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Photo Organic Field Effect Transistor’s Properties
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Abstract

A thin organic films of p-type semiconducting copper phthalocynanine (CuPc) film and semitrans-
parent Al film were deposited in sequence by vacuum evaporation on glass substrate with Ag source
and drain electrodes, fabricating an organic field effect transistor with metal (aluminum)-semiconductor
(copper phthalocyanine) Schottky junction. The transistor was investigated for effect of illumination on
its characteristics. It was found that the gate-source (Al-Ag) and gate-drain (also Al-Ag) dark current-
voltage characteristics show rectification behavior. Under non-modulated filament-lamp illumination,
photo-potential is developed between gate-source and gate-drain terminals. Drain current of this organic
phototransistor (OPT) increased with illumination. An energy band diagram of the Al-CuPc junction
and the equivalent circuit diagram of the OPT were produced.

Key Words: Organic Field Effect Transistor, Copper Phthalocyanine, Metal-Semiconductor Schottky
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1. Introduction

During the past decade, organic semiconductor field-effect transistors (OFET) based on organic materials
as conjugated polymers, oligomers and low molecular weight materials have been investigated widely. Lower
material and fabrication cost of OFET are attracting extensive interest for their potential applications in
organic devices [1-5]. Some OFETs show sensitivity not only to the applied voltage itself but also to the elec-
tric field of the molecules as well. In [6] an OFET was described that was able to detect charged/uncharged
chemical species in aqueous media via the field effect; chemical sensitivity of the organic transistor was
illustrated for protons and glucose.

In recent years, organic phototransistors (OPT) have been fabricated and investigated as well. In [7],
OPT based on a biphenyl end-capped fused bithiophene oligomer was described. Under 380 nm UV light
the OPTs show a photocurrent response similar to the absorption spectrum of the organic semiconductor.
It is expected that the OPTs may be used in highly sensitive UV sensors. Similar to a previous case in
[7], in [8] the effect of ultraviolet light irradiation on the characteristics of organic phototransistor (OPT)
containing sexithiophene (6-T) and pentacene was examined. The transistors showed both fast and slow
responses. The slow response was observed over several weeks, suggesting the possibility of application in
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light-addressable field-effect transistor memory devices. The most widely used organic semiconductors as
pentacene, thiophene oligomers and regioregular polythiophene showed good performance in use in OFET,
but further improvements may stall due to saturation [1].

In [9], copper phthalocyanine (CuPc)/inorganic ferroelectric PbZrg 2 Tip.sO3 heterojunction gate and a
ferromagnetic oxide semiconductor Lag g7Bag.13 MnO3 channel photomemory was described: it was demon-
strated the non-volatile and non-destructive photomemory operation. The device could write the light
information via combination of light irradiation and negative gate bias, and delete only with the positive
gate bias.

Organic semiconductors phthalocyanines [10] and especially CuPc is a well-studied organic photosen-
sitive semiconductor. It has high absorption coefficient in wide spectrum and high photo-electromagnetic
sensitivity at low intensities of radiation. Deposition of thin CuPc films by vacuum sublimation is simple.
Purification of CuPc is simple and economical, as the sublimation occurs at not very high temperatures
(400-600 °C). In [11, 12] we fabricated and investigated the properties and characteristics of organic-on-
inorganic Ag/p-CuPc/n-GaAs/Ag photoelectric sensors at room and elevated temperatures in photovoltaic
mode and photoconduction mode of operation under tungsten filament lamp illumination. Photocurrent
and photo-voltage spectra showed that cell is sensitive in the large spectral range 200-1000 nm, from UV to
visible and NIR spectrum.

In [13] it was described the numerical simulation and properties of the Schottky junction transistor on
the base of Si. The results for a device with a 0.5 um gate length suggest that cutoff frequencies approaching
10 GHz can be achieved. In this paper the properties of OPT with CuPc and Schottky junction (Al-CuPc)
are reported that have the structure of MESFET, unlike MOSFETSs described in [7, §8].

2. Experimental

The CuPc was obtained from Sigma-Aldrich. Figure 1 shows the molecular structure of the CuPc
molecule used as a p-type organic semiconductor [14, 15]. At least seven crystalline polymorph states of
CuPc are know to exist: «, 3, v, R, , ¢, etc. [16]. The a-CuPc form is metastable at T = 165 °C and can
be converted thermally or with solution to G-form. The « and 3 forms are the most frequently encountered
states of CuPc.

