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Abstract. We investigate the molecular orientation transition and resulting morphology of copper phthalocyanine (CuPc)
thin ﬁlms induced by solvent–vapour annealing (SVA) in detail. Seven solvents are utilized to tune the morphology of CuPc
thin ﬁlms. The morphology, crystalline structure and optical properties of the CuPc active layer were investigated through
ﬁeld emission scanning electron microscopy (FESEM), X-ray diffraction (XRD) and ultraviolet–visible (UV–Vis) absorption
spectrum, respectively. The result demonstrates that morphology and structure are depended on the type of solvents. The
high crystallinity of the CuPc ﬁlms with a larger grain size and less grain boundaries can be observed. As a result, the
resistance of the conducting channel is decreased, leading to an improved performance of the organic ﬁeld-effect transistor
(OFET).
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1. Introduction
Organic ﬁeld-effect transistor (OFET) has attracted much
attention for its promising application in organic electronics [1–10]. CuPc is used as active layer in OFET due to its
low cost, high thermal and chemical stabilities and excellent
ﬁeld-effect characteristics [11–17]. The structure and morphology of CuPc thin ﬁlms play an important role on the
performance of OFET. It was shown that the high molecular orientation in thin ﬁlms can increase the mobility of the
devices and determine its intrinsic properties [11,18–25]. The
low mobility and high threshold voltage have hindered their
practical application in OFET [15,26,27]. In recent years,
many researches focussed on changing the morphology of
thin ﬁlms and having the preferred orientation of thin ﬁlms
on the SiO2 /Si substrate via various methods, such as substrate temperature [11,15,16], active layer material [28–30],
active layer structure (amorphous or single crystal [31,32]),
deposition rate [33], post-deposition annealing [34,35] and
solvent–vapour annealing (SVA) [36–41]. The performance
of OFET has a great improvement through these approaches
and methodologies. Our study is to obtain high performance
OFET by treating CuPc thin ﬁlms with SVA.
In this study, bottom-gate and bottom-contact OFET are
fabricated, CuPc is used as organic active layer material, the
p-doped Si substrate as the gate electrode and copper (Cu)
metal as the source/drain electrodes. We have investigated

the effect of SVA with seven different solvents on the
morphology, crystalline structure and optical properties of
CuPc thin ﬁlms and electrical characteristics of OFET. The
results suggest that the optimized CuPc thin ﬁlms are obtained
through petroleum ether vapour annealing and the performance of the corresponding OFET is improved greatly.

2. Experimental
The source CuPc powder (in β-form, purity >99%, obtained
from J&K chemical, China) taken in a quartz boat was heated
in the high vacuum chamber. Petroleum ether (PE), benzene,
acetone, tetrahydrofuran (THF), dichloromethane (DCM),
N,N-dimethylformamide (DMF) and ethyl alcohol (EA) were
analytical grades and used without further puriﬁcation. Quartz
glass/silicon wafers were cleaned in deionized water, acetone
and isopropyl alcohol consecutively for 15 min by ultrasonic
bath and dried with ﬂowing nitrogen. Quartz glass/silicon
wafers were boiled in concentrated sulphuric acid and hydrogen peroxide (ratio 7:3) for 20 min at 100◦ C, and annealed
with octadecyl trichlorosilane (OTS) in methylbenzene for
2 h at room temperature (20◦ C). All CuPc thin ﬁlms were
deposited on Quartz glass/silicon wafers at a chamber pressure of 7 × 10−4 Pa. The rate of deposition and the thickness
of the deposited CuPc thin ﬁlms were maintained at 0.2 Å s−1
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and 40 nm, respectively. CuPc thin ﬁlms were annealed for
1 h in different solvent–vapours (PE, benzene, acetone, THF,
DCM, DMF, EA) at extremely dry and under ambient conditions. A 300 nm oxide layer used as gate dielectric has a
capacitance of 8 nF cm−2 (measured by an Agilent E4980A
LCR meter) after OTS treating. A 80 nm Cu ﬁlm acting as
source/drain electrode was deposited at a chamber pressure
of 7 × 10−4 Pa through a shadow mask, deﬁning channel
width (W) and length (L) of 1000 and 10 μm, respectively.
The rate of deposition and the thickness of the deposited Cu
ﬁlm were maintained at 0.2 Å s−1 and 80 nm. Based on CuPc
as active layer, the molecular structure of CuPc and OFET
conﬁguration are shown in ﬁgure 1.
The CuPc thin ﬁlms were characterized by FESEM, XRD,
UV–Vis absorption spectrum. FESEM (model: Hitachi S4800II, Japan) was used to record the scanning electron
micrographs (SEM) of the CuPc thin ﬁlms. XRD of CuPc thin
ﬁlms were recorded at a scan rate of 2◦ min−1 by Seifert XRD
3000P Diffractrometer with CuKα radiation (0.15418 nm).
UV–Vis spectrophotometer (model: Lambda35, PE, USA)
was used to record the absorption spectra of CuPc thin ﬁlms
at room temperature. The device performance was evaluated
in air at room temperature by a Keithley 2400 Source Meter
semiconductor analyzer.
3. Results and discussion
The morphology of CuPc thin ﬁlms plays a critical role in
determining their macroscopic semiconducting performance.
FESEM images of 40 nm CuPc thin ﬁlms annealed in different solvent–vapours for 1 h are shown in ﬁgure 2. The
image of CuPc thin ﬁlms deposited on bare quartz is shown
in ﬁgure 2a, which shows that nanosized particles are uniformly distributed. The image of CuPc thin ﬁlms annealed in
PE vapour is shown in ﬁgure 2b, which shows some regular nanorods of nearly 50 nm width and length around from
400 to 700 nm. The image of CuPc thin ﬁlms annealed in
benzene vapour is shown in ﬁgure 2c, more dense packing of
CuPc nanoribbons with different lengths ranging from 300 to
700 nm and width of nearly 80 nm was found to be deposited
regularly. The image of CuPc thin ﬁlms annealed in acetone
vapour is shown in ﬁgure 2d, which shows clearly the sparse
packing of nanosized nanobelt-like bamboo leaf with length
of nearly 500 nm and different widths ranging from 50 to

