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Bottom-gate, bottom-contact organic thin film transistors (OTFTs) were fabricated using solvent

soluble copper 1,4,8,11,15,18,22,25-octakis(hexyl)phthalocyanine as the active semiconductor layer.

The compound was deposited as 70 nm thick spin-coated films onto gold source–drain electrodes

supported on octadecyltrichlorosilane treated 250 nm thick SiO2 gate insulators. The performance of the

OTFTs was optimised by investigating the effects of vacuum annealing of the films at temperatures

between 50 �Cand 200 �C, a range that included the thermotropicmesophase of the bulkmaterial. These

effects were monitored by ultraviolet-visible absorption spectroscopy, atomic force microscopy and

XRDmeasurements. Device performance was shown to be dependent upon the annealing temperature

due to structural changes of the film. Devices heat treated at 100 �C under vacuum ($10�7 mbar) were

found to exhibit the highest field-effect mobility, 0.7 cm2 V�1 s�1, with an on–off current modulation

ratio of �107, a reduced threshold voltage of 2.0 V and a sub-threshold swing of 1.11 V per decade.
1 Introduction

The investigation of small molecule semiconductors is playing a

major role in the current rapid development of organic thin film

transistors (OTFTs), a technology that ultimately may enable the

low cost production of large area light-weight, low-cost printable

plastic electronics.1 Particular issues involve compound design,2

the development of commercially adaptable solution processing

methods for material deposition on flexible substrates,3 control

of molecular alignment within the films for optimisation of the

electrical properties,4 and gaining understanding of the funda-

mental conduction mechanisms.5 Semiconductivity exhibited by

metallated phthalocyanine macrocycles is well documented6 and

this, coupled with their well-established stability, render them

interesting compounds for applications in the area of organic

electronics.7 Early p-type semiconductivity data were largely

accrued for unsubstituted derivatives, compounds that have

limited solubility in most solvents. These materials are formu-

lated as thin films typically by vapour deposition techniques

which are not suitable for large area deposition.
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The introduction of substituents onto the phthalocyanine

nucleus can confer new and useful properties upon the ring

system.8,9 Thus derivatives bearing eight long alkyl chains at the

1,4,8,11,15,18,22,15-sites (or non-peripheral positions) typically

exhibit columnar mesophase behaviour.9 They are also readily

soluble in common organic solvents including tetrahydrofuran,

hydrocarbons such as petrol and toluene, and also chlorohy-

drocarbons such as dichloromethane and chloroform. These

materials have proven to be ideal for deposition as well ordered

thin films by spin-coating as judged by low angle X-ray reflec-

tivity measurements.10 Examples have been formulated as spin-

coated thin film active layers in two of our laboratories with

applications ranging from non-volatile memory devices to

biosensors.11 Elsewhere, a high drift mobility up to 1.4 cm2 V�1

s�1 was achieved for holes in the crystal phase of metal-free non-

peripherally substituted octahexylphthalocyanine.12 For all of

these reasons, this class of solution processable, low-molecular-

weight liquid crystalline phthalocyanine has become a candidate

for the semiconducting layer in the design of OTFTs.

We have recently reported the device characteristics of bottom-

gate, bottom-contactOTFTs fabricated using spin-coated films of

copper 1,4,8,11,15,18,22,25-octahexyl phthalocyanine, 1, as the

active semiconducting layer and the effect of surface passivation

of the gate silicon dioxide (SiO2).
13 When the gate insulator was

treated with a self-assembled monolayer of octadecyltri-

chlorosilane (OTS), an increase in the saturation field effect

mobility msat by a factor of 20 and simultaneous two orders of

magnitude rise in the on–off current ratio were achieved over

those obtained without surface passivation. The OTFTs based on

1 showed satisfactory stability to storage in the open laboratory
J. Mater. Chem., 2012, 22, 19179–19189 | 19179
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Fig. 1 (a) Chemical structure of 1. (b) bottom gate bottom contact

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

01
2.

 D
ow

nl
oa

de
d 

by
 B

R
U

N
E

L
 U

N
IV

E
R

SI
T

Y
 o

n 
06

/1
1/

20
13

 1
4:

14
:1

4.
 

