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Ru''(bpy), complexes of poly(2-nonyl-1,10-phenan-
throline-3,8-diyl) and poly(1,10-phenanthroline-3,8-diyl)
acted as an n-channel in field-effect transistors (FETSs), and
showed electron mobility of 5.5 x 1073 and 1.9 x 1073
cm? V=171 respectively. Without the Ru?>* complexation,
the original poly(1,10-phenanthroline-3,8-diyl) did not be-
have as the n-channel active material, suggesting the en-
hancement of electron-accepting and electron-conducting
properties of the polymer by the metal complexation.

7r-Conjugated polymers with electric and optical functional-
ities have been the subject of recent interest,"? and investiga-
tion of field-effect transistors (FET) using the 7r-conjugated
polymers as the active layer is being actively carried out.>*
Many m-conjugated polymers behave as a p-type active mate-
rial in FETs, and examples of 7-conjugated polymers working
as an n-type active material are still limited.*

s-Conjugated polymer ligands constituted of electron-ac-
cepting imine (—C=N-) nitrogen-containing heterocyclic units,
e.g., poly(1,10-phenanthroline-3,8-diyl)s® (Chart 1), may be
candidates for the n-type active material in FETS.

When poly(1,10-phenanthroline-3,8-diyl)s form cationic
transition-metal complexes, e.g., with Ru'l(bpy),,’® the elec-
tron-accepting feature of the polymer is considered to be en-
hanced by the presence of the cationic strongly electron-accept-
ing metal unit. In addition, the coordinated cationic metal is ex-
pected to fix the lone-pair electrons at the nitrogen atom, which
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might cause competitive p-type conduction through formation
of a cation radical of nitrogen,® and solubility of the rigid rod
polymer is considered to increase according to the complex
formation. However, the applicability of such cationic metal
polymer complexes as the n-type active material in FETSs has
not been reported to our knowledge.

Herein, we report that the above shown Ru'(bpy), com-
plexes of poly(1,10-phenanthroline-3,8-diyl)s actually act as
the n-type active material in FETs.

Experimental

Materials. The polymers (pphen(2-Non)** and pphen’) and
the 1:1 complex® of the 1,10-phenanthroline unit of pphen with
Ru''(bpy), were prepared according to the literature. The 1:1
Ru'l(bpy), complex of the 2-nonyl-1,10-phenanthroline unit of
pphen(2-Non) was prepared in a way similar to that applied for
the preparation of the pphen—Ru'(bpy), complex: pphen(2-Non)-
[Ru(bpy)2(PF¢)21,: Anal. Found: C, 47.76; H, 4.18; N, 8.18%.
Calcd for (C41H40F12N6P2RU° 1.7H20)n or (C21H24N2—[RU-
(bpy)21(PFs),-1.7H,0),: C, 47.42; H, 4.21; N, 8.09%. n-Doped
Si wafers (substrates) were purchased from Komatsu Silicon Corp.

FET. The FET device was fabricated by the following proce-
dure.*”® The n-doped Si substrate having an oxide layer of
300nm with capacitance per unit area of 11.5nFcm~2 was used
as the gate of the FET. Two types of FET devices with and with-
out trimethylsilyl functionalization were used. Trimethylsilyl
functionalization of the Si/SiO; surface was carried out by expos-
ing the Si wafer to hexamethyldisilazane (HMDS) vapor in a clos-
ed container overnight. An NMP solution of the pphen(2-Non)-
[RuH(bpy)z(PFs)z],, complex was passed through a 0.2 um filter,
and the filtrate was spread over the Si substrate by spin-coating
to give a spin-coated film of the pphen(2-Non)[Ru" (bpy),(PF)21,
complex with a thickness of 100 nm. After drying for 72 h under
107> Torr, aluminum was vacuum evaporated through a shadow
mask on the polymer layer at 10~° Torr by using ULVAC EX-
400 to give source and drain electrodes with a thickness of 1000
A. The spin-coated film of the pphen[Ru""(bpy),(PF¢),], complex
was prepared analogously. A pphen film was prepared by spin-
coating using a CF3COOH solution of pphen and dried analogous-
ly. For the top contact geometry, the source and drain electrodes
had a channel width (W) of 1000 um and a channel length (L)
of 50 um. Current—voltage characteristics were obtained with an
Agilent 4155 C semiconductor parameter analyzer. To avoid the
effects of ionic conduction on electric current, electric current at
each data point was measured at a time longer (1.0s) than usual
(200 us)? after setting the source—drain voltage, Vsp. The FET
data were obtained at two measuring modes by increasing Vsp
and by decreasing Vsp. The FET data were measured under the
flow of nitrogen and under air.

