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ABSTRACT KEYWORDS

A new instrumentation was developed to study the in situ electrical and A vacuum deposition system
crystallographic properties of organic thin film transistor during vacuum for in situ X-ray diffraction
deposition. We characterized pentacene (PEN) and perfluoro-pentacene and electrical measurements;
(PFP) co-deposited organic thin film transistor with various mixing ratio grg?mc thin film transistors;
using this equipment. Lattice parameters and crystal orientations of PEN szﬂigig_er’)emacene

and PFP alloyed phases (named o-phase and A-phase) were determined

using an in situ two-dimensional grazing incidence X-ray diffraction (2D-

GIXD) measurement. The observed 2D-GIXD patterns clarified that the

o-phase is in triclinic unit cell with the following lattice parameters: a =
0.67nm,b=0.75nm,c=158 nm,a« =95.7° $ =94.2°and y = 84.0°.The c

plane of o-phase crystal is parallel to the substrate surface. The A-phase

is also in triclinic with the following lattice parameters: a = 0.66 nm, b =

0.69nm, c =156 nm,« =109.5° 8 =113.0° and y = 81.5°. The a plane of A-

phase crystal was parallel to the substrate surface. It was also found the

best symmetric hole and electron mobility (x,, = 5.5 x 107* cm?V~'s™

and 1, =51 x 10~* cm?V~'s™") were obtained at PEN: PFP = 1:1.

Introduction

Crystallographic characterization of organic thin film such as grain size, crystal polymorphs,
and crystal orientation is necessary for improving the performance of organic thin film tran-
sistors (OTFTs). The crystallographic characterization of OTFTs has been carried out in air
generally. Recently, Mannebach et al. investigated not only the crystal orientation and poly-
morphs but also transport property within the channel region of OTFTs in air [1]. However,
the organic semiconductor material is susceptible to the oxidative degradation by exposed to
light and air [2-4]. Therefore, in situ electrical and crystallographic studies without the air
exposure and wetting are necessary.

Co-deposited thin films have attracted attention because of their application for organic
device including organic solar cells and organic ambipolar transistors [5-7]. It was reported
that PEN and PFP co-deposited thin film works as an ambipolar OTFT [7]. Salzmann
et al. and Hinderhofer et al. also proposed that it forms two types of alloyed phases named

CONTACT Takeshi Watanabe ®t5511001@sprin98.or.jp @Japan Synchrotron Radiation Research Institute, Sayo, Japan.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/gmcl.
© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/15421406.2016.1201411
mailto:t5511001@spring8.or.jp
http://www.tandfonline.com/gmcl

MOLECULAR CRYSTALS AND LIQUID CRYSTALS [3591/169

“o-phase” and “A-phase” [8, 9]. However, their crystal structures, even their lattice parame-
ters, are unclear.

In this work, we developed a new instrumentation which enables to investigate the charge
transport and crystallographic properties of organic semiconductor without air exposure. We
also characterized co-deposited PEN and PFP OTFTs.

Instrumentation and experimental

(1) Instrumentations

In situ electrical and crystallographic characteristics of OTFT were conducted using home-
made portable deposition chamber schematically shown in Figure 1. The chamber can be
mounted to multi-axes diffractometer with low loads because it has lightweight (<15 kg) and
compact size (160 mm x 160 mm x 400 mm). Two beryllium windows for X-ray transmis-
sion and three electric current feedthroughs were attached to the sample stage. The chamber is
equipped with deposition cells, beryllium windows and sample stage for in situ X-ray diffrac-
tion. Small size of Kundsen cells (K-cells: ¢ 12 mm x 31 mm) were installed. The co-deposition
is performed by remote controlling two K-cells, two quartz crystal microbalances and three
shutters.

Sub Quartz crystal Sub

Main shutter microbalance shutter

shutter

K-cell

2D detector

to pump

Be window Direct beam

stopper

Multi axis X-ray
diffractometer

Figure 1. Schematic geometry of vacuum deposition chamber for in situ 2D-GIXD measurement.
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(2) Experimental conditions

In situ two-dimensional grazing incidence X-ray diftfraction (2D-GIXD) measurements were
performed at BL19B2 beamline in SPring-8 using a multi-axes diffractometer and large area
detector (PILATUS 300K) combined with a home-made portable deposition chamber [10-
12]. PEN (Sigma Aldrich, triple-sublimed grade 99.995% purity) and PFP (Kanto Denka
Kogyo Co., 99% purity) was vacuum co-deposited onto silicon wafer coated with native silicon
oxide (SiO,). The deposition rate was 0.005 nm/s and the film thickness was 0~30 nm. The
substrate temperature and mixing ratio of PEN and PFP were 25°C and 1:0 (pristine PEN),
0:1 (pristine PFP), 1:1, 2:1 (PEN rich), and 1:2 (PFP rich). The mixing ratio was controlled
by quartz crystal microbalance. The base pressure was 2.0 x 10~ Pa. X-ray energy for this
experiment is 12.40 keV. The highly brilliant and collimated synchrotron X-ray was irradiated
on the substrate surface with a grazing angle of @ = 0.12°. Integration time for photon count-
ing on the x-ray detector was 30 s for each image, and the total number of the acquired images
was 200 frames for each measurement. The distance between the sample and the detector was
calibrated to be 174 mm with polycrystalline LaBg. The unit-cell parameter was calculated via
a procedure described elsewhere [13].