View Article Online
environment for 30 days; lack of degradation is an important

factor for applications in practical electronics as conventional

organic semiconductors such as pentacene and rubrene are known

to be prone to instability arising from oxidation.

Compound 1 is known to exhibit thermotropic columnar liquid

crystalline behaviour.14 The purpose of the present work was,

therefore, to explore the potential for optimization of the already

promising properties of the OTFTs described above via the use of

thermal annealing. Molecular packing within the films and

structural and morphological changes that arise from the

annealing process have been examined by ultraviolet-visible

absorption spectroscopy, atomic force microscopy (AFM) and

X-ray diffraction (XRD). The active layer is expected to be

polycrystalline and the electrical performance ofOTFTdevices is,

therefore, expected to be influenced by bulk charge traps, as well

as by grain boundary traps of the organic active layer and traps in

the interface with the gate insulator.15 Therefore, the physical

interpretation of transistor characteristics has been made in the

present investigation by employing a model in which the satura-

tion field effect mobility msat is taken to be a charge carrier

concentration dependent quantity. The enhanced electrical

properties achievable by tuning the active layer structure through

annealing the devices under specific conditions are described.

(inverted) structure.
2 Experimental

Copper 1,4,8,11,15,18,22,25-octakis(hexyl)phthalocyanine (1)

was prepared according to literature methods16 and its meso-

phase behaviour as bulk material measured by differential

scanning calorimetry (DSC) using a DSC Q20 TA instrument.

For spin coating, 1 was dissolved in high purity chloroform and

the solution was spin-coated initially at 1000 rpm and finally at

4000 rpm for 20 s and 60 s respectively. Annealing studies of the

thin films deposited onto glass were monitored using a Hitachi

U-3000 ultraviolet-visible (UV-vis) spectrometer fitted with a

Mettler FP80 processor coupled to a Mettler FP82 hot stage.

The drift mobility mdh was determined from time of flight

(TOF) measurement for the hole transport in a 9.1 mm thick

film of 1 sandwiched between two transparent indium tin oxide

(ITO) coated glass substrates. The cell was formed by slow

cooling of the organic layer at a rate of 2 �C min�1 to room

temperature from the isotropic melt over a film of antiparallel

polyimide that was used as the alignment layer. The photo-

currents were produced using a 532 nm pulsed output of a

frequency-doubled Nd:YAG laser to excite the sample. The bias

between the ITO electrodes was provided by a DC power supply

while the transient photocurrent was recorded by the voltage

drop across the input resistor of a gain 11 amplifier circuit

whose output was connected to an Agilent Infinium digitizing

oscilloscope. Signal averaging was carried out on all signals in

order to improve data quality.17

As shown in Fig. 1(b), a bottom gate bottom contact (inverted)

OTFTwith the ratio of channel width (W) to channel length (L) of

200 was fabricated using a 70 nm thick spin coated film of 1 and

250 nm thick silicon dioxide (SiO2) as the active layer and the gate

dielectric layer respectively on a highly doped Si (110) gate elec-

trode. Titanium/gold thin films were made as the source/drain

electrodes. The gate SiO2 dielectric was passivated with an OTS

self-assembled monolayer. The full protocols of the substrate
19180 | J. Mater. Chem., 2012, 22, 19179–19189
cleaning, electrode deposition and surface passivation were given

in a previous publication.13

The OTFT devices were annealed at four different tempera-

tures over the range between 50 �C and 200 �C in a tubular

furnace under vacuum of 2 � 10�7 Torr and then gradually

cooled down to room temperature at the rate of 1 �C per minute.

The surface morphology of the as-prepared and annealed films of

1 was investigated in intermittent contact mode using a Park

scanning probe microscope. The atomic force microscopic

images (AFM micrographs) of the film surfaces were collected

over a scan area of 5 mm � 5 mm for both as-deposited and

annealed devices. The effect of high temperature annealing on

the crystalline phases of the films of 1 was further examined from

XRD patterns acquired at the grazing angle of incidence of 0.3�

using a Bruker D8 Advance with Bragg–Brentano geometry

scanning in the 2q range of 5� to 30�, with a step size of 0.02� per
second using CuKa radiation of wavelength lCuKa ¼ 0.15406

nm. The electrical measurements on these devices were per-

formed at room temperature in air under ambient conditions

using a Keithley 4200 semiconductor parameter analyzer.

