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Organic field-effect transistors by a wet-transferring method
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Organic field-effect transistors~OFETs! were prepared from an epitaxially grown film fabricated by
a wet-transferring process. 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin platinum~II ! was
grown by thermal evaporation on the~001! surface of potassium bromide~KBr! single crystals.
When the film was grown at room temperature, the planar molecules were aligned orthogonally on
the crystal surfaces along the@110# direction with edge-on orientation to the surface normal
direction. The epitaxy film was transferred to on SiO2 /Si surface immediately after removing the
KBr on the water surface to product the OFETs. The calculatedmFET of the OFET for the
wet-transferred vertically aligned film were 1.331024 and 2.231024 cm2 V21 s21 at the linear
and saturation regions, respectively, atVg5250 V at anI ON/I OFF ~on/off ratios of source–drain
current! of 104;105. © 2003 American Institute of Physics.@DOI: 10.1063/1.1600518#
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Organic field-effect transistors~OFETs! have attracted a
great deal of interest for use in applications such as thin-
transistors for active matrix liquid crystals or organic ligh
emitting displays, as well as low-end data storage.1 Electron
and hole mobility has been improved via the production
highly ordered organic film via thermal evaporation using
optimum substrate temperature,2–5 Langmuir–Blodgett
films,6 or self-ordered films from solution casting with reg
lar shaped organic polymers.7–10Films with edge-on oriented
molecules show a practically high mobility, since the sta
ing direction of thep orbital is in-plane with the curren
direction of flow from the source-to-drain electrodes.3,9 Or-
ganic epitaxy growth on a single-crystal substrate has
attracted attention because of the potential of electronic
optoelectronic applications through highly ordered films.11–16

Organic light-emitting diodes or photovoltaic devices usi
epitaxially grown films have been reported.15,16

Herein, we report on the preparation of OFETs fro
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin platin
m~II ! @PtOEP, inset of Fig. 2~a!# with epitaxially grown films
fabricated by a wet-transfer method. The morphology a
crystal orientation of the films were investigated by means
atomic force microscope~AFM! and x-ray diffraction~XRD!
analysis. When the film is grown at room temperature, pla
molecules are aligned orthogonally on the crystal surfa
along the@110# direction with needle-like grains. The epitax
ial growth of PtOEP was expected because the lattice par
eter of ~001! plane of PtOEP matches well with that of th
~110! plane for KBr. OFETs were produced using a we
transferring method containing an epitaxially grown film
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The calculatedmFET for the OFET for the case of a wet
transferred film are 1.331024 and 2.231024 cm2 V21 s21

at the linear and saturation region, respectively atVg5250
V and anI ON/I OFF ~on/off ratios of source–drain current! of
104;105.

PtOEP~Porphyrin Products Inc.,! was grown from a syn-
thetic quartz Knudsen-type cell at a pressure of 131023 Pa
after purifying the material by train sublimation.17 The
PtOEP crystal was grown onto the air-cleaved~001! surface
of potassium bromide~KBr! at a deposition rate of 0.04 nm/
or less. After evaporation, the PtOEP films were transfer
@described in the inset of Fig. 2~b!# to a silicon dioxide~300
nm! (SiO2)/a heavily doped silicon wafer~Si! by a wet-
transferring method. The deposited thin film on KBr sing
crystal put on the SiO2 /Si substrate in a precleaned gla
petri dish with the deposited face toward the upside. Ne
deionized water was filled in the petri dish up to the level
KBr surface. The PtOEP film was transported on SiO2 /Si
after complete dissolving of the KBr single crystal. The fil
was kept in a vacuum oven with dynamic vacuum more th
6 h to remove residue water. The evaporation of gold throu
a shadow mask to form source and drain electrodes on
wet-transferred PtOEP thin films served to complete
OFET preparation. This device has a channel length
width of 20mm and 5 mm, respectively. The FET characte
istics were measured with KEITHLEY 6430 and 240
source-measurement units in an air atmosphere.

Organic films were observed by AFM in the conta
mode. The AFM system used in this study was a NanoSc
III™ ~Digital Instrument, Inc. Santa Barbara, CA! and the
measurements were performed in air at room temperatur
Si3N4 cantilever with a spring constant of 0.12 N/m wa
used at a scanning rate of 2–3 Hz. XRD measurements o
evaporated films were performed byu–2u continuous scans
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1244 Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 Noh et al.
using a RU-300 powder diffractometer~Rigaku Co., Tokyo!
with Cu Ka radiation.

