(F16CuPc) is greater than that of the p-type semiconductor (TIPS-pentacene). Hence, the electron 

energy in TIPS-pentacene is smaller than the electron energy in F16CuPc. Therefore, when TIPS-

pentacene and F16CuPc come into contact, a heterojunction is formed between TIPS-pentacene and 

F16CuPc. This results in electron transfer from TIPS-pentacene to F16CuPc, and holes move into the 

TIPS-pentacene layer, leading to the accumulation of electrons in F16CuPc and holes in TIPS-

pentacene (Fig. 6, right side). These accumulated electrons and holes at the interface also contribute to 

the current because of the opposite charge carriers in the lower ±VGS regions. Various groups have 

observed similar phenomena in organic/organic (CuPc/F16CuPc, ZnPc/F16ZnPc, BP2T/F16CuPc, and 

pentacene/F16CuPc) heterojunctions.
27,28,30

 The above explanations clarify the ambipolar behavior 

observed in the output characteristic curves of the device.  

On the other hand, at applied higher negative voltage, holes were induced at the interface 

between the TIPS-pentacene 1D-microwires and CL-PVP, as shown in Fig. 6. Hole channels were 

formed using the TIPS-pentacene 1D-microwires, and the drain current increased with increasing VDS 

at a constant VGS. Similarly, at high positive VGS values, electrons accumulated at the F16CuPc/CL-PVP 

interface, and an electron channel formed in the F16CuPc layer, as shown in Fig. 6. In the bilayered 

Page 7 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

ambipolar OFETs reported in the literature (discussed above), only one type of semiconductor is in 

direct contact with the gate dielectric. Hence, in bilayered ambipolar OFETs such as F16CuPc/CuPc, 

electron and hole channels are formed at the F16CuPc/CuPc and CuPc/SiO2 interfaces, respectively. In 

our device structure, both TIPS-pentacene and F16CuPc are in direct contact with the polymer gate 

dielectric, and alternating p- and n-channels are formed, as shown in Fig. 6. 

Fig. 5(b) shows the transfer characteristics of the ambi-OFETs for both positive and negative 

gate biases in the saturation regime (VDS = ±60 V). The value of the drain current originates from the 

hole charges increasing continuously for VDS = -60 V (when VGS < -28 V). On the other hand, when the 

applied VGS > -28 V, the increasing drain current may be responsible for the electron transport. The 

field-effect mobility for the hole current is found to be 3.4  10
-3

 cm
2
/V·s. The electron current also 

shows similar electrical behavior. For VDS = 60 V, the electron-enhancement mode is observed at 

applied VGS > 17 V. The value of the drain current, originating from the electron charges, increases 

continuously for VDS = 60 V (when VGS > 17 V). Similarly, when the applied VGS < 17 V, the 

increasing drain current may be responsible for the hole transport. The field-effect mobility for the 

electron current is estimated to be 1.4  10
-4

 cm
2
/V·s. The performance parameters of unipolar and 

ambipolar OFETs are also summarized in Table 1. These devices are very stable in air (note that all 

measurements were performed in ambient conditions without encapsulation).  

In order to demonstrate the potential of our ambi-OFET device for applications in organic 

microelectronics, we fabricated complementary-like inverters employing two identical ambi-OFETs 

and analyzed their performance. The upper left panel of Fig. 7 shows a schematic diagram of the 

complementary-like inverter structure. We observe symmetric output curves with significant signal 

gain (typically in the range 6-8). Both the OFETs used in this study shows good ambipolar output 

characteristics with applied respective positive and negative gate and drain voltages. The output 

characteristics of both the ambi-OFETs are presented in supporting information (Fig. S4). The 

complementary-like inverters show the unique characteristic of operating both in the first and third 

quadrants of the VOUT versus VIN plot without changing the circuitry.
13

 Our complementary-like 
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voltage inverter, fabricated using identical ambipolar OFETs, shows voltage transfer characteristics 