3 Results and discussion

3.1 Thin film studies

It was established earlier that spin-coated films of zinc metallated

1,4,8,11,15,18,22,25-octakis(alkyl)phthalocyanines undergo

molecular reorganizations at temperatures that correspond well

to those observed for the crystal to mesophase and mesophase to

mesophase transitions that occur in the bulk material.18 Related

macrocycles have been shown to behave similarly.19 In the present

work, we applied comparable experiments to compound 1 to

provide insight into the behaviour of films of 1 upon annealing.

DSC plots for the first heating, first cooling and second heating

components of DSC thermal cycling for compound 1 as the bulk
This journal is ª The Royal Society of Chemistry 2012
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material are shown inFig. 2. Transition temperatures are in broad

agreement with those in the literature.20 The first heating cycle

reveals some crystal phase–crystal phase transitions at lower

temperatures prior to the transition from the crystal (K) to

columnar mesophase (C1) at 180
�C (lit. 184 �C (ref. 20)). The

heating component of the second cycle confirms the K–C1 tran-

sition temperature and reveals further mesophase–mesophase

transitions at 224.6 �C (C1–C2) (not detected previously20) and at

233.6 �C (C2–C3) (lit. 235.5
�C (ref. 20)) prior to the mesophase to

isotropic liquid transition (C3–I) at 239.9
�C (lit. 242 �C (ref. 20)).

Fig. 3 shows the UV-vis spectrum of a film of 1 supported on a

glass slide at room temperature and at 100 �C, 200 �C, 238 �C,
and 250 �C. The electronic absorption spectra of phthalocya-

nines in the solid state are strongly susceptible to exciton

coupling effects and these are critically dependent upon molec-

ular packing.21 The spectrum of the as-deposited spin-coated film

of 1 is shown in Fig. 3 as the black line. The visible region

absorption, the Q-band envelope, shows two principal absorp-

tions at 710 nm and 641 nm, one to lower energy and one to

higher energy relative to the single transition observed at lmax of

706 nm in the solution phase spectrum. Temperature dependent

variations in the visible region band envelope of the films, Fig. 3,

can be attributed to molecular reorganizations within the film. In

a further experiment, variations in absorbance at a selected

analytical wavelength, 662 nm, were monitored as the tempera-

ture of the film was raised (heating rate 5 �C min�1). This

revealed distinct changes in absorbance over small temperature

ranges which can be assigned to changes in molecular packing

analogous to the mesophase transitions referred to above for the

bulk material. Thus transitions detected within the film were

observed at 172.5–178.3 �C (corresponding to K–C1), 225.8–

232.5 �C (C1–C2 and C2–C3) and 235–240 �C (C3–I).

UV-vis spectroscopy was used further to explore the effect of

annealing the ‘as-deposited’ films for 30 minutes at 50 �C, 100 �C,
150 �C, and 200 �C. In these experiments the films were recorded

as-deposited, at the annealing temperature, after 30 min at the

annealing temperature, and again after cooling to room

temperature. Table 1 reports changes in the lmax of the two main

visible region absorptions together with the changes in their

absorbance intensities (A) relative to those in the as-deposited

film, Ao. The spectra of a film obtained before and after

annealing at 50 �C were superimposable. However, those for

films annealed at 100 �C and 150 �C show that the annealing

process induces minor changes, especially in the relative absor-

bance intensities of the two bands, A(1):A(2), right hand column

in Table 1. Annealing at 200 �C, a temperature within the liquid

crystal range of the compound, induces a larger change in the

ratio A(1):A(2) as well as a small hysochromic shift of both

bands. These results suggest that reorganizations at the molec-

ular level induced by heating the film are relatively small until the

films are annealed at 200 �C, i.e. in the mesophase range.

