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With the aim of understanding the relationships between organic small molecule field-effect transistors (FETs) and

organic conjugated polymer FETs, we investigate the thickness dependence of surface morphology and charge carrier

mobility in pentacene and regioregular poly (3-hexylthiophene) (RR-P3HT) field-effect transistors. On the basis of the

results of surface morphologies and electrical properties, we presume that the charge carrier mobility is largely related

to the morphology of the organic active layer. We observe that the change trends of the surface morphologies (average

size and average roughness) of pentacene and RR-P3HT thin films are mutually opposite, as the thickness of the organic

layer increases. Further, we demonstrate that the change trends of the field-effect mobilities of pentacene and RR-P3HT

FETs are also opposite to each other, as the thickness of the organic layer increases within its limit.
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1. Introduction

Organic field-effect transistors (FETs) based on

organic small molecules and conjugated polymers have

been envisioned as a viable alternative to more tra-

ditional, mainstream field-effect transistors based on

inorganic materials. The unique processing character-

istics and the demonstrated performance of organic

FETs suggest that they can be competitive candidates

for existing or novel thin film transistor applications

requiring large area coverage, structural flexibility, low

temperature processing, and especially low cost. Such

applications include smart cards, electronic identifica-

tion tags, active matrix displays, etc.[1−5]

Organic small molecules such as pentacene, de-

posited by vacuum sublimation, give the best perfor-

mance because of their very well ordered structures,

resulting from the use of this highly controllable de-

position method.[2] But it needs expensive vacuum

chambers and lengthy pumpdown cycles. Organic

conjugated polymers such as regioregular poly (3-

hexylthiophene) (RR-P3HT)[6−10] have a potentially

important cost advantage associated with the solution

processing of organic TFTs by the reel-to-reel method

in the future. However, their mobilities are currently

lower than those of vapour deposited pentacene TFTs.

Thus, it does not constitute an exclusive advantage for

either of the two classes of materials.

The previous studies show that the charge trans-

port properties of organic semiconductors are in-

timately dependent on their crystal structure and

morphologies.[11−13] But these studies focused on the

effects of each material in organic FETs. The rela-

tionship between organic small molecule FETs and

organic conjugated polymer FETs is desired for fu-

ture device application, which is closely related to the

passage from the research laboratory to product de-

velopment and then to manufacturing of new products

based on organic semiconductors. In the present pa-

per, strong dependences of charge carrier mobilities

of two types of materials (pentacene and RR-P3HT

are used as representatives of organic small molecules

and conjugated polymers, respectively) on thickness

are revealed, and further, the change trends of field-
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effect mobilities of pentacene and RR-P3HT FETs are

shown to be mutually opposite, as the thickness of the

organic layer increases within its limit.

2. Experiment

2.1.Preparation of pentacene FETs

Pentacene FETs were prepared with bottom-gate

and top-contact configuration. A highly doped p-type

Si (100) wafer acted as the gate electrode, on which

a 250 nm-thick SiO2 layer was thermally grown as a

gate insulator. Then, pentacene thin films at vari-

ous thicknesses (20 nm, 30 nm, 40 nm and 50 nm)

were thermally evaporated at a low deposition rate

(∼0.03 nm/s) and a base pressure of 2×10−3 Pa. The

pentacene was purchased from J & K Chem. Co. with

98% purity, and it was used without repurification.

Then, the pentacene thin films were annealed at 90◦C

for 2 h. Finally, gold (Au) was thermally evaporated

to a thickness of 150 nm and used as the drain and

the source electrodes through a shadow mask. The

channel length (L) and width (W ) were 25 µm and

1000 µm, respectively.

2.2.Preparation of RR-P3HT FETs

RR-P3HT FETs were also prepared with bottom-

gate and top-contact configuration. The gate in-

sulator layer SiO2 with 250 nm thickness was pre-

pared by electron beam evaporation at a deposition

rate (∼1 Å/s) on pre-cleaned indium tin oxide (ITO)

glass substrates. ITO was used as the gate electrode.

Then, RR-P3HT thin films were prepared by spin-

coating RR-P3HT chloroform solutions (0.5 wt%, 1

wt%, 1.5 wt%, and 2 wt%) at a rate of 2000 r/min

for 60 s. Thin films with average thicknesses of

about 70 nm, 120 nm, 220 nm and 270 nm were

obtained at four different concentrations, i.e. about

0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%, respectively.

Films thicknesses were measured by a step profilome-

ter (AMBIOS-XP2). RR-P3HT was purchased from

Sigma–Aldrich with a head-to-tail regiospecific con-

formation greater than 98.5% and average molecular

weightMn ∼64000. The RR-P3HT thin films were an-

nealed at 90 ◦C under vacuum atmosphere for 10 min.

