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Polyimide gate dielectric layers cured at 180°C have been employed to fabricate high-quality
pentacene field-effect transistors on polyethylenenaphthalate-based films. The surface roughness
(root-mean squajeof gate dielectric layers characterized by atomic force microscopy is only 0.2
nm, while that of the base film is 1 nm. The transistors with pentacene channel layers deposited on
990 nm polyimide gate dielectric layers attain the on/off ratio df 406d mobility of 0.3 cri’V's.
Furthermore, by decreasing the thickness of polyimide gate dielectric layers down to 540 nm, the
mobility is enhanced up to 1 dtV's. © 2004 American Institute of Physics.
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In the past decade, great progress has been made in gfields are 1% for the devices with 540 nm polyimide gate
ganic field-effect transistors and many attractive applicadielectric layers.
tions, such as radio-frequency identification t&gs, The cross-sectional illustration of the device is schemati-
displays®* and large-area sensofshave been proposed and cally shown in Fig. 1. First, gate electrodes, consisting of
demonstrated. In order to fully enjoy the advantages of or150 nm thick gold and 5 nm thick chromium adhesion layers,
ganic transistors, namely, mechanical flexibility and low-costare evaporated through a shadow mask on A#% thick
feature for large-area electronics, it is important to developPEN films (Teonex Q65, Teijin Dupoit? in a vacuum sys-
polymeric gate dielectric materials for organic transistor aptem. Then, a high-purity polyimide precurs¢EMITITE
plication. Although organic transistors with solution- CT4112, Kyocera Chemicawas spin coated as gate dielec-
processable polymer gate dielectrics have been reported amgt layers on the base film with gate electrode patterns. Here,
some of them show good electronic performance close tve changed the revolutions of spin coating—1500, 3000,
those with inorganic gate dielectric materi&fs' Many or-  and 6000 rpm—which correspond to the thickness of 1.9
ganic transistors are still manufactured with inorganic gatg,;m, 990 nm, and 540 nm, respectively, after curing. Imme-
insulators. diately after spin coatin&:the film is put into the clean oven

Polyimide is one of the popular insulating materials (class 109, whose temperature is kept at 90 °C, and the sol-
widely used in electronics. Organic transistors with p0|yim-vent is Vaporized for 10 min or more. Fo”owing the manu-
ide gate insulators in the previous study were not agacturer’s recommended procedure, the spin-coated film is
successfdf** mainly due to high curing temperature then heated in the same oven under nitrogen environment at
(~300°Q. However, recent progress in polymer technology180 °C for 1 h and cooled down naturally. Although the cur-
makes it possible to commercialize a class of polyimide preing temperature of the present polyimide precursor is as low
cursors, which can be cross linked at temperatures as low &g 180 °C, the electronic performance is very stable and re-
180°C. This temperature is compatible with many plasticjiaple, as will be shown later in detail. When the temperature
films including polyethylenenaphthala®®EN), which is s |ess than 100 °C, the film is taken out from the oven and

much cheaper than polyimide and has good gas-barrier propgaded into the vacuum sublimation system. Then, 50 nm
erties to protect organic semiconductors from oxidation and

absorption of moisture.

In this work, we have made high-quality organic transis-
tors on PEN films with polyimide gate dielectric layers cured
at 180 °C. The transistors with pentacene channel layers de-
posited on 990 nm polyimide gate dielectric layers show the
on/off ratio of 1 and mobility of 0.3 criV's. Furthermore,
the mobility is enhanced up to 1 & s for those deposited
on 540 nm polyimide gate dielectric layers. The chance of

device failure occurs due to gate leakage and the initial

FIG. 1. (a) The cross-sectional illustration of transistors on a PEN-based

film. The thickness of each layer is as follows; a PEN-based film /425

dAuthor to whom correspondence should be addressed; electronic maibjate electrode 150 nm, polyimide gate dielectric layer 990 or 540 nm, pen-
someya@ap.t.u-tokyo.ac.jp tacene channel layer 50 nm, and source—drain electrode 60 nm.
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FIG. 3. Current leakage for 540 nm polyimide insulators is measured as a
function of electric field. Capacitance is shown at various frequencies on the
same structures as the inset.

density is less than 0.1 nA/énat 40 V and less than 1.1
nA/cn? at 100 V. Assuming an active transistor area of less
than 0.01 crf, transistor gate leakage is therefore less than
10 pA at 100 V or less than 16 of the drain current. The
capacitance—frequency characteristics are measured on the
same structures and shown in the inset of Fig. 3.

Yields are one of the central concerns for polymeric gate
dielectric layers compared with well-established inorganic
FIG. 2. (a) The surface of polyimide gate dielectric layers prepared on ainsmators’ such as Syoor A|203'. The leakage Cu-rrent s
PEN-based film is characterized by AFKb) The surface of pentacene thin mea.su.red for one hundred devices for each thickness of
films deposited on polyimide gate dielectric layers is also characterized byolyimide layer, 1.9um, 990 nm, or 540 nm. It should be
AFM. noted that the number of structures with 540 nm polyimide

showing a leakage current above the noise Ievel00 fA at
thick pentacene is sublimed through a shadow mask as 200 mV) is 1%, demonstrating that pinhole-free gate insulat-
channel layer at an ambient substrate temperature. Pentacdang layers have been obtained. Such high yields are crucial to
is purchased from Aldrich and used without purification. Theutilize organic transistors for integrated circuifs.
deposition rate is about 1 nm/min and the background pres- The dc current—voltage characteristics of pentacene tran-
sure is 3x 10" ° Pa. Finally, 60 nm thick gold layers, which sistors are measured under an ambient environment with a
work as source—drain electrodes, are evaporated throughsgmiconductor parameter analyzer and a probe stafiosf,
shadow mask. The channel lendth and width(W) of tran- ~ Micronics Japan As shown in Fig. 4a), we monitored
sistors fabricated on 990 nm polyimide gate dielectric layersource—drain currentd §s) of pentacene transistors depos-
are 100um and 1.9 mm, respectively, whileandWon 540 ited on 990 nm polyimide dielectric layers as a function of
nm polyimide are 5Qum and 1.6 mm, respectively. source—drain voltage Mpg). A gate voltage Vg9 IS

