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We report an improvement in performance qf @in-film field-effect transistor§TFTs) fabricated

by molecular-beam deposition. Devices, fabricated and characterized under a high vacuum without
exposure to air, routinely showed current on/off raties0® and field-effect mobilities in the range

of 0.5-0.3cr/Vs. The mobility obtained is close to that derived from the photocurrent
measurements onggthin films and comparable to a very high value amontype organic TFTs.

© 2003 American Institute of Physic§DOI: 10.1063/1.1577383

Performances of organic semiconductors are often meaers the performance, the mobility of 0.1 & s, derived by
sured by the field-effect mobility. 1 iV s and on/off ratios  the in situ measurement, has not been overcomeekysitu
in the range of 10 are conventionally used as criteria be- measurements. However, recent developments in the passi-
cause amorphous silicon, used as drivers of liquid-crystaation technique showed that aCTFT operated even in
displays, typically shows these featufesmong a variety of ~ air.” Hence, the intrinsic device performance of,Ghould
organic semiconductors, pentacene has been known as tbe worth revisiting. In this letter, we report the performance
best material because of its high mobility of 1.5%Ws or  of Cg, TFTs which were grown by molecular-beam deposi-
more, which was achieved using a Si6urface treatment tion. The mobility up to 0.5 cfV's and on/off ratios>10°
technique with organic monolayefsSince pentacene thin- were obtained by am situ measurement in a high vacuum
film field-effect transistor§ TFTs) usually showp-type op-  chamber. The high value of mobility, 0.56 &h's, is com-
eration, researchers have searchednfdype materials with ~ parable to that of single crystakg; determined by the time-
high mobility for making complementary circuits. Though of-flight experimenf. Atomic force microscopdAFM) im-
high performance TFTs with-type materials are highly de- ages of the g, film revealed that the grain size increases
manded, the mobilities ofi-type TFTs remained relatively With increasing substrate temperature, while the mobility did
low.! Fullerene @, has been known as amtype semicon- Not exhibit a clear relation with the substrate temperature.
ductor with the highest mobility of 0.08 &fVs and The present result indicates that grain size is not very crucial
0.3 cn?/V's for untreated and treated with tetradiaminoeth-for high mobility in Cgo TFTs, in contrast to organic TFTs

ylene molecules, respectivélyRecently, mobilities of fluo-  With planar molecules.

renated phthalocyanifenaphthalene, and perylene deriva- e have fabricated g TFTs with a bottom contact con-
tives, such as N-substituted naphthalene 1,4’5,8t|gurat|on. A heavily dopeg-type silicon wafer was used for

tetracarboxylic diimid® or N,N’-dialkil-3,4,9,10-perylene a back gate electrode with a 400 nm insulating layer of ther-

tetracarboxylic diimide(PTCDI) has been found to be a mally grown silicon dioxide on top of it. 10/100 nm Ti/Au or
promising group of materials. In 2002, mobilities up to Cr/Au drain and source electrodes were fabricated on the

- . surface of SiQ layer, using photolithography and lift off.
g._lﬁ_iccgf_/é/;H%nd current onfoff ratic> 1G° were reported in The devices had a channel length) (of 50 um and a width

. (W) of 2 mm. The substrate was annealed at 150 °C under
Among the n-type molecular materials, the room- 9 o
o . 1X10 ® Torr for 10 h before the deposition ofs6= Except
temperature mobility of a pureg TFT was extremely high . :
. . . for this annealing, no other surface treatment was made on
among organic semiconductors in 1995. However, to dat

She silicon dioxide insulator & films of 150 nm in thickness
. . g - 3'7 - - .
there IS no improvement of mobility mE’QTFT.S_' . This IS were grown by molecular-beam deposition at the base pres-
predominantly becausg Of. the extreme sensmwty_ to alr &gy re below 10° Torr during deposition with the rate of 0.15
posure of o TFTs, which is more or less a generic feature z/s The substrate temperaturBgf was kept constant during
of n-type TFTs. Once g, TFTs are exposed to air, the per- yenqsition of G, from a Knudsen cellTs was changed from
formance is completely destroyed. Though evacuation recov,om temperature to 130 °C. After the deposition of thg C
film, the substrate was cooled down to room temperature

¥Electronic mail: kshin@imr.tohoku.ac.jp over a few hours and the device was transferred to a charac-
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0 o | . X 10 % Torr. L=50 um andW=2 mm.