Figure 1. Molecular structure of CuPc.

X-ray diffraction data showed that the deposited CuPc films were in a-form [17]. Scanning electron
micrographs showed that no particular crystal orientations in the CuPc films [16]. A band gap of CuPc was
equal to 1.6 eV and a conductivity was equal to 5X107!% Q~l.cm at T = 300 K [14, 15]. Sublimation
temperatures varied from 400 °C at pressure p = 10~* Pa to 580 °C at p = 10~% Pa [10].

Thin films of CuPc were thermally sublimed onto glass substrate (with preliminary deposited silver
electrodes) at 400-450 °C and ~10~* Pa in an Edwards AUTO 306 vacuum coater with a diffusion pump
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vacuum system. The substrate’s temperature in this process was held at ~40 °C. The CuPc film was
deposited on glass substrates at the same conditions. Perkin Elmer Lambda 19 UV/VIS/NIR spectrometer
was used for measurements of absorption spectra (Figure 2). The spectra covers the NIR-UV, i.e. the
wavelengths 200-1000 nm.
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Figure 2. Absorption spectra of p-CuPc film deposited on glass substrate by vacuum evaporation.

On CuPc film a semi-transparent Al film (transparency was equal to 15%) was also deposited. Thickness
of the CuPc was determined via a Edwards FTM5 film thickness monitor. Earlier investigations showed
that CuPc forms ohmic contacts with Ag and Schottky type rectifying contacts with Al [10]. Figure 3 shows
cross-sectional view of the fabricated OFET: source and drain terminal connected with Ag films and gate
terminal with Al film. Length, width and thickness of the CuPc channel were equal to 0.1 mm, 10 mm and
20 nm respectively. A filament incandescent lamp was used as a source of light. Voltage and current were
measured with digital meters at room temperature.
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Figure 3. Cross sectional view of the organic photo-transistor.

3. Results and Discussion

Figure 4 shows I — V' characteristics of gate-source junction of the OPT measured under dark condition
and zero source-drain voltage. It is seen that the characteristics shows rectification behavior. The same I —V
characteristics was observed between gate-drain terminals of the OPT. Rectification ratio RR defined as a
ratio of forward and reverse currents at the same voltages (here, V = +4 V) was equal to 7. In forward bias
the “+” voltage of power supply was applied to the source/drain with respect of the gate. Figure 5 shows
open-circuit voltage/short-circuit current and illumination relationships obtained for the gate-source/drain
terminals of the OPT. It is seen that photo-induced voltage and current are proportional to illumination.
The gate-source and gate-drain junctions play the role of photoelectric cells. The results shown in Figure
4 and Figure 5 confirm that in the OPT the junction between gate and source-drain channel is really a
rectifying contact, i.e. it is Schottky type junction.
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Figure 4. Dark I-V curve of the gate-source/drain (Al / p-CuPc) metal-semiconductor junction of the OPT.
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Figure 5. Open-circuit voltage/short-circuit current-illumination relationships obtained for the gate-source/drain
terminals of the OPT.

Figure 6 shows drain current-illumination relationship at drain-source voltage Vs = 5 V. It is seen that
the drain current increases with illumination (in the range of 0-1000 Ix) in 3.5 time (ratio of light ON/OFF
currents), that is comparable with the response of the OPT described in [8].
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Figure 6. Drain current-illumination relationship at drain-source voltage Vgs = 5 V.

Figure 7 shows a simplified equivalent circuit of the OPT. In the equivalent circuit design it was used
the circuits of FETs [18], OFET [19] and organic-inorganic photoelectric cell [12]. It was assumed that: (i)
effect of the light to independent current sources (I3 and I) and dependent current source I3 was linear; (ii)
the drain and source series resistances were neglected; and (iii) drain-source voltage (Vs) was constant and
gate-source voltage Vys = 0. In the circuit the independent current sources I; and I, represent the Al-CuPc
junction photoelectric cells, whereas the dependent current source I3 represent the source-drain channel
as a variable resistance, Rys and Cy, are the gate-to-source diffusion resistance and junction capacitance,
respectively. The parameters Ryq and Cyq are the gate-to-drain resistance and capacitance, respectively. The
resistance Ry is the drain resistance, the Cys capacitance is mainly a drain-to-source parasitic capacitance.
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Figure 7. A simplified equivalent circuit of the OPT.

