Vol 17 No 10, October 2008
1674-1056/2008/17(10)/3822-05

Chinese Physics B

© 2008 Chin. Phys. Soc.
and IOP Publishing Ltd

The effect of annealing temperature and film thickness

on the phase of pentacene on the p™-Si substrate®

Yuan Guang-Cai(3) 4), Xu Zheng(# 1E)T,
Huang Jin-Zhao(# 4:Hf),

Zhang Fu-Jun(5k#ifR),

Zhao Su-Ling (%),
Huang Jin-Ying (354 9¢),

Tian Xue-Yan(HZ ), and Xu Xu-Rong (fREUA)

Institute of Optoelectronic Technology, Beijing Jiaotong University, Beijing 100044, China

Key Laboratory of Luminescence and Optical Information (Beijing Jiaotong University),

Ministry of Education, Beijing 100044, China

(Received 14 November 2007; revised manuscript received 11 April 2008)

This paper investigates the morphology and crystallization properties of the two crystalline phases of pentacene

grown by thermal evaporation on pt-Si substrates at room temperature by the methods of atomic force microscopy

and x-ray diffraction. This kind of substrate induces a thin film phase and a triclinic phase which are formed directly

onto pT-Si substrates and constitute a layer consisting of faceted grains with a step height between terraces of 15.8 A

(1 A=0.1 nm) and 14.9 A, respectively. Above the critical thickness of the thin film phase, lamellar structures are found

with an increasing fraction with the increase of the film thickness. When the film thickness is fixed, the fraction of

lamellar structures increases with the increase of annealing temperature. These lamellar structures are identified as the

second phase with a interplanar distance of 14.9 A corresponding to the pentacene triclinic phase. Furthermore, the

thin film phase consisting of several micrometre sized uniformly oriented grains at an annealing temperature of less than

80°C and a deposition rate of 0.6 A/s is observed.
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1. Introduction

Organic thin-film transistors (OTFTs) are of in-
terest for the fabrication of low-cost, mass-produced
electronics using flexible substrates and low-end elec-
tronics. The performance of OTFTs has been im-
proved significantly in the past decade and already
reached a comparable status to hydrogenated amor-
phous silicon transistors (a-Si:H TFT).'=4 OTFTs
is a powerful experimental tool to investigate the
charge carrier transport properties of organic materi-
als, including the density of states distribution, charge
carrier mobility and stability. Pentacene is an in-
teresting semiconducting organic material for use in
OTFTs.b~7 Recently, many articles attempted to ex-
plain the temperature dependence of the charge car-
rier mobility in terms of a fundamental transport

pentacene, morphology, crystalline phase, thin-film transistors

mechanism, which were ascribed to traps and/or con-
tact effects. Besides these effects, the thin film mor-
phology and the organic molecular crystal structure
also are crucial parameters for the OTFT characteris-
tics. From x-ray diffraction (XRD) and atomic force
microscopy (AFM) studies, it is shown that thermal
evaporated pentacene thin films typically consist of
two crystalline phases and two layer structures with

different monomolecular step height.[8—10l

In this work we present our experimental investi-
gations on the properties of pentacene thin films grown
by means of thermal evaporation on pT-Si surfaces.
Firstly, morphologies of two crystalline phases of pen-
tacene are investigated and the influence of annealing
temperature and thickness is compared. Finally, we
obtained the dependence of the crystalline phase on
the film thickness and annealing temperature.
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2. Experimental

In order to investigate the potential of pentacene
as the active layer of OTFTs, firstly we prepared pen-
tacene films with different thickness on highly doped
pT-Si wafer substrates. pT-Si substrates were cleaned
with acetone, ethanol, and deionized water in this par-
ticular order by ultrasonics. These different thick pen-
tacene films (J&K Chem. Co. 98% used without
any further purification ) from a quartz boat with a
lid through two small holes (3 mm diameter) were de-
posited onto pT-Si wafers at a pressure of 2.5x107° Pa
by the thermal evaporation. The evaporation rate of
pentacene and the substrate temperature were 0.6 A /s
and room temperature, respectively. The thicknesses
of pentacene are 80 nm, 100nm, 120nm and 150 nm,
respectively. Then all samples were annealed for 120
minutes at different temperature in the vacuum oven
at 1.0x10~! Pa. Finally, the surface morphology and
crystallization of pentacene thin films were measured
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by AFM, and XRD, respectively.