The results of time of flight measurements are shown in

Fig. 4(a) in terms of the double logarithmic plots of displacement

currents for photogenerated holes. The transit times t0 of holes

traversing the layer of compound 1 were estimated from the

inflection points to be 0.95 ms and 0.28 ms for 6 V and 13 V bias,

respectively, at room temperature. These yielded values of 0.14

cm2 V�1 s�1 and 0.23 cm2 V�1 s�1 for mobilities mdh for 6 V and

13 V, respectively from the relation:22
This journal is ª The Royal Society of Chemistry 2012
mdh ¼
d2

Vt0
(1)

where d is the cell thickness and V is the applied bias. Further

measurements were made for bias voltages between 6 V and 13 V

and the results are given in Fig. 4(b) as a Poole–Frenkel plot of

mdh as a function of the square root of the electric field. These

values are of the same order of magnitude as those found for

metal-free non-peripherally substituted octaoctylphthalocyanine

as the bulk material23 but they are at least two orders of

magnitude higher than those measured using the time of flight

technique for thermally evaporated copper phthalocyanine.24

The investigations for larger field strengths were not possible

because the inflexion point became engulfed in the initial peak of

the photocurrent.
3.2 OTFT characteristics

Fig. 5 shows a set of typical output characteristics for OTFTs

with active layers annealed at four different temperatures in

terms of drain–source current (ID) as a function of drain voltage,

VD, for gate voltage, VG ¼ �30 V. For a p-type semiconductor

such as compound 1, an accumulation channel of holes was

produced at this gate voltage between the drain and the source in

the region near the interface between the dielectric SiO2 and the

active layer. Two similar features of the dependence are observed

for all individual devices using differently annealed films of 1 as

semiconducting layer. ID increases linearly within the low VD

regime, implying a uniform charge density in the channel. At

higher values of VD, ID increased sublinearly with increasing VD

and then saturates at ID(sat). Values of Ohmic conductivity sU in

the inset decrease monotonically with the rise of annealing

temperature by a varying degree of magnitude. The values are of

the same order of magnitude for temperatures # 100 �C while a

four order of magnitude decrease was observed within the

temperature regime between 150 �C and 200 �C.
Fig. 6 shows AFM images of the surfaces of the films of 1

within the transistor devices themselves prior to and after

annealing. The image in Fig. 6(a) of the as-deposited films shows

an apparently void free granular morphology. Annealing at

50 �C caused agglomeration of grains to form small clusters,

Fig. 6(b). The cluster size increased on annealing the film at

100 �C producing larger rod-like structures rather than clusters

(Fig. 6(c)). The annealing at the higher temperatures of 150 �C
and 200 �C gave rise to morphologies containing large plates/

slabs as seen in Fig. 6(d) and (e). The films also appeared to

contain discontinuities as the cluster sizes became very large. All

films were found to have adhered well to the substrate and values

of average particle/cluster size along with the root-mean-square

roughness data are summarized in Table 2. As given in Table 2,

the roughness was found to be as small as 1.6 nm for the rod-like

structures in Fig. 6(c) but it increased with the rising annealing

temperature of the remaining films. The average cluster size was

found to increase monotonically from 0.2 mm for an as-deposited

film to �2.0 mm for the film annealed at 200 �C. XRD patterns

(Fig. 7) obtained for similarly annealed active layers exhibit

multiple diffraction peaks, indicating the polycrystalline struc-

ture of the films. As the annealing temperature was increased

from 50 �C to 150 �C, the peaks became sharper with decreased
J. Mater. Chem., 2012, 22, 19179–19189 | 19181
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Fig. 2 (a) DSC curve of 1 on the heating component of first cycle. (b) DSC curve on subsequent cooling. (c) DSC curve for the second heating step.
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Fig. 3 UV-visible spectra of a spin-coated film of 1 measured at room

temperature, 100 �C, 200 �C, 238 �C and 250 �C.