Results and Discussion

The top-contact FET devices using the pphen(2-Non)[Ru'l-
(bpy)z], complex were fabricated on n-doped Si/SiO, sub-
strates by the spin-coating technique. Details of the fabrication
process are given in the Experimental Section. Figure 1 de-
picts source—drain current (Isp) versus source—drain voltage
(Vsp) plots of the pphen(2-Non)[Ru'(bpy),], complex-based
FET with Al source- and drain-electrodes at different gate vol-
tages (Vg’s). Although the Isp vs Vsp curve showed some hys-
teresis, the two curves obtained by increasing Vsp and decreas-
ing Vgsp essentially agreed. Such a small hysteresis is some-
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Fig. 1. Isp—Vsp curve for the FET prepared using the

pphen(2-Non)[Ru''(bpy),], complex (Isp = source—drain
current. Vgp = source—drain voltage). Channel length
(L) = 50 um. Channel width (W) = 1000 um. Thickness
of the film of the pphen(2-Non)[Ru'!(bpy),], complex =
100 nm.
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Fig. 2. Schematic structure of the top-contact pphen(2-
Non)[Ru'l(bpy),], complex-based FET used in the study.
HMDS = hexamethyldisilazane.

times observed even with FETs using conventional semicon-
ductors such as silicon. The present FET behaved similarly
both under nitrogen and air. In all the Isp—Vsp curves, the
curve passes at the Isp = 0 and Vsp = 0 point as depicted in
Fig. 1. These data support obtaining of normal FET behavior
and suggest the existence of only low trap density. Although
the off-current at V5 = 0 was small, application of some neg-
ative voltage (e.g., Vg of —10V) seemed to be necessary to
attain Isp of O; such a phenomenon is sometimes observed
with polymer FETs.

Characteristic transistor behavior was observed under posi-
tive biases onto the gate electrode confirming that the fabricat-
ed FET had n-channel characteristics. Application of negative
Vi did not give a significant Igp, revealing that the polymer
complex was not bipolar. At a large Vgp, the current Igp tends
to saturate and is given by the following:*’

Isp = (W/2L)+ 1 C;+ (Vg — Vr)?, (1

where W is the channel width (1000 um), L is the channel
length (50 um), p is the FET carrier mobility, C; is the capac-
itance per unit area of the SiO, layer (11.5nFcm™2), and Vr is
the threshold voltage. Figure 2 exhibits the structure of the
top-contact pphen(2-Non)[Ru''(bpy),], complex-based FET
used in this study.

From Eq. 1, @ and V1 have been calculated from the slope
and intercept of the linear part of the Isp'/? versus Vg plots (at
Vsp = 60 V) shown in Fig. 3. The p and Vy thus calculated
were 5.5 x 1073 cm? V!5~ and 6V, respectively. The on/

© 2006 The Chemical Society of Japan

iN
P

*
14
*

12
o
S 10 .
o
—
& 8
= 3
o 6
2
[
= 4

*
2
*
* *» >
40 30 20 -10 O 10 20 30 40 50 60 70
Ve !V

Fig. 3. Plots of {Isp(sat)}'/? vs Vg. The plots are based on
the data shown in Fig. 1.

off ratio was evaluated as 3.3 x 10* from logi-Vg plots.*7$

When the trimethylsilyl functionalization of the Si/SiO, sur-
face with HMDS was not carried out, /sp became somewhat
smaller and the FET gave a smaller electron mobility of 4.2 x
1073 cm? V' s~!, suggesting that the trimethylsilyl functional-
ization brought about better contact between the pphen(2-
Non)[Ru'(bpy)>], complex with the Si/SiO, substrate. In the
case of this FET, an on/off ratio of 150 was obtained. Use of
the Ru'(bpy), complex of pphen also showed a similar n-chan-
nel behavior with a mobility of 1.9 x 1073 cm? V~'s~! and an
on/off ratio of 104. The data shown in Fig. 1 were obtained
under N», and the FET also worked under air.

Although the pphen(2-Non)[Ru"(bpy),], and pphen[Ru'-
(bpy)z], complexes-based FETs gave the n-channel response,
pphen itself did not respond to Vg in a range of Vg = —30
through 60V (cf. the Supporting Information); this may have
been due to difficulty in generating the carrier species in the
polymer by the Vg, difficulty in pphen forming good contact
with the SiO, gate layer and/or the aluminum electrode, or dif-
ficulty to form a well-organized structure within the channel
area. The obtained results reveal the importance of the metal
complexation of the 1,10-phenanthroline polymers for good
FET performance.

As described above, the poly(1,10-phenanthroline)[Ru'-
(bpy)2], complexes gave a good n-channel in the FET. Because
various metal complexes of 7r-conjugated polymers have re-
cently been reported,’ the present findings are expected to
expand the scope of polymer-based FETs.

Supporting Information

Isp—Vsp curves obtained with the pphen-based FET. This ma-
terial is available free of charge via the Internet at http://www.
csj.jp/journals/bes;j/.
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