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Unique architecture and concept for high-performance organic transistors
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We report an organic transistor with a vertically stack structure, which consists of a layer-by-layer
active cell(drain/organics/sourgeon top of a capacitor cellsource/dielectrics/gatethe middle

source electrode is shared by the capacitor cell and active cell. Three unique characteristics of this
transistor,(a) its very thin and rough middle source electrodb) its capacitor cell with high
charge-storage capability, allow the active cell to be influenced when the gate is biaséd); thed

large cross-section area and small distance between the source and the drain allow current flowing
between the source and drain electrodes. Devices have been fabricated by thermal evaporation with
the source-drain current well modulated by the gate potential. We have achieved organic transistors
with low working voltage(less than 5 Y and high current outpuup to 10 mA or 4 A/crd) and

an ON/OFF ratio of 4« 10°. A model is proposed for the device operation mechanism. The
demonstrated device with its enhanced operating characteristics may open directions for organic
transistors and their applications. Z004 American Institute of Physid®Ol: 10.1063/1.1821629

Organic field effect transistor@OFET9 and thin film Vacuum thermal evaporation methods were used for de-
transistors have attracted considerable attention since theiice fabrication. Materials were purchased from Aldrich and
discover);'2 due to their flexibility, low cost, and amenability they were used as received. Copf@r) was first deposited
to fabrication over large surface areas. They have been exn a precleaned glass substrate as the bottom gate electrode.
tensively investigate'fi.4 However, the performance of The lithium fluoride(LiF) layer, 240 nm thick, followed as
OFETs is still poor compared to their inorganic counterpartsthe gate dielectric layer. €20 nm/Al(10 nm was depos-
showing low current outputon the order ofuA) and high ited next as the source electrodg,@as deposited on top of
working voltages(up to 100 V) in generaf® Some ap- the source electrode as the active organic layer. Finally, the
proaches to enhance the OFETSs’ performance, such as d@p electrode was deposited to complete fabrication of the
creasing the channel length and increasing the dielectric corslevice. The device areé0.25 mnt) was defined by the
stant of the gate dielectrics, have been repotfél. crossover between the drain and source electrodes.
However, the performance is still quite limited. In this letter, Drain-source current-voltageés—Vy) characteristics at
we demonstrate an organic field effect transistor that utilizeyarious gate potentials for a VOFET withyas the organic
a vertically stacked structure with promising performance. layer and Cu/Al as the source electrode are shown in Fig.

Figure Xa) shows a schematic diagram of the device2(a). For this device the current output is near 10 r(gk
structure. It consists of an active cell on top of a capacito# A/cn¥) at working voltage less than 5 V. It should be
cell. The middle electrode is defined as the common-sourc@entioned that the leakage current from gate to source is in
electrode, which is very thin and rougthe roughness is
comparable to its thicknegsThe top electrode and the bot-
tom electrode are defined as the drain and gate electrode . Drain electrode (+)
respectively. The operating principal of our device, which Activeesll Organic layer
will be discussed later, requires two important conditions to ~Common source—s;

be satisfied simultaneousl§g) a thin and rough source elec- Capacitor cell Dielectric layer
trode, and(b) a high capacitance for the bottom capacitor Gate electrode (+)
cell. Figure 1b) shows an atomic force microscop&FM) | Substrate

=

image of the surface of the source electrode for our device psga 10°

1(c) shows the high capacitance of the bottom capacitor cell, iﬁi" b, F3° < 107
and the inset of Fig. () shows the humidity dependence of .;‘{;i‘

the capacitance of the capacitor cell for our devices, sugges! ’,:iﬁ'
ing solid-state electrochemical supercapacitor formation. o
This device structure provides, intrinsically, a very short ‘ x 101t ©
“channel length” between the source and drain electrode an :‘_ S R s L 10‘2 10‘3 10;1 105
an extremely large cross-sectional area, allowing the possi e S Frequency(Hz)

bility for low working voltages and high current outputs. We

define this device as a gate-source-drain vertical organic fieldic. 1. (Color) (a) The schematic diagram of the proposed device structure.

effect transisto(VOFET)_ (b) atomic force microscope image of the surface of the source elect@de.

The frequency dependence of the capacitance for the capacitor cell with

ambient relative humidity of 44%. The inset is the ambient relative humidity

dauthor to whom correspondence should be addressed; electronic mailependence of the capacitance for the capacitor cell at 25 Hz without dc
yangy@ucla.edu bias.
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[ GuLIFIGULF{anmyC_aonya source/organic interface due to the rough interface and net
" ration™—geewee charges at the surface, which also induces positive charge in
FAVe=6V)=045eV 1 the organic layer, near the source/organic interface. As a re-
rliner-approximeti 7 sult, the electron injection barrier height from the source into
];esgfl;ﬂw)ﬂm‘ V=4V the organic layer is lowered by an amou#. Hence, the
i 7 effective energy barrier heightAo) for electron injection
i from the source electrode is decreasaddi=A,—9), allow-
o, QULFICUAIC, (BnmAl [ e O] ing efficient electron injection from the source into the semi-
0% v%v) 3 4 0% 4202468 conductor layer causing an increase of the source-drain cur-
d vV rent (Isy when a drain bias is applied. At a constant drain-

