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The capacitance of an organic Schottky diode based on copper phthalocyanine (CuPc) is investigated. Based on

the organic small-signal equivalent model established, we calculate the reverse capacitance Cyjetal of the organic
Schottky diode with different kinds of metal cathodes (Mg, Al, Au). It is found that the reverse capacitance of
the organic Schottky diode shows behavior as Cnvg > Ca1 > Cau at the same frequency, and according to our
analysis, the reverse Schottky junction capacitance C; is expected to have little effect on the reverse capacitance
of the organic Schottky diode, and the space-charge limited current capacitance Cs is considered to dominate the
reverse capacitance, which limits the improvement of frequency characteristics of organic Schottky diodes.

PACS: 72.80. Le, 84.37. +q, 85.30. De

Considerable efforts have been devoted to the in-
vestigation of organic semiconductor devices because
of their promising applications in rf identification
(RFID) tags,['=3! active matrix backplanes for flexi-
ble displays,*! and sensor arrays.[’! One of the most
important potential applications is organic RFID tags,
which are better than silicon RFID tagsl®¢ because
of their lower cost. The frequency characteristics of
organic semiconductor devices, however, still need
to be improved compared to inorganic semiconductor
devices, which is the main roadblock to the implemen-
tation of high-frequency RFID tags based on organic
semiconductors.

There are two competing approaches to make or-
ganic high-frequency devices. They can be based
either on an organic thin-film transistor”) or on a ver-
tical organic diode which includes organic Schottky
diodes!™ 8! and p-n junction diodes.?! In general, for
organic Schottky diodes, two methods have been used
to improve the frequency characteristics: one is to
increase the carrier mobility of the organic material,
the other is to decrease the active area of the organic
Schottky diode. For example, Ma et al.'% demon-
strated a high-performance organic diode based on
Cgo which shows a megahertz frequency response.
Researchers reported that Schottky diodes based on
pentacene have a higher cut-off frequency compared
with the Schottky diodes based on copper phthalo-
cyanine (CuPc) because of pentacene’s higher carrier
mobility,'!! and a high-frequency organic Schottky
diode was also fabricated by Ai et al.'? with an ac-
tive area of 1.7 x 107® cm?, which could operate at
14 MHz.
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As far as we know, reverse Schottky junction ca-
pacitance C; is the main limit for high-frequency
characteristics of inorganic Schottky diodes. When
an inorganic Schottky diode is working in a high-
frequency circuit, the lower reverse Schottky junction
capacitance will lead to the higher-frequency char-
acteristics of the diode because of the impedance of
the junction capacitance X¢, = 1/2mc;f (f: fre-
quency). For organic Schottky diodes, space-charge
limited current (SCLC) capacitance Cg and Schottky
junction capacitance C; are believed to be the two
existing kinds of capacitance;['3~19 however, which
capacitance is the main limit for the higher frequency
characteristics of organic Schottky diodes is still un-
clear.

In this study, organic Schottky diodes
based on  CuPc with the configuration
ITO/CuPc(40 nm)/metal cathode(80nm) are fabri-
cated. According to the established organic Schottky
diode small-signal equivalent model with different
kinds of metal cathodes (Mg, Al, Au), the capaci-
tance of organic Schottky diodes is investigated, and
it is found that reverse capacitance Cyeta) Of Organic
Schottky diodes with different metal cathodes are as
Cwmg > Ca1 > Cay at the same frequency. By theo-
retical analysis, SCLC capacitance Cy instead of Cj is
found to dominate the reverse capacitance of organic
Schottky diodes, which will be the main roadblock for
the implementation of high-frequency organic Schot-
tky diodes based on CuPc.

The organic Schottky diode is built on a glass
substrate precoated with indium tin oxide (ITO)
film with a configuration of ITO/CuPc(40 nm)/metal
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cathode(80nm), and three different diodes are fabri-
cated with three metal cathodes (Au, Al, Mg), respec-
tively. The pressure during thermal evaporation for
deposition is 1 x 1072 Pa. CuPc and metal cathode
are subsequently deposited at a rate of 0.3nm/s (the
deposition rate of Au is 0.1 nm/s). The active area of
the device is 0.12 cm?.