Figure 1. (a) Chemical structure of CuPc molecule and (b) the
conﬁguration of OFET.
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80 nm. The image of CuPc thin ﬁlms annealed in THF vapour
is shown in ﬁgure 2e, which shows clearly the dense and uniform packing of nanosized nanobelt-like bamboo leaf with
length of nearly 400 nm and different widths ranging from
50 to 100 nm. The image of CuPc thin ﬁlms annealed in
DCM vapour is shown in ﬁgure 2f, which shows clearly the
sparse and uniform packing of nanosized linear nanoribbons
with length of nearly 600 nm and width of nearly 60 nm. The
image of CuPc thin ﬁlms annealed in DMF vapour is shown
in ﬁgure 2g, which shows clearly thick and nonuniform packing of rods with branches whose length is from 700 to 1.5 μm
and width is nearly from 100 to 120 nm. The image of CuPc
thin ﬁlms annealed in EA vapour is shown in ﬁgure 2h,
which shows a small number of nanorods in comparison with
ﬁgure 2a. The morphology of CuPc thin ﬁlms depends on solvent characteristics through the process of CuPc molecular
rearrangement.
To elucidate the morphology transition process in detail,
the FESEM images of 40 nm CuPc thin ﬁlms annealed
in PE vapour for different immersion times are shown in
ﬁgure 3. Figure 3a shows clearly almost uniform distribution
of some small particles in nanoscale. Figure 3b shows that
the large-size nanorods are formed easily in PE vapour for
only 10 min. As the immersion time increased to 20 min, the
larger nanorods become visible in morphology with further
immersion in ﬁgure 3c. As the immersion time is increased to
60 min, ﬁgure 3d shows that there is little change in morphology compared to an immersion time of 20 min. An immersion
time of 20 min in PE vapour appears to be sufﬁciently long
for a 40 nm CuPc thin ﬁlms to form the largest nanorods. Solvent molecules can penetrate into the CuPc thin ﬁlms when
the samples are immersed in PE vapour, the annealing process takes about 20 min and a equilibrium is achieved due to
the poor solubility of CuPc in PE. The results in ﬁgure 3 also
suggest that the formation of large-size nanorods and the morphology transition do not take place during immersion in PE,
if not, the longer the immersion time, the greater the amount
and size of the large-size nanorods. We can conclude that
the formation of large-size nanorods takes place during solvent evaporation. Evaporation of the solvent molecules can
induce rearrangement of the CuPc molecules in thin ﬁlms.
The more the amount of solvent in the ﬁlms, the more the
CuPc molecules will rearrange, resulting in an increased number of large-size nanorods (ﬁgure 3b and c). The transition
process should closely relate to solvent evaporation in the
process of drying under ambient conditions. CuPc thin ﬁlms
with saturated solvent have almost the same evaporation time
and show the similar morphology of CuPc thin ﬁlms (ﬁgure 3c–d). These results suggest that the amount of absorbed
solvent in the CuPc thin ﬁlms and the evaporation rate of the
solvent molecules are both important factors during the formation of large-size nanorods. This process is similar with
copper hexadecaﬂuorophthalocyanine (F16 CuPc) thin ﬁlms
induced by solvent annealing [39]. The solvent properties, i.e.,
vapour pressure, evaporation rate and electronic interaction,
play an important role in determining the ﬁlm morphology.
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Figure 2. FESEM images of 40 nm CuPc thin ﬁlms annealed in (a) pristine; (b) PE; (c) benzene;
(d) acetone; (e) THF; (f) DCM; (g) DMF and (h) EA vapour for 1 h and then dried under ambient conditions.
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Figure 3. FESEM images of 40 nm CuPc thin ﬁlms annealed in PE vapour for (a) 0, (b) 10, (c) 20 and
(d) 60 min.