Fig. 4 (a) Hole photocurrent transients in a 9.1 mm thick cell of 1 at the

applied bias of 6 V and 13 V scaling correctly with field and (b) hole

mobilities in 1 parametric in electric field.
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full width at half maxima (FWHM). The films annealed at 100 �C
gave peaks at 2q ¼ 7.90� and 2q ¼ 11.93� corresponding to the d-

spacing of 1.12 nm and 0.74 nm, respectively, and are similar to

those obtained for tetraoctyl-substituted vanadyl phthalocyanine

thin films annealed at 120 �C indicating the edge-on alignment of

the molecules.25 The plot of b cosq against sinq in the inset is

found to be linear, indicating the validity of the Williamson–Hall

equation in the form:26

b cos q ¼ 4h sin qþ KlCuka

D
(2)

where b is FWHM at the Bragg angle q and K is constant with a

value of 0.94. Values of the strain h and the mean grain size D

were estimated from the slope and intercept, respectively, for all

five devices. The dislocation density (d) which is defined as the

length of dislocation lines per unit value of crystal can be esti-

mated as d ¼ D�2. The results are summarised in Table 2. The

decrease of FWHM with annealing temperature (seen in Fig. 7)

may be attributed to the reduction in the concentration of lattice
Table 1 Variations in the absorption maxima (nm) and relative absorbances
the film of 1

Annealing temperature and cycle (1) lmax/nm

50 �C Room temperature 710
50 �C 711
50 �C (after 30 min) 711
Back to room temperature 710

100 �C Room temperature 711
100 �C 713
100 �C (after 30 min) 713
Back to room temperature 710

150 �C Room temperature 710
150 �C 714
150 �C (after 30 min) 714
Back to room temperature 710

200 �C Room temperature 710
200 �C 716
200 �C (after 30 min) 716
Back to room temperature 708

a Ao refers to the absorbance of the band in the as-deposited, i.e. non anneal

This journal is ª The Royal Society of Chemistry 2012
imperfections, due to the increase in the mean grain size. Simi-

larly, the strain h decreases with larger grain size and this

compressive stress is due to the grain boundary effect, which is

predominant in polycrystalline films.

The AFM and XRD studies therefore imply that the difference

in the annealing temperature dependent OTFT characteristics

may be attributed to the sizes, boundaries and orientations of the

clusters in the active layer. The quantitative examination of the

dependence of the OTFT characteristics on the grain boundaries

of the active layer of 1 was made from the Levinson plots in
(A:A) of the two main visible region bands during the annealing cycles of

A(1):Ao
a (2) lmax/nm A(2):Ao

a A(1):A(2)

1 641 1 1.443
0.97 642 0.97 1.438
0.98 642 0.98 1.440
1 641 1 1.443
1 641 1 1.387
0.94 643 0.94 1.386
0.93 643 0.94 1.371
1 640 1 1.369
1 640 1 1.426
0.86 645 0.88 1.392
0.84 645 0.87 1.365
0.88 640 0.94 1.339
1 641 1 1.430
0.8 653 0.9 1.265
0.78 652 0.88 1.269
0.87 638 0.98 1.273

ed, film.

J. Mater. Chem., 2012, 22, 19179–19189 | 19183

http://dx.doi.org/10.1039/c2jm33301e


Fig. 5 Dependence of output characteristics for the source-to-gate

voltage (VGS ¼ �30 V) on the annealing temperature of the film of 1: as-

deposited (solid rectangle), 50 �C (solid circle), 100 �C (solid triangle),

150 �C (open triangle) and 200 �C (open circle).

Fig. 6 AFM images of 1 films. (a) as-deposited and annealed fo

19184 | J. Mater. Chem., 2012, 22, 19179–19189
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Fig. 8 of ln(ID/VG) vs. 1/VG for VD ¼ �5 V. The linear graphs

show the dependence of ID on the density Ng of traps at the grain

boundaries of the phthalocyanine layer in the form:27

ID ¼ mGB0VD

W

L
CiVG exp

 
� q3Ng

2t

8303pc kTCiVG

!
(3)

where the trap-free mobility in the grain boundary mGB0 usually

depends on the grain size and the carrier concentration, but only

slightly on measurement temperature. Values of Ng and mGB0

were determined from the slope and the extrapolation for 1/VG

/ 0; the results are summarized in Table 3. Free space permit-

tivity 30 ¼ 8.85 � 10�12 F m�1, electronic charge q ¼ 1.6 � 10�19

C, Boltzmann constant k ¼ 8.62 � 10�5 eV K�1, temperature

T ¼ 300 K and dielectric constant 3pc ¼ 3 of 1 were used for the

calculations of Ng from eqn (3). The value of Ci for the OTS

treated SiO2 gate insulator was taken to be 1 � 10�4 F m�2.13 As

expected, values of mGB0 remain virtually the same for the films

which were annealed at a temperature # 100 �C. However, an

order of magnitude decrease was observed for mGB0 as a result of
r 30 minutes at (b) 50 �C (c) 100 �C, (d) 150 �C, (e) 200 �C.