Figures 1~a! and 1~b! show AFM images of PtOEP films
deposited on KBr and SiO2 /Si substrates, respectively. Th
molecules were found to be self-aligned as needle-like c
tals on single-crystal KBr, and were orthogonally orient
along the@110# directions of KBr. The width and height o
one needle are;90 and;1.5 nm, respectively. The sizes o
the needles decrease with increasing the film thickness a
result of strong interactions with neighbor crystals. On
other hand, polycrystalline domains several tens of nan
eters in size were formed on the amorphous SiO2 /Si sub-
strate, as shown in Fig. 1~b!. The grain sizes enlarge wit
increasing substrate temperature up to a temperatur
150 °C. It was not possible PtOEP molecules to deposit
the SiO2 /Si substrate at temperature above 200 °C since
molecules can also be desorbed from the SiO2 /Si substrates
at these temperatures.

To determine the surface normal alignment, XRD me
surements of the evaporated films on KBr and SiO2 /Si were
performed. Figure 2~a! shows an XRD pattern of the PtOE
film grown on the KBr substrate. Two strong peaks we
observed at 26.8° and 7.86°. The strongest peak, at 2
corresponds to~002! of the KBr substrate. The other lon
period peak at 7.86° corresponds to the lattice spacing of
PtOEP crystals deposited on the KBr substrate. The sh
diffraction peak indicates that the deposited layer has a w

FIG. 1. AFM image of~a! 100-nm-thick PtOEP films evaporated on th
~001! cleaved surface of a KBr substrate and~b! 50-nm-thick PtOEP films
directly grown by thermal evaporation on SiO2 /Si maintained at room tem-
perature.
Downloaded 26 Dec 2007 to 150.69.123.200. Redistribution subject to AI
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ordered crystal structure. The lattice constant, as calcul
from the peaks, was 11.2 Å. This lattice constant is alm
the same as the length of the long axis of this molec
calculated by theCACHE program. Therefore, this value ind
cates PtOEP molecules have an edge-on orientation to
surface normal direction since the long period peak an
series of higher-order diffraction peaks were observ
clearly. In other words, the stacking direction of thep–p
orbital is parallel to the substrate. Milgromet al. reported on
the crystal structure of PtOEP.18 However, the lattice spac
ings of PtOEP thin-film crystals on KBr are not consiste
with the lattice spacings calculated from single crystals. T
reason for this is assumed to be the difference between
dered thin-film structure and single-crystal structure.

Figure 2~b! shows an XRD pattern of the PtOEP film o
the SiO2 /Si substrate. The location of the peaks is similar
the XRD data of the PtOEP films deposited on KBr su
strates. This indicates that PtOEP molecules were also gr
with an edge-on orientation, even though the molecule w
deposited on the amorphous substrate at room tempera
The intensity of this diffraction peak is smaller than that
PtOEP films on KBr. Therefore, we conclude that the ord
ing and crystallinity of the films on SiO2 /Si is decreased to
some extent.

Before fabricating PtOEP OFETs from the epitaxy film
it is necessary to verify that the molecular alignment is co
served after the wet-transferring process, which could lea
deformation of the film. Figure 3~a! shows an XRD pattern

FIG. 2. XRD pattern of~a! 100-nm-thick films of PtOEP evaporated on th
~001! cleaved surface of a KBr substrate~inset: molecular structure of
PtOEP! and~b! 50-nm-thick PtOEP films directly grown on SiO2 /Si main-
tained at room temperature~inset: schematic illustration of wet-transfe
method!.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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of the PtOEP film after wet-transferring from KBr to th
SiO2 /Si substrate. The XRD data show peaks that are alm
similar to those of a film grown on KBr, as shown in Fi
2~a!. This result indicates that the alignment of films was n
altered, even after wet-transferring. OFETs were fabrica
on SiO2 /Si from highly oriented PtOEP films originally de
posited on KBr by wet-transferring. The inset of Fig. 3~a!
shows a plot of source–drain current (I sd) versus the source–
drain voltage (Vsd) of the wet-transferred PtOEP film for
p-channel device as various gate voltages (Vg). The field-
effect mobility (mFET) of the OFETs can be calculated fro
plotting Eqs.~1! and ~2! for linear and saturation regions
respectively:19

I d5~W/L !mFETCi~Vg2Vt!Vd , ~1!

I d
sat5~W/2L !mFETCi~Vg2Vt!

2, ~2!

whereL is the channel length,W the channel width,Ci the
capacitance per unit area of the gate dielectric layerCi

510 nF/cm2 for 300-nm-thick SiO2), andVt the threshold
voltage. The calculatedmFET for the OFET for the wet-
transferred vertically aligned film are 1.331024 and 2.2
31024 cm2 V21 s21 at the linear and saturation regions, r
spectively, atVg5250 V and anI ON/I OFF ~on/off ratios of
source–drain current! of 104;105.