(VTC) in both quadrants (first and third) with applied VDD and VIN. With an applied positive supply 

voltage (VDD) and positive VIN, the inverter works in the first quadrant (Fig. 7). Under the above bias 

conditions, OFET 1 acts mainly like a p-type transistor of a regular CMOS-like inverter, while OFET 2 

operates as the n-type transistor. On the other hand, when the applied input voltage and VDD are 

negative, the inverter still operates with an n-channel (OFET 1) and a p-channel (OFET 2), switching 

the performance to the third quadrant. The voltage gain (defined as the absolute value of (dVOUT/dVIN), 

output voltage swing (defined as V
max

OUT - V
min

OUT), and noise margin are calculated from the voltage 

transfer curves. When a supply voltage (VDD) of 60 V was biased to the inverter, the output voltage 

(VOUT) varies from high to low in response to the swing of the input voltage (VIN) from low to high, 

and a sharp inversion of VIN is found near 36.3 and 41.5 V in the forward and reverse cycles, 

respectively. The maximum voltage gain reaches a value of 7.6 and 6.1 in the forward and reverse 

scans, respectively (see the lower-right part of Fig. 7). Similar characteristics are observed when a 

supply voltage of -60 V is applied. Inversion in the device characteristics is seen at -31.4 and -26.0 V 

in the forward and reverse scans with gain values of 8.0 and 7.4, respectively. From these VTC values, 

we calculated the voltage input low (VIL), voltage input high (VIH), voltage output low (VOL), and 

voltage output high (VOH) for the forward and reverse biases by applying VDD = ±60 V. The relative 

values of low and high noise margins are calculated by the formulas NMH = VOH - VIH and NML = VIL - 

VOL. With a positive VDD of 60 V, the values of the noise margin at low and high voltages are 13.8,  

13.5 and 12.4, 8.2 V in the forward and reverse biases, respectively. Similarly, these values are -19.0, -

18.7 and -15.2, -20.1 V in the forward and reverse biases, respectively, when a VDD of -60 V is applied. 

Table 2 summarizes the gain values and noise margin results of the complementary-like voltage 

inverter. Finally, load type inverter based on ambi-OFET having alternating p- and n-channel have 

been constructed and analyzed. The output and transfer characteristic of the ambi-OFET is depicted in 

supporting information (Fig. S5). Fig. 8 shows that the typical transient response of ambi-OFET based 

inverter at constant VDD, when the VIN is pulsed at 10 Hz.  Fig. 8 (a) depicts the circuit diagram of the 

Page 9 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

load inverter.  Fig. 8 (b) and 8 (c) demonstrate decent inversion characteristics with a load resistor of 

20 MΩ, while VDD was kept at -60 V and +60 V, respectively. As shown in VOUT, the studied device 

clearly shows both PMOS-like and NMOS-like load type organic inverter characteristics when VIN was 

swept between 0 to -60 V and 0 to +60 V, respectively. Frequency dependent PMOS-like and NMOS-

like load type organic inverter characteristics have also been recorded and depicted in supporting 

information (Fig. S6 and Fig. S7). Hence, our unique ambi-OFET device structure based inverter 

shows well behaved static as well as dynamic characteristics. The rising (tr) and falling (tf) times of 

VOUT are obtained as 26.9 and 10.3 ms, respectively for PMOS and, 15.2 and 14.6 ms, respectively for 

NMOS-like load type organic inverter. 

 

Conclusion  

In summary, we successfully fabricated air-stable ambipolar organic thin-film transistors and inverters 

based on solution-processed TIPS-pentacene 1D-microwires and a F16CuPc thin film. We report 

unique device architecture in which F16CuPc was deposited on and between the ordered crystalline 

microwires of TIPS-pentacene, resulting in the formation of direct alternating n- and p-channels 

between the source and drain. The present device shows high ambipolarity (> 90%) with charge 

transport values of 3.4  10
-3

 cm
2
/V·s for hole and 1.4  10

-4
 cm

2
/V·s for electron. The 

complementary-like inverter based on two identical ambipolar transistors exhibits a high gain of ~8. 