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Results from AFM and XRD studies

Annealing temperature (�C)

AFM XRD

Average particle/cluster
size (mm)

Roughness
(nm)

Average grain
size (D) (nm)

Dislocation density
(d) (� 1014 m�2)

Strain (h)
(� 10�3)

As-prepared 0.2 2.5 17 34.6 36.0
50 0.5 3.3 24 17.4 4.7
100 0.8 1.6 62 2.60 6.4
150 1.0 4.5 52 3.70 7.1
200 2.0 7.9 Amorphous
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higher annealing temperatures. The values of Ng are of the same

order of magnitude for all annealing temperatures.

The transfer characteristic in Fig. 9 of drain–source current

ID(sat) versus gate voltage VG for drain–source voltage VD ¼ �40

V exhibits high on–off current ratios varying from 105 for an

OTFT annealed at 200 �C to 107 for annealing at 100 �C (shown

in Table 3). The density NSS of traps at the interface between the

organic layer and the gate SiO2 dielectrics is related to the sub-

threshold voltage swing S in the form:28
Fig. 7 XRD patterns of 1 films (a) as-deposited and annealed for 30 minute

Williams–Hall equations.

This journal is ª The Royal Society of Chemistry 2012
Nss ¼
�
S logðeÞ

kT
� 1

�
Ci

q
(4)

The sub-threshold voltage swing S, defined as the voltage VG

required to increase ID by a factor of 10, was estimated using the

formula in the form:

S ¼ dVG

dðlog IDÞ (5)
s at (b) 50 �C (c) 100 �C, (d) 150 �C, (e) 200 �C. Inset shows the plots of

J. Mater. Chem., 2012, 22, 19179–19189 | 19185
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Fig. 8 Levinson plot of ln(ID/VG) as function n of 1/VG for VD ¼ �5 V,

for transistors with 1 as active layer annealed at different temperatures: as

deposited (solid rectangle), 50 �C (solid circle), 100 �C (solid triangle), 150
�C (open triangle) and 200 �C (open circle).

Fig. 9 Transfer characteristics ID as a function of VG for VD ¼ �40 V

for transistors with 1 as active layer annealed at different temperatures:

as-deposited (solid rectangle), 50 �C (solid circle), 100 �C (solid triangle),

150 �C (open triangle) and 200 �C (open circle). Inset shows dependence

of on–off current ratio on annealing temperature.
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As shown in Table 3, values of S and NSS estimated for

OTFTs using the copper phthalocyanine derivative 1 as the

active layer are found to remain within the same order of

magnitude. Therefore, it can be assumed that the interfacial

characteristics between the amphiphilic OTS molecules and

both phthalocyanine films and hydrophilic SiO2 remained

unaffected by post thermal treatment of the films of 1. The

OTFT annealed at 100 �C showed the smallest trap density of

9.8 � 1015 eV�1 m�2 corresponding to a value of S ¼ 1.11 V

per decade.

The dependence of the saturation current ID(sat) on VG for

disordered OTFTs is described by the relationship:
ID ¼ bTFT(VG � VT)
2Tc/T (6)

where VT is the threshold voltage. bTFT is a constant depending

upon the aspect ratio, gate capacitance Ci, saturation field effect

mobility msat and carrier density r. TC is the characteristic

temperature associated with the width of the Gaussian or slope

of the exponential distribution of traps.29 Values of TC and VT

were determined from the slope and the intercept of the linear fit

in Fig. 10 to the relation in the form:
Table 3 Organic thin film transistor device characteristics constructed using

Annealing
temperature (�C)

Mobility
(cm2 V�1 s�1)