Subsequently, samples were placed under vacuum for

20 h to enhance local self-organization. Finally, the

drain and the source electrodes were prepared like the

pentacene FETs. The channel length and width are

fixed like the pentacene FETs.

2.3.Characterization of samples

The film surface morphology was investigated by

atomic force microscopy (AFM) operated in tapping

mode (DI Dimension 3100 manual). A good surface

image was obtained only in tapping mode due to the

softness of the organic film surface. The electrical

characteristics were performed by using a Keithley

semiconductor parameter analyser (Keithley 2612) at

room temperature in air and darkness. In this mea-

surement, organic FETs operated in the accumulation

mode by appling negative gate bias, where the source

electrode was grounded and the drain electrode was

negatively biased.

3. Results and discussion

3.1. Surface morphology of the organic active layer

The nature of charge carriers and their role in charge transport may largely be related to the morphology

of the system.[11−13] A detailed study on pentacene thin films at various thicknesses was carried out by using

AFM. The surface morphologies of pentacene thin films annealed at 90 ◦C for 2 h, with four different deposition

thicknesses, i.e. 20 nm, 30 nm, 40 nm, and 50 nm, are shown in Figs. 1(a), 1(b), 1(c) and 1(d), respectively. The

average grain size decreases from 1500 nm to 200 nm, which represents an increased portion of grain boundaries

with thin film thickness increasing from 20 nm to 50 nm. Furthermore, the average roughness of the thin films

decreases from 6.009 nm to 4.412 nm with thin film thickness increasing from 20 nm to 50 nm. We check the

section analysis spectrum of the surface morphology of pentacene thin film along the indicated line across the

image in Fig. 2. The surface distance, the horizontal distance, the vertical distance, and the spectral root-

mean-square amplitude (RMS amp) are 24.176 nm, 23.438 nm, 1.455 nm, and 3.387 nm, respectively. As can

be seen from the section analysis of the film, the pentacene film shows a typical terrace shape, and these grains
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have a layered structure with a monomolecular step height of approximately 1.5 nm. The increase of deposited

thickness of pentacene thin film after being annealed leads the density of grain boundaries and the number of

grains to increase. Furthermore, there is a possibility that the growth interspace of grains decreases with the

increase of deposited thickness during annealing. If the grain boundaries are formed in the layer grown, they

will limit the mobility of grains.[14] Therefore, the field effect mobility is expected to decrease with the increase

of deposited thickness of pentacene thin film after being annealed.

Fig. 1. AFM images of pentacene thin films after being annealed at 90◦C for 2 h. The four different deposition

thicknesses are (a) 20 nm, (b) 30 nm, (c) 40 nm and (d) 50 nm.

Fig. 2. Section analysis spectrum of the surface morphology of 40 nm-thick pentacene thin film after being

annealed at 90◦C for 2 h.

Figure 3 shows the AFM images of RR-P3HT thin films annealed at 90 ◦C, with various thicknesses. We

can observe that the average size of islands of RR-P3HT thin films increases from approximately 70 nm to

160–200 nm with thin film thickness increasing from 70 nm to 270 nm. Further, the average roughness is also

enhanced gradually from 0.681 nm, 0.724 nm, 2.496 nm, to 4.718 nm as thin film thickness increases. We

find that different thicknesses result in distinctly different nanoscale islands. It is expected that the size of the

nanoscale islands will play an important role in field-effect mobility.[15,16]
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Fig. 3. AFM images of RR-P3HT thin films annealed at 90 ◦C, with various thicknesses, i.e. about (a) 70 nm,

(b) 120 nm, (c) 220 nm and (d) 270 nm.

It seems that the change trends of the surface morphologies (the average size and the average roughness)

of pentacene and RR-P3HT thin films are mutually opposite, as the thickness of the organic layer increases.

Therefore, the change trends of field-effect mobilities of pentacene and RR-P3HT FETs are expected to be

opposite to each other, as the thickness of the organic layer increases within limits.

3.2.Transistor properties

The curves for typical p-type drain current (IDS) versus source–drain voltage (VDS) at several different gate–

source voltages (VGS) for pentacene FETs and four deposition thicknesses are shown in Fig. 4. In our experiment,

tuning of the work function of gold source and drain electrodes with a modification was not performed. Thus,

there is a partial injection barrier of the hole, which manifests itself as an S shaped I–V curve in the early part

of the I–V curve (see Figs. 4(a)–4(d)). The field-effect mobility values of pentacene FETs with four different

deposition thicknesses are calculated in the saturated regime (VDS = −10 V) by plotting the square root of the

drain current versus gate voltage and fitting the data to the following equation [17−19]

IDS =
µWCi

2L
(VGS − VT )

2.

Transfer characteristics of the devices are shown in Fig. 5. The detailed characteristics of the devices are

summarized in Table 1.

