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In this letter, the characteristics of vertical organic triodes fabricated by using two copper
phthalocyanine (CuPc) back-to-back Schottky diodes with different metal base thicknesses are
reported. The vertical organic triodes exhibit pronounced saturation regions in the output
current-voltage characteristics. The common-emitter current gain reduces with increasing the Al
base thickness due to the increase of recombination current at the base end resulted from the
reduction of opening voids in the Al metal film. The common-emitter current gain of the device with
4.5 nm thick Al base reaches 1.9 at Vog=—6 V and J5=2.5 mA/cm?. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2722623]

Organic thin film transistors (OTFTs) have received con-
siderable interest in recent years due to their potential appli-
cations as fundamental components for organic sensors, or-
ganic integrated circuits, flat panel displays, smart tags,
electronic papers, and radio frequency identification.'® Due
to their low-cost, low-temperature fabrication procedure and
the possibility of their fabrication onto the flexible substrates,
many research groups have devoted to the development of
OTFTs. Up to now, most of the reports on OTFTs are fo-
cused on the planar-type structure. Nevertheless, planar-type
OTFTs are of disadvantages such as high operation voltages
and low operation speed due to the limitation of channel
length and low carrier mobility of the organic materials. As
compared with the planar-type OTFTs, the vertical-type OT-
FTs have been reported to exhibit superiority such as a high
current gain, a low operation voltage, and a high operation
frequency due to their short channel length.%ll The channel
length can be easily controlled by reducing the organic film
thickness to a submicrometer range. Pronounced saturation
regions with high current gain values are also observed for
the pentacene-based vertical organic triodes.'*!! Compared
with the pentacene material, although the carrier mobility of
copper phthalocyanine (CuPc) is lower, however, higher sta-
bility under ambient conditions and much lower price for this
material have made CuPc-based organic transistors promis-
ing for practical applications.12 In this letter, we fabricate the
vertical organic triodes by using two CuPc back-to-back
Schottky diodes with different metal base thicknesses. The
common-emitter current gain reduces with increasing Al
base thickness due to the increase of recombination current
at the base end resulted from the opening void reduction of
the Al metal film. The common-emitter current gain of the
device with a 4.5 nm Al base can reach 1.9 at Vg=-6 V and
Jp=2.5 mA/cm?,
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The device structure of the vertical triodes is shown in
Fig. 1. The devices were fabricated on Coning 1737 glass
substrates. The glass substrates were precleaned by using
acetone, isopropyl alcohol, and de-ionized water in an ultra-
sonic cleaner. All organic materials and metal electrodes
were deposited in a thermal evaporation chamber at a base
pressure of 107 torr. The deposition procedure of the verti-
cal organic triodes was as following: (a) a 50 nm Au layer as
the collector electrode, (b) a 70 nm CuPc layer as the collec-
tor, (c) a thin Al layer with different thicknesses of 0, 4.5, 9,
and 13.5 nm as the base, (d) a 30 nm thick Al layer as the
base electrode, (e) a LiF layer as the hole injection enhance-
ment layer, (f) a 15nm  N’-di(naphthalen-1-yl)-
N,N'-diphenylbenzidine layer as the kinetic-energy enhance-
ment layer for holes injected from the emitter, (g) a 35 nm
CuPc layer as the emitter, and (h) a 50 nm Au as the emitter
electrode. The active area is 4 X 10~* cm?2, which is defined
by the intersection of emitter and collector electrodes. The
current-voltage (/-V) characteristics of the devices were
measured by HP 4156 semiconductor parameter analyzer in
darkness under atmospheric environments.

Figure 2(a) shows the collector current density versus
collector-to-base voltage (Jo-Vg) characteristics of the de-
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FIG. 1. Device structure of the CuPc-based vertical organic triodes with
different Al base thicknesses of 0, 4.5, 9, and 13.5 nm.