Further improvement may be achieved by changing the thickness of the F16CuPc layer or by using 

other organic materials with higher mobilities. 

 

Experimental section  

OFETs with bottom-gate and top-contact geometry are used in the present study. All the materials, 

including TIPS-pentacene, F16CuPc, poly(4-vinylphenol), poly(melamine-co-formaldehyde), and 

propylene glycol monomethyl ether acetate were purchased from Aldrich Chemical Co., and the 

materials were used as supplied. All devices were fabricated on a photo-lithographically patterned 
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indium-tin oxide (ITO)-coated glass substrate, which was precleaned using detergent, deionized water, 

acetone, and isopropyl alcohol in an ultrasonic bath and dried in a drying oven. Thermally cross-

linkable polymer, prepared by mixing poly(4-vinylphenol) and poly(melamine-co-formaldehyde), was 

used as a gate dielectric. Before the deposition of the gate dielectric, the ITO substrate was cleaned 

with UV-ozone cleaner for 80 s. The prepared dielectric precursor solution was spin-coated on the 

substrate and soft-baked for 3 min on a hot plate (90 °C) and baked further in a vacuum oven (10
-3

 

Torr) at 175 °C for 1 h. The thickness of the gate dielectric layer was 480 nm as measured by Alpha-

step (XP-100). In the Uni-OFET devices, the TIPS-pentacene microcrystal array (Fig. 1a) and F16CuPc 

(Fig. 1b) were directly deposited on the gate dielectric as the active layer. Kai and Karthaus et. al, have 

also reported  crystal formation method by using a moving glass roller fitted with a concentric spacer 

at constant speed to form a thin liquid stripe on the substrate and the volatile solvent is allowed to 

evaporate along the straight three-phase-line, that is the contact line of the liquid with the substrate.
31

 

The TIPS-pentacene crystal array was grown by dropping a solution of TIPS-pentacene in ο-

dichlorobenzene (0.1 wt%) over the capillary tube placed along the direction of the patterned ITO gate 

electrode, followed by drying of the dropped solution on a hot plate (90 
o
C) for 1 h under ambient 

conditions. After complete evaporation of the solvent, crystals had grown on both sides of the tube in 

directions normal to its length. This orientation of so formed crystals arise from capillary forces 

between the tube and the organic semiconductor solution. In addition, more compact and alined 

ordered nano/micro crystal rods arrises due to induced force from continuous shrinkage of the 

solid/liquid interfacial area during evaporation. A detailed procedure and mechanism was described in 

our previous communication.
23(a)

 The F16CuPc (140 nm) film was vacuum-deposited by thermal 

evaporation at a rate of 0.1 Å /s with the substrate temperature fixed at 25 °C. In the Ambi-OFET 

device [Fig. 1(c)], the organic microcrystal array-embedded active layer with highly directional 

alternating n- and p-channels was prepared by successive deposition of F16CuPc on top of the 

microcrystal. For the completion of the top-contact Uni- and Ambi-OFETs, gold (Au) (50 nm) was 

thermally evaporated under a high vacuum (5  10
-6

 Torr) at a rate of 0.3 Å /s as a source-drain 
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electrode. The procedure is depicted in Fig. 2. The dimensions, channel length (L), and width (W) of 

the device were defined by the metal shadow mask used for the gold electrode deposition, but the 

actual values varied according to the device structure. For the Uni-OFET devices with TIPS-pentacene 

microwires, the channel length (L) was 50 μm, and the width (W) was calculated as the sum of the 

width of the microcrystals lying in the channel as measured by polarized optical microscopy (Olympus 

BX 51). For the Uni-OFET devices with a F16CuPc thin film, L and W were 50 and 1000 μm, 

respectively. L and W of the Ambi-OFET were calculated in the same manner as the Uni-OFETs. In 

the complementary inverters comprised of two Ambi-OFETs, the channel width was changed to 4000 