Figure 1 schematically shows the measuring cir-
cuit. The signal generator (RIGOL DG1022) supplies
the ac inputs with different frequencies. D is the or-
ganic Schottky diode we fabricated. The load resistor
R =100€2. Both the ac inputs and their outputs are
measured by an oscilloscope (Tektronix TDS 2024B)
at different frequencies. The peak value of input volt-
ages (Vint, Vin—) and output voltages (Vout+, Vout—)
are all recorded at the same time. All the measure-
ments are carried out at room temperature under
ambient conditions.

Input Output 2

Oscilloscope
Signal @ |::| R M
generator

Fig.1. (a) Measuring circuit diagram for input-output
characteristics of CuPc diodes.
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Fig. 2. (a) Schematic diagram of the device structure. (b)
Energy level diagram with different metal cathodes (Au,
Al, Mg). (c) Energy diagram when diodes are forward-
biased. (d) Energy diagram when diodes are reverse-
biased.

In order to investigate the capacitance of the or-
ganic Schottky diode, we establish its small-signal
equivalent model. Figure 2(a) shows the device struc-
ture of the organic Schottky diodes we fabricated and
Fig. 2(b) shows the energy level diagram with differ-
ent cathodes. The work functions of ITO, Au, Al
and Mg are 4.6eV, 5.1eV, 4.2¢eV and 3.7eV respec-
tively. CuPc acts as an electron blocking layer with
a low unoccupied molecular orbital (LUMO) level of

2.7eV. When the organic Schottky diodes are forward-
biased (reverse-biased), the great offset between the
work function of metal cathodes (ITO) and the LUMO
level of CuPc serves to reduce the efficiency of the elec-
tron injection and to guarantee the holes injected from
ITO (metal cathodes). Thus all of these three diodes
are hole-only devices.['S] Furthermore, the work func-
tions of ITO (4.6eV) and Au (5.1€V) are close to
the highest occupied molecular orbital (HOMO) level
(4.8eV) of CuPc. Hence, ITO or Au acts as an
Ohmic contact.!''"] However, when Al (4.2eV) or
Mg (3.7eV) serves as a cathode, Al or Mg acts as
the Schottky contact because the contact barriers be-
tween the work function of Al or Mg and the HOMO
level of CuPc are more than 0.6eV.[1718]

Based on the above results, when the organic diode
is forward-biased (Fig. 2(c)), holes will be injected into
CuPc from ITO, which means that only a positive
SCLC capacitance Cso exists.!3) When the organic
diode is reverse-biased (Fig.2(d)), holes will be in-
jected from the metal cathodes. If Au is used as the
cathode, only a reverse SCLC capacitance Cg; exists
too. If Al or Mg acts as the cathode, holes will first
tunnel through a triangular energy barrier (Schottky
junction)['®) and then are injected into CuPc. As a
result, there are two kinds of capacitance: reverse
Schottky capacitance C; and reverse SCLC capaci-
tance Cgp.['*1] Thus, Fig.3 shows the small-signal
equivalent model of the organic Schottky diode we es-
tablished (Fig.3(a): Au acts as cathode, Fig. 3(b): Al
or Mg acts as cathode). Dy is the ideal diode, Ry is
the dead resistance, C; is the reverse Schottky junc-
tion capacitance, Cs (Cgo, Cs1, Cs2) is the SCLC ca-
pacitance.

D e i R

D, Ry D, Ry
+1 |Cso +| ICsn
|

[ [
Csyp 1+ Csa 4 Gy (+
[

Fig. 3. The small-signal equivalent model of the organic
Schottky diode. (a) Au acts as cathode. (b) Al or Mg acts
as cathode.