1 1
20 40 60 80 100 120 140
tively. The left-hand side scale indicates that the on-off ratio
larger than 18 is achieved in this device. From the linear fit
1/2 i ; i ;

FIG. 1. Correlation between grain sizes and substrate tempeiBiuréhe of alsp V_grSUSVG plot in the saturation region, the field-
grain size for lateral and vertical directions were estimated from the AFmeffect mobility x=0.56 cnt/V's and the threshold voltage
images. The inset shows the AFM image of thg TFT device fabricated at  V,,=17 V were derived assuming the capacitance of 1.0
Ts=130°C. X 108 F/cn?. The mobility between 0.5 and 0.3 was rou-
tinely obtained in the present method. These values are com-

parable to the electron mobilities determined by the time-of-

terization chamber kept at>510~° Torr without exposing iht . i . inal tal& or by th
to air. This additional characterization chamber enables us th 9Nt €xperiment carriers on & single crystals or by the

have an effective and quick characterization of devices. Th%hotocurrerjt measurements ogo_ﬁhln f|Ims.9_I_:urther$ore,

device properties were measured by three current/voltag IS valui is close 10 th_e maX|mumh_mr:)b_|I|ty 0.6 rgsf

probes equipped with the high vacuum chamber. g_?gg? Ct:8eHn—type organic TFTs, which is reported for
We have tested the effect of covering $i€urface with '

: - Interestingly, the mobility did not display a strong corre-
monolayers of organic molecules such as hexamethyldlsna\éﬁon with the substrate temperature, implying that the mo-
zane(HMDS), which is well known to minimize the interac- b » IMPYINg

tion between organic molecules and Sigubstrates. HMDS bility does not strongly depend on the grain size determined

. ) . X .- from AFM. This result is in sharp contrast with other planar
was not very effective for improving the field-effect mobility . o ”
of Cy. molecules. For instance, it is well known that the mobility of

The crystallinity and morphology of thegthin films pentacene TFT is strongly dependent on the orientation and

. : . domain size of crystallites in the fillhThe present results,
were characterized by means of electron diffraction, x-ray Y P

: . . o on the other hand, indicate that grain size is not crucial for
diffraction, and AFM. Figure 1 shows the variation of aver- . e '
T . . . high mobility in , at least at room temperature.
age grain size determined from AFM imagehown in the 9 y in Coo P
inset of Fig. 1 against substrate temperatdrg. The grain

T, (°C)

size increases witfig both for the lateral and vertical direc- 10° V,=100V 0.030
tions. Both x-ray and electron diffraction experiments 10} 0,025
showed three intense Debye—Scherrer rings indexed as 10° F I
(111), (220, and(311) reflections of face-centered-cubic lat- 10° lo.020
tice with the cell parameter of 14.1 A, indicating that films 107 b o
are polycrystalline without notable orientations. The size of < 104 10.015 ;ﬁ
crystallites calculated from the full width of half maximum ~ 10° 3
of the x-ray diffraction peaks was about 10 nm. This value of B 4 Z looo =
crystallite size is smaller than the grain size estimated from 107
the AFM images, indicating that the grains shown in Fig. 1 107y A 10.050
are composed of several crystallites. 107 ) /

Figure 2 displays a three-dimensional plot of drain cur- 10'”_40 200 ’2'0 0 e 80 1030
rentlp as a function of drain voltage/y) and gate voltage V, (V)

(Vg). Ip increases almost linearly withfy followed by a o _
saturation due to the pinch off of the accumulation Iayer.F'G- 3. Semilogarithmic plot of, vs V¢ (left-hand side scajeand plot of

. . 1542 vs Vg (right-hand side scaldor the same , TFT device as in Fig. 2.
Figure 3 shows a relation betwedrﬂ’ and Ve at Vp The dashed line shows a fit to the equation in the saturation retipn,

=100V for the same device. The left- and right-hand side=wcu/aL (V- V)2, from which field-effect mobilityx was obtained as

vertical axes show the logarithm and root lgf, respec- 0.56 cn?/V's. Here,C=1.0x 10" F/cn? is a capacitance of the device.
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