Highly p-doped silicon wafer (gate electrodes) covered with thermal silicon dioxide
(300 nm insulator) was used as a substrate. Thickness of organic semiconductor layer was
30 nm. The Au source and drain electrodes (channel length L = 40 pum, channel width
W = 5 mm) were evaporated through a shadow mask. Current-voltage characteristics were
obtained 25°C in vacuum.

Result and discussion

A. PEN:PFP=1:1

Figure 2 shows the in situ 2D-GIXD patterns of co-deposited thin film. The take-oftf and
horizontal components of scattering angle are denoted as 26, and 26, respectively. At the
beginning of the deposition (Figure 2(a)), a fainted diffraction spot appeared at 26, = 15.7°
and 17.7°. These patterns are not attributed to pristine PEN and PFP. With increasing thick-
ness to 15 nm (Figure 2 (b)), this diffraction became more intense and other diffraction spots
appeared at 26, = 7.8°, 8.7° and 12.1°. All observed diffraction spots could be explained as
alloyed o -phase reported in previous studies [8, 9, 14]. The spot patterns also indicate that
this co-deposited thin film is highly oriented along surface normal. In the film of 15 nm in
thick, diffraction spots come from A-phase newly appeared (marked by grey arrows in Figure 2
(c)). This result suggested that PEN and PFP alloyed o -phase is occurs in early stage of co-
deposition, and then A-phase appeared over 30 nm. The pristine PEN film is well known that
the metastable “thin film phase” preferentially forms in early stage of deposition and then the
stable “bulk phase” occurs with increasing film thickness [10, 15-19]. The observed polymor-
phic behavior of co-evaporated thin film is similar to that of the pristine PEN.

The unit cell parameters and crystal orientation were determined from observed diffrac-
tion patterns. Figure 3 shows the comparison of experimental and calculated (marked by open
circles) 2D-GIXD patterns. The calculated 26, and 260, based on lattice parameters listed in
Table 1 matched well to observed ones, as shown in Table 2. It can be concluded that o -phase
is in triclinic unit cell with the following lattice parameters: a = 0.67 nm, b = 0.75 nm, ¢ =
1.58 nm, o = 95.7° B = 94.2° and y = 84.0°. The ¢ plane of o -phase crystal is parallel to
the substrate surface. As for A-phase, it has also a triclinic unit cell with the following lattice
parameters: a = 0.66 nm, b = 0.69 nm, ¢ = 1.56 nm, « = 109.5° § = 113.0° and y = 81.5°.
It is found that a plane of A-phase crystal is parallel to the substrate surface. The unit cells of
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PEN:PFP = 1:1
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Figure 2. In situ 2D-GIXD patterns of co-evaporated PEN: PFP = 1:1. The images are shown for film thickness
of (a) 5 nm, (b) 15 nm and (c) 30 nm. Labeling: yellow allows: alloyed o -phase and grey allows: alloyed A-
phase.
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Figure 3. Comparison of the experimental and the calculated 2D-GIXD patterns of co-deposited PEN: PFP =
1:1. The white circles and crosses show the result of calculations. Some of the intense diffractions are indexed
and labeled on the figure.
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Table 1. Lattice parameter of alloyed crystals, pristine PEN and PFP crystals. The unit cell parameters of pris-
tine PEN and pure PFP were referred in Refs 17,18, 20 and 21.

a(nm) b (nm) ¢(nm) « (deg) B (deg) y (deg)
Alloyed (o -phase) 0.67 0.75 1.58 95.7 94.2 84
Alloyed (1-phase) 0.66 0.69 1.56 109.5 113.0 815
PEN (Thin film) 0.59 0.76 1.57 98.6 933 89.8
PEN (Bulk) 0.61 0.79 1.58 127 101.3 85.7
PFP (Thin film) 114 0.45 3.10 90 91.6 90
PFP(Bulk) 115 0.45 1.55 90 91.6 90

Table 2. The comparison of experimental and calculated 26, and 20,. The experimental 26, of 1-10 (o
phase), 0-10 (A-phase) and 0-20 (A-phase) marked by “x" are expressed to be 0.26° corresponding to the
Yoneda peaks of their crystal truncation rods.

hkl 20xy7ca| (deg) Zéual (deg) ZGXUXP (deg) ZGUXP (deg)
o-phase 010 7.8 0.6 77 £ 02 07+ 04
—101 8.7 29 8.8 0.2 30 £ 02
-110 121 0.03 120 + 0.2 0.26*
—m 121 37 12.0 &+ 0.2 36 £05
=21 19.9 31 19.7 £ 05 30 £ 02
—212 19.8 6.8 19.5 + 0.2 6.8 + 03
A-phase 001 3.9 1.4 39 +£02 1.6 £ 0.2
0-10 8.8 0.1 9.0 &£ 0.2 0.26*
004 157 6.0 15.8 + 03 6.1+ 02
0-21 16.7 1.8 16.5 + 0.6 1.9 +£ 04
0-20 17.6 0.2 177 £ 03 0.26*
12-1 16.8 7.5 16.8 + 05 7.6 £ 03

these alloyed phases and the pristine PEN and PFP are shown in Figure 4. The results show
that the lattice parameters and preferred orientation of the o -phase and the thin film phase
of PEN resemble each other.