The evaporation of solvent induces the CuPc molecules to
move, leading to aggregation, nucleation and growth. The formation of large-size nanorods shows a close relationship with
the amount of solvent absorbed in the ﬁlms and the evaporation rate of the solvent. Slower evaporation rates and increased
absorption by the solvent are both helpful in the formation of
the larger nanorods. PE is a nonpolar solvent, the interaction between PE and CuPc is weak, hence, larger nanorods
are formed. The interaction between EA explored most polar
solvents and CuPc is strong, therefore, smaller nanorods are
formed. The morphology of the CuPc thin ﬁlms treated with
other solvent vapour is between the two.
Figure 4 shows the XRD patterns for 40 nm CuPc thin ﬁlms
deposited on bare quartz at room temperature (20◦ C) with different SVAs for 1 h and then dried under ambient conditions.
It can be seen from ﬁgure 4 that a single sharp reﬂection at 2θ
of 6.9◦ (d = 12.8 Å) corresponding to the (200) lattice plane
of α-phase of CuPc is observed [15,28,42]. Thus, solvent–
vapour is different, since the position of the diffraction peak
is not changed, which conﬁrms that the CuPc thin ﬁlms have
the same polycrystalline structure. The reﬂection intensity
at 6.9◦ shows a corresponding increase and sharpening with

different solvent–vapours, which indicates better ordering
and enhanced crystallinity within CuPc thin ﬁlms. The better
CuPc thin ﬁlms orientation, the stronger the diffraction peak
intensity, the greater crystallinity, the resulting CuPc thin ﬁlms
look very promising for the fabrication of high-performance
OFET. The diffraction peak of the annealed CuPc thin ﬁlms
in THF vapour has a small peak at a high diffraction angle.
This suggests that the annealed ﬁlms are in a transition
process.
The crystalline size from XRD spectra (D) was calculated
using the Scherrer equation [33].
D=

kλ
,
β cos θ

where β is FWHM, k the constant (with a value of 0.94), λ
the wavelength of the XRD and θ is the Bragg angle.
Figure 5 shows the relationship between the average crystalline size and the different SVAs for the 40 nm CuPc thin
ﬁlms. The estimated average crystalline size changes from
around 1.45 nm (Pristine) to 3.32 nm (PE) with different
solvent–vapours. This indicates that the crystallinity of the
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Figure 4. XRD patterns of CuPc thin ﬁlms deposited on quartz, the
representative curves in each ﬁgure give the pattern with different
SVAs for 1 h and then dried under ambient conditions.
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Figure 5. The average crystalline size calculated from the full
width at half maximum (FWHM) of the XRD peak by using the
Scherrer equation vs. 40 nm CuPc thin ﬁlms deposited on bare quartz
at room temperature (20◦ C) with different SVAs for 1 h and then
dried under ambient conditions.

CuPc thin ﬁlms is different with different solvents. The crystalline size of CuPc thin ﬁlms annealed in PE vapour is the
largest. Therefore, the corresponding OFET might show a
better performance.
The optical absorption spectra of 40 nm CuPc thin ﬁlms
deposited on bare quartz with different SVAs for 1 h and then
dried under ambient conditions are recorded at room temperature (20◦ C). The optical absorption spectra of CuPc thin
ﬁlms are shown in ﬁgure 6. Each curve represents the spectrum of CuPc thin ﬁlms with a speciﬁc SVA. It is indicated that
the UV–Vis spectrum of CuPc originates from the molecular
orbitals within the aromatic 18-π electron system and from
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Figure 6. The optical absorption spectra and the representative
curves in the ﬁgure give the pattern for different SVAs.