source biagVy) and temperatur€T), the gate potentialVy)
controls the stored charge in the capacitor cell and &he
term. Therefore,Vy controls the effective energy barrier
height, A¢q(Vg) =Ag— (V). Taking the temperature and ap-
plied drain bias as constant, it is reasonable to assume that
the uA range. The ON/OFF ratigcurrent ratio at certain the injection current has an exponential relation with the ef-
drain voltage with and without gate bjaat 5V gate bias fective energy barrier (V) =lgexd —Aeu(Vy)/ (KT)], where
and 4 V drain bias is nearX10° [Fig. 2b)]. k is Boltzmann constant,, is a constant>'® It should be
The transistor operates in the following fashion. Anmentioned that the electric field produced by the charged
n-type organic semiconductor is used for the active cell. The;apacitor cell at the source/organic interface may also modu-
source electrode is used as a common cathode for both thgte the carrier density and mobility within the organic semi-
capacitor cell and the active cell. Consequently, the currengonductor layer, which affects the source-dr&i charac-

injection for the active cell is controlled by electron injection tgristics. In the VOFETs reported here, we believe that the
from the source electrode. We selected materials with mispjection-controlled source-drain current pictut€ig. 3)

matched energy levels between the organic semiconduct@jominates the device operation mechanism.
and the source electrode at zero gate-bias condition in order Cep iS ann-type semiconductdf® which was selected

to achieve low leakage current. This approach is similar (95 the organic material. The origin of the injection barrier,
that of a Schottky barrier transistbfWe focus on the inter- shown in Fig. 3, is caused by the mismatch of the metal

face between the source electrode and the organic SemiCoBgm; |evel with the lowest unoccupied molecular orbital of
ductor layer to demonstrate the device working principlec, ~sq that electrons are transported through an injection
(Fig. 3). Before applying a gate bidsig. @], the large o rier from the source electrode to thgyCayer™ To ex-
injection barrier heigh{A,) (due to the energy level mis- plain the functional dependence lgf on V, in Fig. 2(b), the
match described aboyeprevents electron injection effi- otactive barrier can be mathemati?:ally expanded as
ciently from the source electrode into the semiconductorAeﬁ(Vg)=A0_avg_lgvz_”' whereA, anda, 8 are constants.

layer. When the gate is positively biasgelg. 3b)], the ca-  \v.o 5ind for some region, a liner approximatio(V)

pacitor cell is charged up. Negat|ve_ charge is then_ built up. aV,, can describe well they—V, characteristics for some
within the source electrode layer with an exponentially de-

creasing distribution profile having a maximum at theOf our devices, wheré{Vg)=loex aVg/ (KT)]. Using this

dielectric/source interface and decreasing toward the sourcgﬂuat'on. we can explain the eXpOf?e”“"?" increase pﬂ;@e
ith the increase of the gate potential within a certain range.

organic interface. The charge beyond the Debye shieldin o . : .
|engthl4 is small, but can be amplified by introducing super- s the gate potential increases, the effectlve_ bamer height
high capacitancésuch as capacity is aboveudF/cn?). Be- Aeft d_ecrea;es. We found for the data _show_n in Fib) the
cause of the super-high capacitari@ uF/cn? at 25 Hz, 5(Vg—.6 V) is about 0.45 eV. One can imagine that above a
2V bias, 44% relative humidijyof the capacitor cell, the CErtain gate voltagé.s may reach zero, and the electrons
have no injection barrier into the organic layer. In this case,

very thin and rough source lay@roughness is comparable . . [
with thickness, as described in Figajl, and the possibility the source-drain current is changed from injection controlled

of partial oxidization of the source electrode, there is certairf® the bulk controlled, and a saturation shows upsjfr V.
amount of negative charge on the top surface of the sourddoreover, if the stored charge of the capacitor cell is satu-
electrode of our device. The electric field produced by thd@ted by a high gate voltage, a similar saturation of the

charged capacitor cell cannot completely vanish at théource-drain current will also appear. . _
The current output of our devices is sufficient to drive a

organic light-emitting diodg OLED). Figure 4 is a picture

FIG. 2. (a) Thelgsy—V, characteristics of a VOFET at various gate biages.
Thelg4—V, characteristics avy=4 V for a VOFET with LiF buffer layer at
the source/g, interface.

which shows a bright OLED driven by a VOFET. The pic-
LUMO Efemg_hw ture was taken in bright room light and the brightness of the
E(? on charged-up - LUMO organic light-emitting diod¢OLED) was about 1000 cd/fm
Gon—1  Organics Source ' sufficient to be an indoor display. The speed of our transistor
Organics is mainly determined by the capacitor. Currently, the capaci-
HOMO tor speed can go to submillisecond range, which is sufficient
THOMO to drive active matrix OLED displaﬁf In the future, when
(a) Without gate bias (b) Positive gate bias the size of device shrinks, we anticipate that the VOFET can

be even faster, suitable for many other applications.
FIG. 3. The schematic band diagram for the VOFET which demonstratesits ~ 1n€ bottom capacitor cell of our VOFETS turns out to be

operating principlesta) without bias andb) with positive gate bias. a supercapacitor when it is operated in an ambient environ-
Downloaded 23 Nov 2004 to 128.97.84.27. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



5086 Appl. Phys. Lett., Vol. 85, No. 21, 22 November 2004 L. Ma and Y. Yang

In summary, we have demonstrated a stacked-structure
, field effect transistor with an active cell on top of a capacitor
cell. High-capacitance capacitor cell and very thin and rough
“?v-, source electrode layer are important for device operation. We
il |
\*Z |

have obtained organic transistors with low working voltage

(less than 5V, high current output(up to 10 mA or

| 4 A/cn?), and high ON/OFF rati¢4 X 10f). Our transistors

[ can be incorporated with other organic electronic devices
: such as organic light-emitting diodes. We have used the tran-
sistor as the driver for organic light-emitting diodes and ob-

served controlled emission intensity of the OLED by modu-

lating the gate potential. This device with its enhanced

operating characteristics opens directions in basic scientific
research for organic transistors and their applications.

VOFET ce
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