In order to investigate the reverse capacitance of
the organic Schottky diode, we try to obtain the re-
verse equivalent circuit and to calculate the reverse
capacitances Cyjeta1 With different cathodes. In Fig. 3,
when the organic Schottky diode is forward-biased,
positive SCLC capacitance Cgg is the only capacitance
present. When the organic Schottky diode is reverse-
biased, as for the case of the Au cathode, the reverse
SCLC capacitance Cg; is the only capacitance. For
the case of Al or Mg used as the cathode, the reverse
capacitance includes the reverse Schottky junction ca-
pacitance C; and the reverse SCLC capacitance Css.
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Figure 4(a) schematically shows an input-output
from the oscilloscope (input: curve 1, output: curve
2). Figures 4(b), 4(c) and 4(d) show the negative
output Viut— measured versus positive input Vi,
at different frequencies (4kHz, 6 kHz, 8 kHz, 10kHz,
20kHz) (negative input Vi,— equals —2V) with differ-
ent metal cathodes (Mg, Al, Au). We find that when
the frequency of the ac input is less than 10 kHz, neg-
ative output voltage Vout— only depends on the fre-
quency of ac input. As we know, the positive SCLC
capacitance Cgg could affect the negative output Vi
because when an organic Schottky diode is forward-
biased, Cso acts as a capacitor, and then, when the
diode is reverse-biased, the Cgy serves as an extra
power source by discharging. This means that the
effect of Cgp could be ignored when the frequency of
the input is below 10kHz. Then we can deduce the
reverse equivalent circuit as load resistance R in se-
ries with reverse SCLC capacitance Cs; when Au acts
as the cathode (Fig.5(a)) or R in series with reverse
Schottky junction capacitance C; and reverse SCLC
capacitance Csy when Mg or Al acts as the cathode

(Fig. 5(b)).
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Fig. 4. (a) Input-output schematic diagram. (b) Negative
output voltage Vout— measured as a function of positive
input voltage Vin4 at different frequencies (4kHz, 6 kHz,
8kHz, 10kHz, 20kHz) and negative input voltage Vip_
equal to —2V when the cathode is Mg. (c) Al acts as
cathode. (d) Au acts as cathode.
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Fig. 5. Reverse equivalent circuit diagram.
as cathode. (b) Al or Mg acts as cathode.

According to the reverse equivalent circuits shown

in Fig. 5, we can calculate the value of reverse capaci-
tance Cheta1 With the following formulas:

XCI\/Iet,al = 1/27TfCMetal; (1)
Ro= /B> + X2, @)
Vout— = R/RoVin—, (3)

where X¢,,.,., is the impedance of the reverse capac-
itance, f is the frequency of input, Ry is the total
resistance of the reverse equivalent circuit, load resis-
tor R = 10092, Vou— and Vi,_ are recorded by the
oscilloscope. According to Egs. (1), (2) and (3), we
obtain the frequency-reverse capacitance (F — Chetal)
characteristics with different metal cathodes (Au, Al,
Mg), as shown in Fig.6. It is found that the reverse
capacitance Cyretal 18 Cnvg > Cal > Cay at the same
frequency.

The reverse capacitance Chyetal Of the organic
Schottky diode is analyzed. Based on the small-
signal equivalent model of the organic Schottky diode
shown in Fig.3, when Au serves as the cathode,
Cau = Csi, as shown in Fig.3(a), and when Al or

Mg is used as the cathode in Fig. 3(b), then CM — =
1 1

o T T (Cj—Metar: reverse Schottky capac-
itance, Cga_Metal: reverse SCLC capacitance).

For the case of Au serving as the cathode, Cx, can
be calculated by

Can = Ac/d, (4)

where A is the active area of the organic diode
(A = 0.12cm?), d is the thickness of CuPc film
(d = 40nm), and according to the previous report for
CuPcl™ we assume the dielectric constant of CuPc,
i.e. ecupe = 4.5x 107" F/m. Based on Eq. (4), we ob-
tain the calculated Ca, = 13.5nF, which agrees with
Caw = 15.70F when f = 10kHz in our experiment,
as shown in Fig. 6.
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Fig.6. F — Cpetal characteristics with different metal
cathodes (Au, Al, Mg).