3. Results and discussion

The pentacene thin films were deposited on highly
doped pT-Si wafers and annealed at different temper-
ature between 40°C and 120°C. Through XRD mea-
surement, an increase of the ratio between the two
observed diffraction peaks was observed in the pen-
tacene films with the thicknesses of 120 nm and 100 nm
respectively, as shown in Fig.1. While pentacene was
deposited at room temperature, its XRD consists of
the thin film phase completely and is characterized by
one set of diffraction peaks in XRD spectra with in-
terplanar distance of 15.8A (phase 1). The increase of
the annealing temperature introduces a second set of
diffraction peaks with interplanar distance of 14.9 A
(phase 2), which is attributed to the pentacene tri-
clinic phase. Annealed at 110°C the first order diffrac-
tion peak of both phases of pentacene is equal.
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Fig.1. The inset shows a typical XRD spectrum of a thermal evaporated pentacene, thin film thickness

120nm (a) and 100 nm (b), annealing temperature of 80°C on p-Si, indicating two crystallographic phases

with a interplanar distance of 14.9 A and 15.8 A, respectively. Furthermore, the ratio of the intensity

of the first order diffraction peak of phase 2 relative to phase 1 is shown as a function of annealing

temperature and thin films thickness of pentacene thin film.

In order to confirm and identify both pentacene
thin film phases, we analysed thin films deposited at
a constant deposition rate (0.6 A/s) and annealed at a
constant temperature (80°C with various thicknesses.
The obtained XRD spectra of these films are shown in
Fig.2. An increase of the ratio between two observed
first order diffraction peaks in XRD scans, as shown
in Fig.1, is observed. Then, a varying ratio between
these diffraction peaks of both phases was detected
again. The film thickness is incrassate; the intensity
of the set of peaks corresponding to the triclinic phase

enhances.['1:12]

The XRD data show that the pentacene triclinic
phase appears after a critical thickness of the thin film
phase and the fraction of triclinic phase increases with
the film thickness (shown in Fig.2).'3) The critical
thickness of the thin film phase is strongly dependent
on the annealing temperature. For a room temper-
ature substrate, the critical film thickness decreases
with the increasing annealing temperature. At an an-
nealing temperature of 80°C, the critical film thickness

is about 80nm (shown in Fig.1.(a)). These results



3824 Yuan Guang-Cai et al Vol. 17

1 pentacene thin-film
1 \ d=150 nm
4 phase 1
15.8A
" phase 2
= A 14.9 A
: i
5] d=120nm
o)
RN
~
Z ]
w0
<
g ]
R
] Jd d=100nm
L M.
] d=80nm
L l A
0 20 40 60 80

260/(°)

Fig.2. XRD spectra of pentacene films with thicknesses
d of 80nm, 100nm, 120nm and 150nm deposited at a
substrate temperature of room temperature. At a film
thickness of 150 nm, the triclinic phase diffraction peak
has become the dominant phase. In contrast to the XRD
spectrum of very thin film of 80 nm thickness, the thin film
phase is the only contribution.

indicate that the thin film phase is a substrate and an-
nealing temperature induced phase, the critical film
thickness of this phase is strongly dependent on the
film thickness at a fixed substrate temperature (shown
in Fig.1(b)). The analysis shows an increasing fraction
whose AFM patterns turn out that pentacene has a
lamellar-like structure (shown in Fig.3(b)) with the
increased annealing temperature. When the anneal-
ing temperature is lower than 80°C, this lamellar like
structure of pentacene is not observed completely at
same condition. This suggests that the lamellar-like
structure can be identified as the triclinic phase of
pentacene