Table 1. The values of field-effect mobility (µ), threshold voltage (VT), and on/off current ratio (Ion/Ioff )

at VDS = −10 V in the saturated regime of pentacene FETs after being annealed at 90 ◦C for 2 h, with

four different deposition thicknesses.

organic active layer average thickness /nm µ/(cm2/(V · s)) VT/V Ion/Ioff

pentacene

20 0.570 1.4 1.8×103

30 0.263 1.1 7.6×102

40 0.118 1.9 3.7×102

50 0.058 1.2 1.5×102

Note: W/L = 40 (W = 1000 µm and L = 25 µm), and 250 nm-thick SiO2 insulator layer Ci = 10.8 nF/cm2.
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Fig. 4. Output characteristics of pentacene FETs after being annealed at 90 ◦C for 2 h, with four different

deposition thicknesses, i.e. (a) 20 nm, (b) 30 nm, (c) 40 nm and (d) 50 nm.

Fig. 5. Transfer characteristics of pentacene FETs after being annealed at 90 ◦C for 2 h, with four different

deposition thicknesses, i.e. (a) 20 nm, (b) 30 nm, (c) 40 nm, and (d) 50 nm and VDS = −10 V.
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The field-effect mobility values of pentacene FETs

at various deposition thicknesses of 20 nm, 30 nm,

40 nm and 50 nm are calculated to be 0.570, 0.263,

0.118 and 0.058, respectively. The results also reveal

that the field-effect mobility value of the device with a

20 nm-thick active layer is about one order of magni-

tude higher than that of the device with a 50 nm-thick

active layer. We find that the field-effect mobility and

the maximal output drain–source current of pentacene

FETs for the VDS = −10 V decrease with the increase

of deposition thickness, which can be seen from Fig. 6.

The values of the on/off current ratio also have a slight

decreasing trend with the increase of deposition thick-

ness.

Fig. 6. Thickness dependence of the field-effect mobil-

ity and maximal output drain–source current of pentacene

FETs for the VDS = −10 V.

In a p-channel FET that operated at VT < 0,

where VT is proportional to the minimum charge

needed for channel operation (i.e. the minimum

charge needed to fill traps, etc.).[15] This is not the case

for our devices due to unpurified source materials and

exposure to air. The values of threshold voltage are

positive in our experiments. The channel is already

conducting even at VGS = 0 because of residual p-

doping from impurities. In this case, VT is more of an

indicator that shows how many positive charges must

be compensated before the minimum ‘off-current’ is

reached. If the dopants are movable, then the dopant

ions will be repelled from the interface with gate di-

electric in the channel when negative VGS is applied.

Transfer characteristics of RR-P3HT FETs an-

nealed at 90 ◦C with four different thicknesses are

presented in Fig. 7, which is in the saturated regime

(VDS = −10 V) and obtained by plotting the square

root of the drain current versus gate voltage. The

field-effect mobility values of RR-P3HT FETs with

four different active layer thicknesses, i.e. about

70 nm, 120 nm, 220 nm and 270 nm, were similarly

calculated to be 4.39×10−4, 7.8×10−4, 5.37×10−3 and

5.78×10−3, respectively. We find that the values of

field-effect mobility and maximal output drain–source

current of RR-P3HT FETs increase drastically with

the increase of active layer thickness, which can be

seen from Fig. 8. The values of the threshold voltage

are around 0 V. Moreover, the values of the on/off

current ratio are estimated to be approximately 103,

and also have a slightly increasing trend with the in-

crease of active layer thickness. Further, we observe

that the change trends of field-effect mobilities of pen-

tacene and RR-P3HT FETs are mutually opposite, as

the thickness of the organic layer increases within lim-

its. Thus, we presume that the charge carrier mobility

is largely related to the morphology of the organic ac-

tive layer.

Fig. 7. Transfer characteristics of RR-P3HT FETs an-

nealed at 90 ◦C with several different thicknesses, i.e.

about (a) 70 nm, (b) 120 nm, (c) 220 nm, and (d) 270 nm

and VDS = −10 V.

Fig. 8. Thickness dependence of the field-effect mobility

and maximal output drain–source current of RR-P3HT

FETs for the VDS = −10 V.

4. Conclusions

On the basis of our surface morphologies and elec-

trical properties, we presume that the charge carrier
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mobility is largely related to the morphology of the or-

ganic active layer. We observe that the change trends

of the surface morphologies (the average size and the

average roughness) of pentacene and RR-P3HT thin

films are mutually opposite, as the thickness of the

organic layer increases. Further, we demonstrate that

the change trends of field-effect mobilities of pentacene

and RR-P3HT field-effect transistors are opposite to

each other, as the thickness of the organic layer in-

creases within limits.
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