μm in order to match the hole and electron current level. Atomic force microscopy (AFM) and 

scanning electron microscopy measurements of the deposited films were performed with nanoscope 

IIIa (Veeco, digital instruments) and an SEM (TESCAN FESEM MIRA II), respectively. Electrical 

characterization of the devices was carried out under ambient conditions using an HP semiconductor 

parameter analyzer (HP 4145B).  
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Fig. 1 Schematic of unipolar organic field-effect transistors (Uni-OFETs) based on (a) TIPS-pentacene 

microcrystal array, (b) F16CuPc thin film, and (c) ambipolar organic field-effect transistors (Ambi-

OFETs). Chemical structure of TIPS-pentacene, F16CuPc, and cross-linked poly(4-vinlyphenol) 

dielectric are also shown. 
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Fig. 2 Schematic of device fabrication: OFET [(a)–(d)] and inverter [(e)–(h)]. (a), (e) Capillary tube is 

placed on top of dielectric film with its length parallel to patterned ITO gate electrode, and TIPS-

pentacene solution is dropped onto tube. (b), (f) Substrate is placed on hot plate and baked under 

ambient conditions at 90 °C for 1 h. (c), (g) F16CuPc is deposited onto crystals for second organic 

semiconductor. (d), (h) Au is deposited onto thin film to form top-contact source-drain electrodes for 

OFET device. (i) The OM image of 1D-microwires of TIPS-pentacene, scale bar: 500 μm. 
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Fig. 3 (a) Representative polarized optical microscope image of 1D-microwires crossing source-drain 

electrodes. (b) AFM image of wires. (c) Transfer characteristic curves (VDS = -60 V) of OFETs based 

on wires (L and W were 50 and 64 μm, respectively). (d) Transfer characteristic curves (VDS = 60 V) of 

OFETs based on F16CuPc thin film (L and W were 50 and 1000 μm, respectively). Inset shows AFM 

image (2  2 μm
2
) of 100-nm-thick F16CuPc film. 
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Fig. 4 (a) and (b) Cross-sectional SEM images of the ambi-OFET device based on micro-crystal 

embedded active layer at different cross section points  

 

 

 

 

 

 

 

 

 

 

Page 19 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



20 

 

 

         

Fig. 5 (a) Output and (b) transfer (VDS = 60 V and -60 V) characteristic curves of ambi-OFET based on 

TIPS-pentacene 1D-microwires and F16CuPc thin film. Inset (second and fourth quadrants): enlarged 

output of ambi-OFET at 0 and in low┃VGS┃region. (ambi-OFET, ambipolar organic field-effect 

transistor. 
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Fig. 6 Left side: conduction through different channels with respect to applied voltage. Right side: 

energy levels of TIPS-pentacene and F16CuPc before (dotted lines) and after (solid line) contact. EF′ 

and EF represent Fermi levels before and after contact, respectively.  
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Fig. 7 Voltage transfer characteristics of complementary inverter with two identical ambipolar OFETs 

based on TIPS-pentacene 1D-microwires and F16CuPc film, drive voltage VDD = ±60 V. Circuit 

diagram (upper-left) and gain (lower-right) of inverter are shown in inset. 
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Fig. 8 The circuit diagram of the load inverter (a). The transient response of PMOS (b)  and NMOS (c) 

with a resistive load of 20 MΩ at constant drain bias when the gate voltage is pulsed at 10 Hz.  

 

 

 

 

 

 

 

 

 

 

 

Page 23 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



24 

 

 

Table 1. Summary of performance parameters of uni-OFETs and ambi-OFETs. 