On–off
current ratio VT (V) S (V per decade)mGBO � 10�2 msat

As-prepared 0.29 0.08 1.2 � 106 �16 1.45
50 0.31 0.12 7.6 � 107 �2 1.22
100 0.28 0.70 8.4 � 107 �1 1.11
150 0.05 0.03 6.8 � 106 �1.3 1.59
200 0.01 0.01 1.3 � 105 �5 1.74

19186 | J. Mater. Chem., 2012, 22, 19179–19189
IDðsatÞ�
vIDðsatÞ=vVG

� ¼ T

2Tc

ðVG � VTÞ (7)

It is found from Table 3 that the annealed OTFTs switched on

at relatively low threshold voltages compared to the devices using

as-prepared semiconductor films. The shift in VT is believed to be

due to the bulk trap limited charge transport in the organic layer

and its value is related to the square root of the density NB of

these traps in the form:30

NB ¼ VT
2Ci

2

23pc30kT
(8)

Values of NB given in Table 3 are believed to be dependent

upon the combined effect of the grain size and roughness of the

films. The film annealed at 100 �C is estimated to have the

smallest density of the bulk trap with the lowest roughness.

Values of bTFT were obtained from the slope of linear

extrapolation of the plots of (ID(sat))
(1/2m+2) as VG in Fig. 11

according to the relation:31
compound 1

Trap parameters

Distribution
characteristics Density

Tc (K) EMN (meV)
Nss

(eV�1 cm�2) � 1012
Ng

(cm�2) � 1011
NB

(cm�3) � 1017

392 33.78 1.30 2.13 7.35
327 28.18 1.10 1.23 0.92
300 25.86 0.98 2.19 0.46
315 27.14 1.44 2.36 0.59
369 31.79 1.64 2.18 2.29

This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Plots of
IDðsatÞ

ðvIDðsatÞ=vVGÞ against VG for VD ¼�40 V: as deposited

(solid rectangle), 50 �C (solid circle), 100 �C (solid triangle), 150 �C (open

triangle) and 200 �C (open circle).
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b ¼ W

L

msat
1�mCi

2mþ1

ð2mþ 1Þð2mþ 2Þ�2303pcqkT�m
�
IDSðsatÞ
VDS

L

Wt

�m (9)

The power exponent m which determines the degree of

disorder of the structure of the active film of 1 is related to the

temperature TC through the relation:

m ¼ TC

T
� 1 (10)

When TC ¼ T, m ¼ 0 and under these circumstances, eqn (6)

indicates the square law dependence of ID(sat) on VG, similar to

one used for the transistors with a single crystal material as an

active layer.

Using eqn (9) and (10), values of msat were estimated as a

function of annealing temperature. As shown in the inset of

Fig. 11, there is a good correlation between TC and msat indi-

cating the presence of Meyer–Neldel behaviour.32 Earlier

transmission electron microscopy (TEM) studies on spin coated

films of a number of phthalocyanine analogues of 1 indicate

that during the evaporation process the molecules assemble to

form columnar structures.33 This process presumably also arises
Fig. 11 Plots of ID(sat)
1/(2m+2) against VG for VD ¼ �40 V: as deposited

(solid rectangle), 50 �C (solid circle), 100 �C (solid triangle), 150 �C (open

triangle) and 200 �C (open circle). Dependence of msat (solid square) and

Tc (open square) on annealing temperature are shown in inset.

This journal is ª The Royal Society of Chemistry 2012
during the fabrication of spin coated films of 1. X-ray diffrac-