AFM patterns of the films with layer thicknesses
of 80 and 100 nm are shown in Fig.3.'4) The film con-
sisting only of the thin film phase (shown in Fig.3(a))
shows uniformly distributed 1.5-2.0 yum sized grains
with strong faceting behaviour. These grains have a
layered structure with a monomolecular step height
of roughly 1.5nm which corresponds to the inter-
planar distance of 15.8 A as observed in the XRD
spectra (shown in Fig.4(a)). The faceting behaviour
is observed at every separate terrace and oriented
along the same crystallization direction, indicating a
preferential growth direction of the crystallite. The
faceting directions are along the [110] and the [110]
unit cell direction corresponding to the herringbone
directions, %! as observed with molecular resolved im-
ages on one terrace (shown in Fig.4(b)).

Fig.3. AFM patterns of pentacene thin films at deposited film thickness of (a) 80 nm showing
faceted terrace-like thin layers of the pentacene thin film phase and (b) 100 nm showing lamellar-
like structures, which is attributed to the pentacene bulk phase; the background morphology is

thin film ordered phase.
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Fig.4. (a) The section analysis spectrum of grains layered structure with a monomolecular step height of

roughly 1.5 nm which corresponds to the interplanar distance of 15.8 A (D is scanning vertical distance, L

is scanning horizontal distance) and (b) AFM images of pentacene thin films at deposited film thickness

of 80 nm showing the herringbone-like directions thin layers of the pentacene thin film.

According to the molecular resolved image, we
estimate that the axis values (a and b) of the in-plane
unit cell of the thin film phase are comparable with
the values known for triclinic phase pentacene. From
this we conjecture that the major difference between
the thin film phase and the triclinic phase is the length
and orientation of the c-axis in the unit cell. AFM pat-
terns of films with a thickness above the critical thick-
ness reveal that pentacene molecules like lamellar-like
plates (Fig.3(b)) with a length of 1.5-3.0 um. The
density of these lamellar-like structures is observed to
increase with the increase of the film thickness.

The observed two crystalline phases in XRD spec-
tra can now be identified with the corresponding mor-
phology by using the AFM and XRD measurements.
The increase of the lamellar-like structures with the
film thickness as observed by AFM together with the
increase of phase 2 in the XRD spectra lead to the con-
clusion that the lamellar-like structures can be identi-
fied as pentacene triclinic phase. The thin film phase
is characterized by strongly facetted grains and ini-
tially grows onto the substrate with a critical film
thickness which is dependent on the annealing tem-
perature. The size of the grains of the thin film phase
(Fig.3(a)) is strongly dependent on the evaporation
parameters. Both the increase of annealing tempera-
ture (40 to 120°C) and the decrease of the deposition
rate at a constant temperature yield an increase of

the size of the individual grains (1-2 pm) which are
uniformly oriented with the same azimuthal orienta-
tion with respect to the substrate plane. We believe
that the obtained OTFT's with high mobility are likely
to consist solely of the thin film phase. Ideally, one
would like to use these single phased pentacene tran-
sistors in order to study the fundamental transport

properties. %]

4. Conclusions

In this paper we have experimentally identified
the morphology of the two crystalline phases which
exist in thermal evaporated pentacene thin films on
We show that a thin film phase
is formed directly onto the p™-Si substrate, which

pT-Si substrates.

induces a layer consisting of faceted grains with an
interplanar distance of 15.8 A. Above a critical film
thickness, the thin film phase is dependent on the
annealing temperature. And lamellar-like structures
are found with an increasing fraction as a function
of the film thickness. These structures are identified
as the second phase, and are attributed to the pen-
tacene triclinic phase with an interplanar distance of
14.9 A. Therefore we could obtain single phase pen-
tacene based OTFTs with high mobility through con-
trolling the annealing temperature and the film thick-

ness.
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