 
Mobility  

(cm
2
/V·s)

a 
 

VTh (V)
b
 

ss  
(V decade

-1
)
c
 

IOn/IOff
d
 

Uni-OFET 

p-type (TIPS-

pentacene) 
7.2 x 10

-1
 -15.7 5.6 2.2 x 10

4
 

n-type (F16CuPc) 2.1 x 10
-3

 22.6 2.9 1.2 x 10
5
 

Ambi-OFET 
p-type 3.4 x 10

-3
 -28.3 - 7.0 x 10

0
 

n-type 1.4 x 10
-4

 16.9 37.7 3.9 x 10
0
 

a
Charge carrier mobility, 

b
Threshold voltage, 

c
Subthreshold swing, 

d
ION/IOFF ratio  

(uni-OFET, unipolar organic field-effect transistor; ambi-OFET, ambipolar organic field-effect 

transistor) 

 

 

 

Table 2 Summary of performance of complementary-like inverter using two ambipolar organic field-

effect transistors. 

 VM (V)
a
 Gain NMH

b
 NML

c
 

VDD = +60V forward 36.3 7.6 13.5 13.8 

VDD = +60V reverse 41.5 6.1 8.2 12.4 

VDD = -60V forward -31.4 8.0 -18.7 -19.0 

VDD = -60V reverse -26.0 7.4 -21.0 -15.2 

a
Logic threshold. 

b
Noise Margin High. 

c
Noise Margin Low 
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Fig. S1 Output (VGS = 0 V ~ -40 V) characteristic curves of OFETs based on TIPS-pentacene 1D-

microwires and 480 nm thick polymer gate dielectric. The channel length (L) and width (W) of the 

OFET were 50 and 64 μm, respectively. 
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Fig. S2 Output (VGS = 0 V ~ 60 V) characteristic curves of OFETs based on a single layer of F16CuPc 

(50 nm) thin-film grown by thermal evaporation on CL-PVP gate dielectric at room temperature. The 

channel length (L) and width (W) of the OFETs were 50 and 1000 μm, respectively. 

 

Morphological characteristics of F16CuPc film deposited on and in between the TIPS-pentacene 

microwires. 

AFM images of the F16CuPc film deposited on and in between 1D-microwires of TIPS-pentacene are 

shown in Fig. S3. This figure shows the topology of F16CuPc deposited on 1D-microwires of TIPS-

pentacene [Fig. S3(a)] and in between the microwires [Fig. S3(b)]. Figures also show that the grain 

sizes of the deposited F16CuPc on 1D-microwires are smaller in comparison to the grain sizes 

deposited in between 1D-microwires. The average and rms roughness of F16CuPc film deposited on 

1D-microwires are 0.875 and 1.105 nm, respectively. The average and rms roughness of F16CuPc film 

deposited in between the 1D-microwires are 0.921 and 1.161 nm, respectively. 
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Fig. S3 (a) AFM images (2ｘ2 μm
2
).of F16CuPc film grown on 1D-microwires of TIPS-pentacene at 

25 
o
C; (b) AFM images of F16CuPc film grown on polymer gate dielectric (in between the microwires) 

at 25 
o
C.  

  

 

Fig. S4 Output curves of the CMOS-like inverter based on two ambi-OFETs based on alternating p- 

and n-channel along with the schematic diagram of the logic circuit and optical microscopic image of 

the channel region of both OFETs. Output characteristics of ambi-OFETs swept from VDS 0 V to 60 V 

with an increment of 1 V with an applied constant VGS from 0 V to 80 V (increment of 10 V).  
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Similarly, output characteristics of ambi-OFETs were measured by sweeping from VDS 0 V to -60 V 

(increment of 1 V) with an applied constant VGS from 0 V to -80 V (increment of -10 V). 

 

 

Fig. S5 (a) Output and (b) transfer characteristics of the ambi-OFET used in load type inverter. 
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Fig. S6 The transient response of PMOS with a resistive load of 20 MΩ at constant drain bias when 

the gate voltage is pulsed at (a) 1 Hz, (b) 5 Hz, (c) 20 Hz and (d) 30 Hz. 

 

 

 

Fig. S7 The transient response of NMOS with a resistive load of 20 MΩ at constant drain bias when 

the gate voltage is pulsed at (a) 1 Hz, (b) 5 Hz, and (c) 20 Hz. 

 

 

 

Page 29 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t