As a comparison, we also fabricated PtOEP OFETs
direct thermal evaporation on SiO2 /Si in high-vacuum con-
ditions. Figure 3~b! shows a plot ofI sd versusVsd for PtOEP
FET deposited on SiO2 /Si for ap-channel device for various
values ofVg . The threshold voltage of the device fabricat
with the wet-transferring method shifted a little when co
pared with that of the direct device. We conjecture that t
shift is due to a charging effect, which would be brought
by poor contacts between the gold electrodes and the fi
that were transferred. At present, we are conducting exp

FIG. 3. ~a! XRD patterns of 100-nm-thick PtOEP films on SiO2 after a
wet-transferring process from KBr substrates maintained at room temp
ture. Inset of~a! and~b! show drain current versus drain voltage (I DS–VDS)
characteristics at different gate voltages for the FETs from wet-transfe
and directly grown PtOEP films, respectively.
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ments to confirm this. The calculatedmFET for the OFET are
1.431024 and 3.631024 cm2 V21 s21 at the linear and
saturation regions, respectively, atVg52100 V and the
I ON/I OFF ~on/off ratios of source–drain current! was 104

;105. Device performance is very similar to that for OFET
fabricated by a wet transferring. This indicates that themFET

value from the wet-transferred film might not be sufficient
utilize as an OFET compared with other materials. Howev
this may not be the result of the fabrication process, but m
be because of PtOEP itself. PtOEP molecules show a slig
larger intermolecular gap with 4.3 Å top–p stacking direc-
tion than other molecules~not shown!. Therefore, we expec
that OFETs with higher mobility can be fabricated from m
terials that have superior packing properties such as pe
cene.

In conclusion, we fabricated OFETs from epitaxy-grow
films on a single-crystal substrate by wet-transferring. T
mobility of hole andI ON/I OFF for this device show values
that are similar to those for OFETs from deposited films
SiO2 /Si. Even though some unconfirmed problem might
expected, such as a bad contact, we are certain that this
rication method represents a potential candidate for us
further studies of the mobility of highly ordered organ
films.

The authors wish to thank to Dr. Kaoru Tamada~AIST!
and Dr. Yuji Yoshida~AIST! for fruitful discussions related
to AFM and film growth, respectively. This work was finan
cially supported by NRL, Ministry of Education of Kore
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ogy Co-operation Foundation through the winter institu
~WI-9! program.

1C. D. Dimitrakopoulos and P. R. L. Malenfant, Adv. Mater.~Weinheim,
Ger.! 14, 99 ~2002!.

2Y.-Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson, IEEE Elect
Device Lett.18, 606 ~1997!.

3H. Sirringhaus, R. H. Friend, X. C. Li, S. C. Moratti, A. B. Holmes, and
Feeder, Appl. Phys. Lett.71, 3871~1997!.

4Z. Bao, A. J. Lovinger, and A. Dodabalapur, Adv. Mater.~Weinheim, Ger.!
9, 42 ~1997!.

5H. E. Katz and Z. Bao, J. Phys. Chem. B104, 671 ~2000!.
6G. Xu, Z. Bao, and J. T. Groves, Langmuir16, 1834~2000!.
7Z. Bao, A. Dodabalapur, and A. J. Lovinger, Appl. Phys. Lett.69, 4108
~1996!.

8A. Afzali, C. D. Dimitrakopoulos, and T. L. Breen, J. Am. Chem. So
124, 8812~2002!.

9H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bechgaa
B. M. W. Langeveld-Voss, R. A. J. H. Spiering, R. A. J. Janssen, E.
Meijer, P. Herwig, and D. M. de Leeuw, Nature~London! 401, 685~1999!.

10H. G. O. Sandberg, G. L. Fery, M. N. Shkunov, H. Sirringhaus, and R.
Friend, Langmuir18, 10176~2002!.

11S. R. Forrest, Chem. Rev.~Washington, D.C.! 97, 1793~1997!.
12D. E. Hooks, T. Fritz, and M. D. Ward, Adv. Mater.~Weinheim, Ger.! 13,

227 ~2001!.
13K. Yase, E. M. Han, K. Yamamoto, Y. Yoshida, N. Takada, and N. Ta

gaki, Jpn. J. Appl. Phys.36, 2843~1997!.
14Y. Yoshida, N. Tanigaki, K. Yase, and S. Hotta, Adv. Mater.~Weinheim,

Ger.! 12, 1587~2000!.
15H. Yanagi, S. Douko, Y. Ueda, M. Ashida, and D. J. Wo¨hrle, Phys. Chem.

96, 1366~1992!.
16H. Yanagi and S. Okamoto, Appl. Phys. Lett.71, 2563~1997!.
17H. J. Wagner, R. O. Loutfy, and C.-K. Hsiao, J. Mater. Sci.17, 2781

~1982!.
18L. R. Milgrom, R. N. Sheppard, A. M. Z. Slawin, and D. J. Williams

Polyhedron7, 57 ~1988!.
19G. Horowitz, Adv. Mater.~Weinheim, Ger.! 10, 365 ~1998!.

ra-

d

P license or copyright; see http://apl.aip.org/apl/copyright.jsp




