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1. Introduction

Organic field-effect transistors (OFETs) have been at-
tracting considerable attention both from scientific and
technological points of view. Direct observation of charge
carriers in these devices is an essential subject to under-
stand the basic physical processes in the device operation as
well as to determine the origin of the charge carriers.
Field-induced ESR (FI-ESR) technique is a particularly
suitable method for this purpose, providing microscopic
information concerning the wave function of charge carri-
ers and the molecular orientation at the device interface as
demonstrated in regioregular poly(3-hexylthiophene)
(RR-P3HT) [1] or pentacene [2] FETs.

Determination of carrier concentrations in operating
OFETs is also a key issue to characterize the device proper-
ties of the organic FETs. According to the standard theory,
change in the carrier concentration is induced in the FET
channel by the application of drain-source voltage (Vys)
together with the gate-source voltage (V), dominating the
FET output current of the device. Such change has been
directly demonstrated by our previous FI-ESR measure-
ments for the RR-P3HT FETs [3]. In this study, we demon-
strate the direct determination of charge carrier concentra-
tions in operating FETs of pentacene (inset of Fig. 1),
which is one of the most promising materials for the OFET,
by using FI-ESR technique.

2. Experimental

The FET devices were fabricated on n'-Si substrates
with SiO, gate insulators [3,4]. We adopted top-contact
geometry, where pentacene was vapor-deposited on
300-nm-thick SiO, surface treated with hexamethyldisilaz-
ane (HMDS). Au electrodes were vapor-deposited on the
film. ESR measurements were performed by using a Bruker
E-500 spectrometer. The spin concentration was deter-
mined from the twice-integration of the first-derivative
ESR signal calibrated by that of CuSO4*5H,0. All the
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measurements were carried out at room temperature. The
typical mobility of the present devices was obtained as u =
0.1 cm*/Vs with a threshold voltage of Vi, =-20 V.

3. Experimental Results

Fig. 1 shows the first-derivative FI-ESR signal obtained
by applying negative V', without applying V.. The external
magnetic field () is parallel to the substrate. The FI-ESR
signal is observed around g = 2.00245, which linearly in-
creases under the application of negative V,, with a thresh-
old voltage of -20 V, owing to the accumulation of penta-
cene m-electron spins at the device interface. Induced spin
concentration agrees well with the charge concentration
determined from the capacitance measurements, indicating
that all the carriers have spin, that is, polarons.

The FI-ESR linewidth tends to become narrower as
V4 | increases. This indicates the occurrence of motional
narrowing due to the thermal motion of carriers, which is
promoted for higher voltages. This effect has been previ-
ously reported and interpreted by using multiple trap and

v

'

5

<

&

2

‘0

c

2

£

14 — -40V

B gl - 20V H / substrate |

3420 3425 3430

Magnetic Field (G)

Fig. 1 First-derivative FI-ESR signals obtained with H parallel to
the substrate. Inset shows chemical structure of pentacene.



release (MTR) model [5]. In this model, the trap sites tend
to be filled as the charge accumulates, giving higher carrier
motion for higher carrier concentration. We note that the
higher FET mobility for higher |Vgs | is also observed in the
present study, showing a phenomenological relation of x oc
V"* with f=2.6.

When the drain voltage is applied together with the gate
voltage, concentration of the carriers (N) exhibits distinct
V4 dependence as shown in Fig. 2(a). To obtain the accu-
rate value of V, the contribution of the carriers accumulated
underneath the source and drain electrodes of the
top-contact device are subtracted from the total carrier
concentration. Obtained carrier concentration within the
channel, normalized by the value at V4= 0, decreases grad-
ually in the linear region, reaching to ~ 70 % from the ini-
tial value at the pinch-off voltage (V,=Vy—Vu), Whereas it
becomes almost V-independent for the saturation region.

According to the gradual channel approximation, local
carrier concentration Q(x) within the channel reflects the
local potential V(x) through the relation O(x) = Ci{V(x) —
(Ves— Vin)}, where C; denotes the capacitance of the gate
insulator. If we assume a linear potential distribution, the
total carrier concentration becomes 50 % of the initial value
at Vgs= V;, [3]. However, the carrier concentration reaches
clearly higher value of ~ 70 % at V4= V,, in the present
device. This result indicates that the potential changes
moderately toward the drain electrode in the channel region
by applying V4, whereas it exhibits steep drop near the
drain electrode, as schematically shown in Fig. 2(b) by
adopting the bottom-contact geometry for simplicity. At the
pinch-off voltage, the conductance at the drain electrode is
very small due to the carrier depletion, and hence, the lat-
eral electric field increases steeply at the drain electrode in
order to satisfy the current continuity condition. This is the
origin of the potential drop near the drain electrode. Such
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Fig. 2 (a) Vy dependence of the carrier concentration (N) normal-
ized by the value at Vs = 0 together with the FET output current
obtained for the same device. The gate voltage is -80 V. Dashed
curve represents the theoretical expectation using the potential
distribution with g = 2.6. (b) Schematic illustration of charge car-
rier distribution within the channel.
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nonlinear potential profile has been reported by using Kel-
vin probe force microscopy (KPFM) measurements [6,7].
In addition, if the mobility depends on the carrier concen-
tration, potential drop around the drain electrode becomes
more significant due to the large change of the conductance.
By taking these effects into consideration, obtained Vs de-
pendence of the carrier concentration is compared with that
expected from the theoretical potential distribution in the
case of f = 2.6 [7] as shown by the dashed curve in Fig.
2(a). The agreement between the observed and calculated
results is satisfactory.

We also note that the pinch-off voltage of V', = -60 V in
the present device is reasonably determined from the Vg
dependence of the carrier concentration as shown by the
dashed arrow in Fig. 2(a), which is consistent with the con-
stant output current (/4) for Vy, < -60 V in the saturation
region of the same device.

4. Conclusions

In this work, we demonstrated the change of charge
carrier concentration in the operating FET of pentacene
through the accurate determination of spin concentration by
the FI-ESR technique. The carrier concentration decreased
to ~70 % at the pinch-off point of Vys = V- Vi, from the
initial value at V4, = 0 and stayed nearly constant in the
saturation region. The results agreed well with the potential
distribution reported by using KPFM measurements. The
gate voltage dependence of the carrier mobility was micro-
scopically confirmed from the motional narrowing of the
FI-ESR signal, which also affects the carrier concentration
in the operating devices.
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