For the case of Al or Mg used as the cathode,

1 1 1 _
Crost = T o + oo both the reverse Schot

tky capacitance Cj_weta1 and the reverse SCLC ca-
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pacitance Cso_netal contribute to the reverse capac-
itance Clyeta. For the reverse Schottky capacitance
Cj_Metal, We can calculate it based on the standard
Mott-Schottky relationship!'®]

1 2(Vin = V)

C? ec1e0N

where C' = Cj_Metal/AMetal is the unit-area Schottky
capacitance, Vi, is the intercept voltage, V' is the volt-
age supplied (V = —2V), £ is the dielectric constant,
€g is the vacuum permittivity, & is the Boltzmann con-
stant, and N is the ionized carrier density.

According to Fig.2(b), the Schottky contact bar-
riers between the work function of Al or Mg and the
HOMO level of CuPc are 0.6eV and 1.1eV, respec-
tively, which means the intercept voltage Vin_mg >
[20] Moreover, noticing the active area of the
organic diode Ay = Aal, we can obtain Cj_y, <
Cj—a1 by Eq. (5), which is in contradiction to our re-
sult Cyig > Caj shown in Fig.6. These show that
Cj_Metal cannot be responsible for the reverse capac-
itance Cyetal-

For the reverse SCLC capacitance Cso_\etal, aC-
cording to Fig.2(d), there is a triangular energy bar-
rier (Schottky junction) when an organic diode is
reverse-biased and Al or Mg acts as the cathode. Con-
sidering the width of triangular energy barrier Wietal,
we have Wy, > Way. The effective thickness dyietal
of Csa—Metal reads dyretal = d — Watetar (d: thickness
of CuPc ﬁlm), so da; > dMg. Based on CSQ_Meta] =
Ae /dyretal, we can realize Csa_wvg > Csa—ar. In addi-
tion, as we know, Cay = Ae/d and d > da1 > dug.
Hence, we obtain Csa_mg > Csa—a1 > Cayu, which
agrees with the result Cvig > Ca1 > Cay, as shown
in Fig. 6. Based on the above results, it is considered
that the reverse SCLC capacitance Cgo_\etal domi-
nates the reverse capacitance Cyeta) when Al or Mg
acts as the cathode.

According to our analysis, when an organic Schot-
tky diode is working in a high frequency ac circuit,
positive SCLC capacitance is the only positive ca-
pacitance and the reverse SCLC capacitance is the
dominating reverse capacitance (Fig.5(b)). The pos-
itive SCLC capacitance acts as a capacitor when the
organic Schottky diode is forward-biased, and then,
when the diode is reverse-biased, positive SCLC ca-
pacitance serves as an extra power source by dis-
charging. For the reverse SCLC capacitance, when
the organic Schottky diode is reverse-biased, the re-
verse equivalent circuit will be the load resistor R in
series with the reverse SCLC capacitance, based on

Vin—al1.

Xc = 1/2ncf, where C represents the reverse ca-
pacitance. We can find that the lower reverse SCLC
capacitance will lead to the higher frequency charac-
teristics of the organic Schottky diode. Thus, SCLC
capacitance Cg is the main roadblock for the imple-
mentation of high-frequency organic Schottky diodes.

In conclusion, we have investigated the capaci-
tance of organic Schottky diodes by an organic small-
signal equivalent model we have established. Accord-
ing to the result that reverse capctitance Cyjetal reads
Cwmg > Cal > Cay at the same frequency, the SCLC
capacitance Cg instead of C; is found to dominate
the reverse capacitance of organic Schottky diodes,
which means that the SCLC capacitance Cg is the
main limit for the higher frequency characteristics of
organic Schottky diodes.
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