Taking into account the data shown in Figure 2 (Absorption maximum of the CuPc¢ spectrum corresponds
to the energy of 1.5 eV) and Figure 4, including the concepts related to heterojunction properties [18, 20],
an energy-band diagram of the Al/p-CuPc metal-semiconductor junction (Figure 8) was developed.

Figure 8 shows the energy-band diagram of the Al/p-CuPc metal-semiconductor junction. The salient
features of the diagram are: the Schottky barrier eV ,,, i.e. potential barrier as seen by the electrons in the
metal trying to move into the semiconductor; eVy;, the built-in potential barrier seen by holes [18]; and E.,
E, and E,, which are the bottom of the conduction band, top of the valence band and gap, respectively.
Mobility of the majority charge carriers of CuPc [10] are equal to 1072 cm?/Vsec. Therefore in the CuPc
side of the junction, unlike the delocalized states in the Al side, there are localized states because in CuPc
mobility of charge carriers is much less than 1 cm?/V sec [1].

Localized states
] : 4 Ec
T E,3=353¢eV
v, o =26€ev
L Eq =156V E,=16ev
E _ eV % £
= F
r e,
/ Localized states
Aluminum ? p- Copper Phthalocyanine
(Al) &V (p- CuPx)

Figure 8. Energy-band diagram of the Al/p-CuPc metal-semiconductor junction.

The two mechanisms, namely, photoconductive behavior and photovoltaic behavior seem responsible
for the photoresponse of the OPT, as is discussed in [7, 8]. Photoconductive behavior (the increase of
conductance in the effect of light) occurs due to generation of excitons by absorbed photons, which are
of higher energy than the band gap of the organic semiconductor CuPc and splitting of the excitons into
electrons and holes by a source-drain field. Photovoltaic behavior (generation of voltage due to effect of
light) is observed due to the presence of the rectifying metal-semiconductor junction with built-in potential
barrier and electric field that in turn split the excitons into electron-hole pairs. Under illumination, the
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metal-semiconductor potential barrier, and the electric field as well, decrease causing increase of the OPT
channel cross-section, and thus an increase of channel conductivity.
As is known [8], the responsivity is given by the relation
Ion,  (Zai — Iaa)

R=F="F1 (1)

where I, is the generated drain current by light irradiation, P, is the optical power incident on the channel
of the device, Iy is the drain current under illumination, I44 is the drain current in the dark condition, F
is the irradiation of the incident light and A is the effective device area (area of the channel); and the ratio
of photo-on and dark-off currents

Iy
r=— 2
T (2)

indicate the performance of the photodetector. In this case, it was found that R = 0.03 A/W and r = 3.5,
respectively, under illumination of 1000 Ix (a radiation intensity of 1.5 mW /cm?). The parameters obtained
for the investigated OPT are lower with comparison with OPT described in [7, 8]. In the former case the
transistor is simple and cheaper (metal-organic semiconductor Schottky junction was fabricated), than in
the later case, where organic semiconductor was deposited on SiOs/Si substrate.

In [7, 8] the expressions for the photocurrent caused by the photovoltaic effect and photocurrent induced
by a photoconductive effect are presented. At the same time the properties of the OPT may be simulated
by use of equivalent circuit (Figure 7) as well (a matter of future work).

4. Conclusion

CuPc based OPT with Schottky junction (Al-CuPc) was fabricated and investigated, and the electri-
cal characteristics under incandescent illumination was examined. Examination of the dark current-voltage
characteristics and voltage/current/illumination relationships confirm rectifying behavior of the gate-source
and gate-drain junctions, and the character of the photoelectric properties. The photoconductive and pho-
tovoltaic effects are thought responsible for the increase in drain current due to illumination. We developed
an equivalent circuit of the OPT where gate-source and gate-drain junctions are represented as independent
of current sources, and the source-drain channel is current source dependent. By use of the CuPc absorption
spectra and data obtained in the investigation of electric properties of the OPT, the energy band diagram
of the Al-CuPc junction was designed. Further improvement of the OPT’s performance may be made by
optimization of the thickness of Al and CuPc films, and channel gap width and length as well.
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