overlapping orbitals on the central metal [43]. In the near
UV region, the B-band representing the π → π * transition
appears with peak position in the range about 329–349 nm
depending on the nature of the substrate used [43,44]. The
absorption band in the visible region for each sample ﬁlm
known as the Q-band representing the π → π * transition
[44] has a doublet due to Davydov splitting [45] with peak
position in the range about 630–693 nm depending on the
nature of substrate used. From ﬁgure 6, it is clear that the
relative intensity of peaks annealed CuPc thin ﬁlms depends
on the speciﬁc solvent vapour, the relative intensity of peaks
annealed CuPc thin ﬁlms in PE vapour is the strongest and the
relative intensity of peaks annealed CuPc thin ﬁlms in acetone
vapour is the weakest, the relative intensity of peaks of pristine CuPc thin ﬁlms is weaker. The changes in the intensity of
peaks annealed CuPc thin ﬁlms in different solvent–vapours
are attributed to the changes in the morphology and crystalline
structure of CuPc thin ﬁlms. In the Q-band, the intensity of
higher energy peak is stronger than that of the lower energy
peak, this behaviour represents the typical features of the
α-phase of CuPc [28], and the result is consistent with that of
XRD.
To examine the relationship between physical properties of
solvents for SVA and the OFET performances, we also inspect
the effects of polarity of the solvents studied: EA (most polar
solvent explored, solubility parameter δ = 27.6 J1/2 cm−3/2 ),
DMF, acetone, THF, DCM, benzene and PE (nonpolar, δ =
14.4−14.9 J1/2 cm−3/2 ) on structural rearrangement of CuPc
and the OFET performance accordingly. Solvent physical
properties and the OFET performance are listed in table 1.
A summary of the OFET statistics for the saturation mobility
(μsat ), the threshold voltage (VT ) and the on–off current ratio
(on/off) after 1 h of SVA with each of the solvent is presented
in table 1. The output characteristics of OFET with PE vapour
annealing for 1 h is shown in ﬁgure 7, which is the drain–
source current (Ids ) vs. the drain–source voltage (Vds ) for
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Table 1.
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Physical properties of solvents with SVA and the OFET performances.

Solvent

Boiling point (◦ C)

Vapour pressure (kPa)

Solubility parameter,
δ (J1/2 cm−3/2 )

μsat (cm2 V−1 s−1 )

VT (V)

On/off

Pristine
EA
DMF
Acetone
THF
DCM
Benzene
PE

78.32
153.0
56.12
66
39.75
80.1
40–80

5.333 at 19◦ C
0.5 at 25◦ C
24.64 at 20◦ C
23.46 at 25◦ C
46.5 at 20◦ C
10.67 at 21.293◦ C
53.32 at 20◦ C

27.6
24.8
20.5
20.3
19.8
18.7
14.4–14.9

0.00025
—
—
—
—
0.0033
0.0022
0.0038

17
—
—
—
—
11.5
16
12.3

102
—
—
—
—
103
103
103

-0.25

Vgs:
-0.20

characteristics of OFET with THF, acetone, DMF and EA
vapour annealing for 1 h and that of untreated OFET are very
poor. We discern that the performance of OFET with PE
vapour annealing (μsat = 0.0038 cm2 V−1 s−1 , VT = 12.3 V,
on/off = 103 ) is much more effective than that of OFET with
other SVAs. Most results are in accordance with the analytical
results of SEM, XRD and UV.
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Figure 7. Output characteristics (Ids vs. Vds , for different Vgs = 0,
10, 20, 30 and 40 V) of the OFET with PE vapour annealing for 1 h.
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In this study, the characteristic OFET based on CuPc were
investigated. The morphology and molecular orientation of
CuPc thin ﬁlms are tuned using SVA. SVA leads to a
rearrangement of CuPc molecules in thin ﬁlms and results
in large-size nanorods. The solubility parameter of solvent
plays an important role in determining thin ﬁlms morphology.
We have analysed SEM, XRD, UV of CuPc thin ﬁlms, output characteristics and transfer characteristics of the OFET.
All results show the performance of OFET with PE vapour
annealing for 1 h is the best. The resulting CuPc thin ﬁlms
tuned by SVA have a great prospect of application for the fabrication of high-performance organic electronic devices such
as OFET.
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Vds = 20 V) of the OFET with PE vapour annealing for 1 h.

different gate-source voltages (Vgs = 0, 10, 20,
√ 30 and 40 V)
of the OTFT, the transfer characteristics (the /Ids / vs. Vgs ,
for Vds = 20 V) of the OFET with PE vapour annealing for
1 h is shown in ﬁgure 8. Table 1 shows the OFET characteristics with PE vapour annealing for 1 h are better than the
OFET with benzene and DCM vapour annealing for 1 h, the
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