© 2007 American Institute of Physics
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FIG. 2. (a) Collector current density vs collector-to-base voltage (J¢-Vceg)
characteristics for the devices with different Al base thicknesses of 0, 4.5, 9,
and 13.5 nm operated at J;=2.5 mA/cm?. (b) The transport factor (e) of the
devices with different Al base thicknesses under the saturation region.

vices with different Al base thicknesses of 0, 4.5, 9, and
13.5 nm at Jg=2.5 mA/cm? measured under the common-
base mode. Inspection of Fig. 2(a) reveals that the pro-
nounced saturation regions can be observed for all the or-
ganic triodes. For the device without an Al metal base, it is
expected that the transport carriers would only experience a
thick organic layer. Therefore, it is obvious that the transport
factor @ would reach 1 for the device at higher applied volt-
ages. An increase of Al base thickness would lead to a de-
crease of transport factor. Figure 2(b) shows the transport
factor values of the devices operated in the saturation region.
The « values are 1, 0.67, 0.54, and 0.03 for the devices with
Al base thicknesses of 0, 4.5, 9, and 13.5 nm, respectively.
The phenomenon is attributed to the increase of recombina-
tion current at the thicker metal base thickness.

We further investigate the mechanisms responsible for
the reduction of transport factor values with increasing Al
thickness. Figures 3(a) and 3(b) show the images of atomic
force microscopy (AFM) for the samples with 4.5 and
13.5 nm thick Al metals deposited onto the 70 nm CuPc,
respectively. As shown in Fig. 3(a), a more rough surface
morphology is observed for the sample with a 4.5 nm Al
thickness, which implies that more opening voids are ob-
served for the sample. Because the thickness difference be-
tween the two samples is only 9 nm, the diffusion current
reduction should not result in such a huge reduction of trans-
port factor value from 0.67 to 0.03. Therefore, assuming that
most of the collector current flows through the opening voids
instead of diffusing through the Al base, the a value reduc-
tion shouid be attributed to the decrease of opening voids
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FIG. 3. AFM images of the samples with (a) 4.5 and (b) 13.5 nm Al films
deposited on the 70 nm CuPc.

with increasing the Al thickness. Under this assumption, the
role of the opening voids at the Al base would be similar to
the grip structure in the static induction transistors (SITs).’
The major difference is that the size of the grid structure in
SITs is limited by the metal masks. The optimized linewidth
is usually of several tens of micrometers. However, as shown
in Fig. 3, the size of the opening voids at the Al base is down
to less than 0.1 wm, which makes the thin metal base more
effective in current modulation and also advantageous for
carrier transport.

Figure 4 shows the J--Vg characteristics of the device
with a 4.5 nm thick Al base measured at different base cur-
rent densities (Jg) under the common-emitter mode. Again,
the pronounced saturation regions can be observed for the
organic triode. The appearance of the saturation region is
attributed to the almost constant base voltage at the region,
which results in a constant emitter current (/g or Jg). Part of
emitter current contributes to base current (I or Jg), rest of
the emitter current would flow through the thin Al base elec-
trode and form the collector current.'"" The common-
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FIG. 4. Collector current density vs collector-to-emitter voltage (Jc-Vg)
characteristics at different bage current densities (J3) for the device with a
4.5 nm thick Al base.
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emitter current gain S for the device reaches 1.9 at the flat
saturation region with Vep=—6 V and Jg=2.5 mA/cm?. The
measured current gain S is close to the calculated value of
2.03 derived through the transport factor (8=a/(1-a)). The
result is different from the case for pentacene-based vertical
organic triodes.'®"! Because the surface morphology of CuPc
is smoother than that of pentacene, it is expected that more
opening voids would be available for the pentacene-based
triodes. Therefore, the transport factor would be relatively
high for the devices. However, when the device is operated
under common-emitter mode, the less conductive metal base
for the pentacene-based triodes would force more emitter
current to flow through the thick Al strip. In this case, a large
difference between the measured and derived current gain
values would be observed for the pentacene-based triodes,
while similar measured and derived current gain values are
obtained for the CuPc-based devices.

In conclusion, we have investigated the characteristics of
vertical organic triodes fabricated by using two CuPc back-
to-back Schottky diodes with different metal base thick-
nesses. The reduced common-emitter current gain with in-
creasing the Al base thickness is attributed to the increase of
recombination current at the base end resulted from the re-
duction of opening voids in the Al metal film. The results
suggest that most of the collector current flows through the
opening voids instead of diffusing through the metal base.

Appl. Phys. Lett. 90, 153509 (2007)

The current gain of the device with 4.5 nm Al base has
reached 1.9 at Vop=—6 V and J3=2.5 mA/cm?. Compared
with the pentacene-based triodes, the similar measured and
derived current gain values are resulted from the smoother
surface morphology of the CuPc material.
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