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Abstract

The demand for high-frequency (HF) and low-cost rectifiers has encouraged many researchers to investigate organic rectifiers. Recently,
organic rectifiers with enhanced intrinsic carrier mobility and charge injection efficiency have enabled operating frequencies to reach up to
a gigahertz (GHz). The metal/organic and organic/organic interfaces have played a significant role in determining the electrical properties
of the organic rectifiers. In this prospective article, we review the structure of organic rectifiers and present the current state-of-the-art to attain
their HF performance. We discuss methods for improving their electrical properties using interface engineering and present future prospects

for practical use of GHz-operable organic rectifiers.

Introduction

During the last decade, organic semiconductors have gained
considerable attention as an active layer for next-generation
electronics due to ease in their patterning and their tunable
molecular structure, flexibility, light-weight, and large-area
applicability..'™ In particular, their promising potential low-
cost is expected to begin an era of disposable electronics.!>*!
Organic radio-frequency identification (RFID) tags, which
can be used to detect objects automatically in the near-field
region (<10 m), are one of the emerging applications in dispos-
able electronics. For this reason, organic RFID tags have been
extensively studied over the past few decades.”’'"!

To realize organic RFID tags at the standard frequency of
13.56 MHz for high-frequency (HF) systems and 860—960
MHz for ultra-high-frequency (UHF) systems, organic rectifi-
ers that convert radio frequency (RF) signal to DC power for
operating circuits in the tags should be properly operated at
the given frequency. Figure 1 and Table I summarize previ-
ously published characteristics of organic rectifiers, including
the 3 dB frequency, at which the output voltage drops to half.
Although different types of organic rectifiers have been pro-
posed, the organic rectifiers with a vertical Schottky diode
structure have been the most commonly reported devices
because of their structural advantages in frequency characteris-
tics. Most of the organic rectifiers have been HF systems due
to the limited charge-transport properties and, hence, the oper-
ating frequencies of RFID tags have mainly been distributed
around 13.56 MHz. '] The HF RFID systems use inductive
coupling for communication between a reader and a tag
that can be operated only in the near field (<1 m). To achieve
longer operating distances, the operating frequency should be
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increased to the UHF region where the RFID systems can com-
municate using backscattering modulation. However, conceiv-
ing UHF RFID tags still remains a challenge due to the
difficulty in fabricating ultrafast organic rectifiers, whose oper-
ating frequencies scale with their charge-transport properties.
These are largely affected by metal/organic and organic/organic
interface properties in the organic rectifiers. By modifying the
interface properties of the organic rectifiers through interface
engineering, organic rectifiers operating in the UHF region
can be achieved.['*!3]

In organic devices, the interface is one of the most important
factors determining their electrical properties. For example, for-
mation of an injection barrier at metal/organic interfaces can
hinder charge injection. Even if the work function of a metal
electrode is matched with the highest occupied molecular
orbital (HOMO) or the lowest unoccupied molecular orbital
(LUMO) level of the organic semiconductor, an adversely
aligned interfacial dipole can shift the vacuum level to an unde-
sirable direction and introduce an additional energy barrier,
limiting charge injection.’”>>”! To overcome this issue, modi-
fying the interfacial dipole or the insertion of a carrier injection
layer can be employed.!">'*'® The current density and rectifi-
cation ratio (RR) of the organic diodes can also be designed by
controlling the built-in potential formed at the metal/organic or
organic/organic interfaces.l'*¥ % Moreover, the molecular
orientation and alignment that determine the carrier mobility
are much affected by the surface property of the underlying
layer, which can be modified via interface engineering.!'>®!]
Because of its importance, studies on interface engineering of
organic rectifiers, summarized in Fig. 2, have been intensively
conducted.
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Figure 1. Frequency characteristics of organic rectifiers published over time.
The gray shades indicate the range of the HF and UHF bands and the dashed
lines denote the standard frequencies.

In this paper, we summarize the state-of-the-art of organic
rectifiers, especially focusing on the interface engineering.
First, background knowledge of the organic diode and structural
advantages and disadvantages of organic rectifiers are discussed.
Then, key factors that influence the frequency performance of the
organic rectifiers are described. Next, interface engineering for
HF organic rectifiers is reviewed in detail. Finally, a summary
and prospects for the realization of HF organic rectifiers are pre-
sented. In this paper, we focus on interface engineering for the
vertical diode structure, as a large number of interface studies
on TFT structures have already been reported'®' ¥ and the ver-
tical diode structure is mainstream in organic rectifiers.