The surface of the device is characterized by an atomichanged from 40 to-100 V with a step of—20 V. Figure
force microscopeg(AFM) Nanoscope llla, Digital Instru- 4(b) shows a transfer curve of the same deviggis swept
mentg. As shown in Fig. 2a), the surface of cross-linked from 40 to—100 V with application ofVps= —100 V.
polyimide gate dielectric layers on a PEN-based film is very  The measured mobility of pentacene transistors on 990
smooth in nanometer scalfroot-mean-square0.2 nm|, nm polyimide dielectric layers is 0.3 &V s, and the on/off
which is comparable to that of the SiGurface on a Si ratio attained was about 90f the off current is defined as
substratdtypically 0.1 nm in our measuremenFigure Zb) Ips atVgs=35 V. However, for practical use, the off current
shows surface of pentacene layers deposited on 990 nm polghould be defined ds,satVgs=0 V. In the latter definition,
imide gate dielectric layers. Large graifiypically a few the on/off ratio is about 500. As shown in Fig(ch the
um) have been obtained on very smooth gate dielectric laymobility deposited on 540 nm polyimide gate dielectric lay-
ers. ers is strikingly enhanced up to 1 & s and an on/off ratio

To characterize leakage currents, permittivity of thinalso up to 900 in the latter definition. Further improvement
polyimide, and yields, we have made capacitor structures byf mobility and on/off ratio would be possible by purifying
sandwiching 540 nm or other thick polyimide dielectric lay- pentacene as a source material.
ers between two gold electrodes: The bottom electrode is 150 We would like to compare our results with the previous
nm thick gold films deposited uniformly on a PEN-basedstudy. As briefly mentioned in the beginning of this letter,
film, while the top one is comprised of 268m square gold quite a few papef8*!reported on polyimide gate insulators
patterns. Leakage currents through polyimide dielectric layand these devices did not show good electronic performance.
ers are measured with a precision semiconductor paramet&his is mainly because the curing temperature of polyimides
analyzer(Agilent 41560. The typical traces are plotted in reported in the previous work is above 300 °C: The curing

Fig. 3 as a function of electric field. The leakage currentprocess is incompatible with almost all plastic films. Al-
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‘ with pentacene channel layers, as discussed in Ref. 15. In-
-80 L (a) ] )
deed, we have carefully used, in the present study, PEN-
60| Troimige = 990 I ] based films with a smooth surface in the nanometer scale
g oo bm (rms=1nm). The present average surface roughness (rms
Ty 40 ] =0.2 nm) of polyimide gate dielectric layers is comparable
20l | or somewhat better than that of other polymer gate insulators
prepared on a Si substrate in Ref. 7, demonstrating excellent
ol 1 planarization effect of polyimide layers. The choice of such
0 20 -40 -60 -80 -100 smooth base films and gate insulators is crucial to achieve
o Vos V) high mobility exceeding 1 cAiVs.
(b) dpalyimide =990 nm H H
40l ] The authors would like to thank Kyocera Chemical Cor-
— 10% poration for providing them high-purity polyimide precur-
g -30 “a10® . sors. This study is partially supported by the MPHPT,
< NEDO, MEXT IT, and COE programs.
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S 12We normally bake PEN film at 190 °C for 1 h. This prebake drastically
o
though polyimide is good at 300 °C, the surface roughness IS reduces the thermal shrinkage of the base films during the curing process

often induced intentionally to improve adhesion between the of polyimide gate insulators.
polyimide and other films and, therefore, such a rough surt®lt is important to minimize the interval between the end of spin coating

face is not favorable to obtain high mobility of organic tran- 2nd the start of baking in order to avoid aggregation of the polyimide
. precursor or formation of droplets of polyimide precursors, both of which
sistors. ] ) degrade the uniformity of the thickness of polyimide gate dielectric layers.
Note that lowering the curing temperature down to'*we have developed an approach to drill contact holes through polymeric
180 °C can solve many problems, and also increase freedom'nsula‘tors by‘ a laser drill machine and rgali;ed integrated _circuits With
to choose base films. The surface smoothness of base film<r9anic transistors: S. Iba, Y. Kato, T. Sekitani, H. Kawaguchi, T. Sakurai,
) . . and T. Someydunpublisheg.
and that of subsequently formed gate dielectric layers ar&y jauk, M. Halik, U. Zschieschang, F. Eder, G. Schmid, and C. Dehm,

important to obtain high-performance organic transistors Appl. Phys. Lett.82, 4175(2003.

FIG. 4. dc current—voltage characteristics of a transistor {00 um and
W=1.9 mm) on 990 nm gate dielectric layers, is shown(@h dpqyimide
stands for the thickness of polyimide gate dielectric layers. A transfer curve
of the same device is shown iib). The transfer curve for transistot (
=50 um andW=1.6 mm) on 540 nm gate dielectric layers is(@), which
is measured at sweepingss from 40 to —100 V with application ofVpg
=-—100V.
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