tion measurements indicated that they were comprised of layers

of columns whose axes are parallel to the surface of the

substrate, i.e. with the molecules arranged ‘edge-on’ to the

surface. Such an arrangement is expected to be conducive to one

dimensional flow of current ID between the drain and the source

near the interface with the gate insulator through overlap of p–

p molecular orbitals within the columnar stacks. However, it is

evident from the AFM images and XRD patterns described

earlier that the channel is not a single crystalline structure. The

films annealed at different temperatures are expected to contain

high density of traps with characteristic Meyer–Neldel energies

EMN (¼ kTC) of the exponential tail states distributed between

33.8 meV and 25.9 meV (Table 3). For the ratio of
EMN

kT
s1, eqn

(10) suggests that trapped charges do not contribute to the drain

to source current and therefore the mobility msat becomes

dependent upon the ratio of trapped-to-free carriers controlled

by the gate bias. For the film annealed at 100 �C, EMN z kT

and the ratio of trapped-to-free carriers is small as for a nearly

perfect crystalline film, giving the highest value of msat. The

Meyer–Neldel behaviour has been observed in space charge

limited conduction through thermal evaporated fluorinated

copper phthalocyanine films and the trap characteristics are

believed to be associated with the structure disorder inherent

with the vacuum preparation.34 Similarly, the disorder features

in the active layer of 1 may be attributed to the thermal

annealing process in the present investigation. It has also been

reported that the improved control of the organic film

morphology can be achieved by laser annealing at low

temperature.35 Compound 1 also exhibits strong anisotropic

charge transport in the direction of the discotic stacking direc-

tion because the values of the mobility obtained in the present

work from the time of flight and field effect measurements are

different. Similar anisotropic conduction behaviour has been

observed for 2(3),9(10),16(17),23(24)-tetra(2-decyltetradecyloxy)

metal-free phthalocyanine. However, the mobility obtained

from time of flight and field effect experiments was very low, in

the range between 10�3 cm2 V�1 s�1 and 10�7 cm2 V�1 s�1.36

The Fermi level of gold is typically about 0.7 eV above the

highest occupied molecular orbital level (HOMO) of a copper

phthalocyanine derivative.37 The active phthalocyanine layer

formed Schottky type contacts with both source and drain

electrodes. It can be seen from the output characteristics in

Fig. 12, of the OTFT annealed at 100 �C, that the rise of ID with

increasing VD at low bias is small due to significant reduction in

injection of carriers through the wide barrier at the source elec-

trode. The effective contact resistance RC is written in the form:38

Rc ¼ VD

ID
� L

meffWCi

1

ðVG � VTÞ
�
2TC

T
¼ 1
	 (11)

where the effective mobility meff is estimated from Fig. 8.

As shown in the inset of Fig. 12, values of RC for OTFTs were

found to decrease with increasing the gate voltage VG indicating

that the potential barrier at the forward-biased source electrode

became sufficiently narrow resulting in increased tunneling

current. Since the gold electrodes were covered by the film of 1 in

a bottom-gate configuration, the decrease in RC on annealing of
J. Mater. Chem., 2012, 22, 19179–19189 | 19187
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Fig. 12 Output characteristics for gate voltage VG (�40V# VG # 0 V).

for the transistor with 1 as active layer annealed at 100 �C. Inset shows
the dependence of the contact resistance RC on VG for active layer

annealed at different temperatures: as-deposited (solid rectangle), 50 �C
(solid circle), 100 �C (solid triangle), 150 �C (open triangle) and 200 �C
(open circle).
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the active layers is believed to be primarily related to the degree

of the film crystallinity as seen previously in the XRD patterns in

Fig. 7. Values of RC for OTFT annealed at 100 �C are smaller

than that of the as-deposited transistor by approximately three

orders of magnitude.
4. Conclusion

The annealing temperature of the active layer of copper phtha-

locyanine 1 is found to have produced a significant effect upon

the transistor performance of the OTFT. Molecules are well

aligned in the spin-coated film with their columnar axis parallel

to the substrate. The drain–source current is believed to be one

dimensional hole transport via the overlap of p–p molecular

orbitals through the accumulation layer. Although no noticeable

changes in the molecular packing due to thermal annealing have

been observed by optical absorption spectroscopy unless the

temperature was raised to 200 �C, a disordered film structure is

evident from AFM images which reveal an annealing tempera-

ture dependent growth of crystallites in different shapes, sizes

and orientations. This gives rise to the variation in the charac-

teristic Meyer–Neldel energy for the width of the tails of expo-

nentially distributed traps. For the film annealed at 100 �C the

Meyer–Neldel energy is close to the thermal energy at room

temperature implying that the morphology of highly packed rod-

like crystallite structure with good grain interconnectivity

produces a nearly single crystalline field effect behaviour.

Therefore, the OTFTs using the annealed layer at this tempera-

ture produce the transistor parameters in terms of on–off ratio,

and field-effect mobility comparable to those reported for small

molecule transistors.
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