€ o
a, r i, f

38 Ixg

PEN thin film phase PEN bulk phase
C f uf
il b " P
h
(a) a-phase (b} A-phase
¢
a ,.rf

PFP thin film phase

Figure 4. The schematically unit cell of (a) pristine PEN, (b) PFP, the alloyed (c) o-phase and (d) A-phase. The
¢ face of the alloyed o-phase, PEN thin film phase, bulk phase and PFP thin film phase are parallel to the
substrate surface. The a face of the A-phase is also parallel to the substrate surface.
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PEN:PFP = 2:1 PEN:PFP=1:2

(a) 5 nm §(¢) 5 nm
- PEN : — =R EP
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Figure5. Insitu 2D-GIXD patterns of co-evaporated PEN: PFP = 2:1 (left) and 1:2 (right). The images are shown
for film thickness of (a) 5 nm, (b) 30 nm. Labeling: yellow allows: alloyed o-phase, grey allows: alloyed A-
phase and blue allows: pristine PEN or PFP thin film phase.

Table 3. Hole and electron mobilities of co-deposited films with various mixing ratio.

PEN:PFP 1.0 21 11 12 0:1
Hpmax(cm?V1s™T) 5.8 x 1072 14x107° 55x107* 57x107°
Fn maxCm?V s 35%1078 51107 9.0 x10°° 19x 1073

B. PEN:PFP =2:1and 1:2

Figure 5(a) and (b) show in situ 2D-GIXD patterns of PEN rich co-deposited thin film.
The 2D-GIXD pattern with a film thickness of 5 nm (Figure 5 (a)) shows some diffraction
explained to the o-phase. A diffraction of PEN thin film phase appeared simultaneously at
20y, = 12.2° with increasing thickness. It indicates that the PEN rich film was formed with
alloyed and pristine PEN crystal phases. These intensities increased and some new diffractions
coming from A-phase were observed in 30 nm (Figure 5 (b)). It is worth noting that the PEN
bulk phase does not appear over 30 nm in co-deposited film. In the case of PFP rich film, the
alloyed and pristine PFP phase appeared and polymorphs of alloyed crystal transform from
o -phase to A-phase (Figure 5 (c) and (d)). A schematic composition phase diagram of PEN
and PFP co-deposited thin film was summarized shown in Figure 6 (a) and (b).

C. Ambipolar OTFTs characteristics

Figure 7 shows a transfer (left) and output (right) characteristics of PEN: PFP = 1:1 OTFTs.
The device worked as an ambipolar transistor. The field effect mobility was extracted from Iy
=y (or pe) (WCox /2L) (Vg - Vin)?, where Iy and Cox are the drain-source current and the
gate insulator capacitance, respectively. extracted from Igs = un (WCox /2L) (Vg - Vin)?, where
I4s and Cox are the drain-source current and the gate insulator capacitance, respectively. All
the hole and electron mobility of different mix ratio OTFTs are listed in Table 3. The best
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symmetric hole and electron mobility (u, = 5.5 x 107* cm?*V~'s™! and p. = 5.1 x 107*
cm?V~!s7!) were obtained at PEN: PFP = 1:1. It is worth noting that the hole mobility of PEN:
PFP = 2:1 and the electron mobility of 1:2 were much lower than 1:1 respectively. These results
suggest heterogeneity in the co-deposited films coexisting of alloyed o -phase and pristine
PEN or PFP thin film phase may be origin of much lower transports by increasing carrier
scattering.

Conclusion

We demonstrated a new instrumentation to investigate the crystal structural properties
and charge transport of organic semiconductor during a vacuum co-deposition. The unit
cell parameters of two alloyed phases (o -phase and A-phase) were proposed from in situ
2D-GIXD experiment. Both o-phase and A-phase were indexed by triclinic unit cell. The

5 nm

1:0 e 7:] — ] e—— -0 —_ 0:1
Composition
PEN:PFP

Figure 6. A schematic composition phase diagram of co-deposited thin film at 25°C. The film thickness are
(@) 5nm and (b) ~30 nm.
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Figure 7. Electrical transfer (left) and output (right) characteristics of co-deposited PEN: PFP = 1:1 OTFTs.
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o -phase is oriented vertically to the substrate surface and the A-phase was oriented par-
allel to the substrate surface. It found that the hole and electron transport occurs at the
first few monolayer of alloyed o-phase. The best symmetric hole and electron mobility
were obtained at PEN: PFP = 1:1. This instrumentation is really effective to character-
ize the charge transport and crystal structural properties with minimizing the effect of the
air.
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