Basic background of organic rectifiers
Metal/organic interfaces

A standard model for a metal/semiconductor junction is well
established in solid-state physics. When the metal/semiconduc-
tor junction is formed, the free charge carriers in the semi-
conductors transfer to align the Fermi level (EF) of the
semiconductor with the work function (WF) of the metal, gen-
erally resulting in energy band bending. If the WF is smaller
than the EF of the p-type semiconductor, electrons in the
metal are transferred to the semiconductor, forming a
Schottky barrier (®g), as shown in Fig. 3(a). This is called a
Schottky contact. Whereas, if the WF is larger than the EF of
the p-type semiconductor, it forms an ohmic contact, where
the energy barrier can be neglected [Fig. 3(b)]. The above
model is well suited for inorganic semiconductors, but in the
case of organic semiconductors, this model needs to be modi-
fied, as the organic semiconductors have a large band gap
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(2-3 eV) and a small number of free charge carriers are ther-
mally excited. Thus, energy band bending for the organic semi-
conductor is generally negligible. More importantly, the
organic semiconductor interacts with adjacent materials, form-
ing an interfacial dipole as shown in Fig. 3(c).°”-* In addition,
a large number of interfacial states could result in Fermi-level
pinning, such that the energy barrier at the organic/metal inter-
face is pinned irrespective of WF. This dipole-induced energy
level shift and Fermi-level pinning make the energy barrier
at organic/metal interface unpredictable, and significantly
affects the charge-transport properties of the organic devices.
Therefore, proper modification of metal/organic interface prop-
erties is inevitable to achieve the HF organic rectifiers.

Charge transport in organic diodes

When the Schottky barrier is formed in the metal/organic inter-
face and the current is limited by the injection of charges rather
than the bulk of the semiconductors, the current conduction
mechanism is generally governed by a thermionic emission
model. This model is based on the assumption that hot carriers,
which have kinetic energy larger than the barrier height, can go
across the barrier and contribute to charge conduction. The
current of the thermionic emission model can be expressed as
Eq. (1)%:¢6]

%
I:Is<expkeB—T— 1), 1)

where the /g is the saturation current, e is the elementary charge,
Vs the applied voltage, kg is the Boltzmann constant, and 7' is

the temperature. s is expressed in Eq. (2) as:[6>¢¢!
% CI)B * 47Tk2m*
IS:A-A T2€Xp<_kB—T)a A :T§7 (2)

where A4 is the area of the diodes, 4 * is the Richardson constant,
@y, is the Schottky barrier height, m* is the effective mass, and
h is the Planck constant.

If the injection barrier in the metal/organic interface is small
or negligible, then the metal/organic interface forms an ohmic
contact and the current is limited by the bulk of the organic
semiconductors rather than the metal/organic interface. At
low voltages, whole charges in the bulk of the organic layer
are ejected through the counterpart metal electrode; therefore,
there will be no charge distribution in the organic semiconduc-
tor. In this case, the carrier transport follows Ohm’s law, where
the current is linearly dependent on the voltage. As the voltage
increases, a greater number of charge carriers are injected
before it is fully ejected, so a space charge is created. These
phenomena lead to a current that is called the space-charge lim-
ited current (SCLC), which, in the case of semiconductors or
insulating materials, generally follows Mott—Gurney law.[®”)

9 V2
J = gSOSrP«E, (3)
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Table 1. Summary of previously published characteristics of organic rectifiers. For comparison, recent progress of thin film or printable inorganic rectifier is

included.

Publication Type Structure RR Jav (A/cmz@V) 3 dB frequency Ref.
year (MHz)

2005 SCH-S Au/PEDOQT:PSS/pentacene/Al 20 1500@5 >50 [14]
2007 SCH-S Al/CuPc/Au 6000 29.3@3 >13.56 [15]
2008 SCH-S Au/pentacene/Al 3000 2.88@3 >13.56 [16]
2009 SCH-S Au/pentacene/Al - - >13.56 [11]
2010 SCH-S Cu/CuTCNQ/pentacene/Al 2x10° 0.51@5 >13.56 [17]
2010 SCH-S Au/MoOs/pentacene/Al 1000 1@3 >25 [18]
2011 SCH-S Al/WO3/HMDS/Cgo/BCP/AI 46x10* 46.5@1 700 [13]
2011 SCH-S Al/pentacene/MoOs/Au 1000 0.2@3 10 [19]
2012 SCH-S Al/pentacene/Au 3x10* 0.1@5 1 [20]
2012 SCH-S Al/pentacene/Au 2x10° 100@10 5 [21]
2013 SCH-S Al/CuPc/Au 8.3x10° 2.5@5 20 [22]
2014 SCH-S Au/MoQa/pentacene/Al 5.7x10° 2.9@3 >100 [23]
2016 SCH-S Au/PFBT/pentacene/Al 1.1x107 100@3 1240 [12]
2009 SCH-P Ag/P3HT/AI 2900 0.1@5 1.8 [24]
2009 SCH-P Cu/PTAA/Ag 3.3x10 0.002@5 3 [25]
2009 SCH-P Au/PEDOT:PSS/P3HT/AI 3x10* 0.1@3 >2 [26]
2010 SCH-P Ni/Au/P3HT/AI 393 12.54@5 1 [27]
2011 SCH-P InZnO/PEDOT:PSS/PQT-12/Al 2x10* 6@5 >14 [28]
2013 SCH-P Cu/PTAA/Ag - - 13.56 [29]
2014 SCH-P Cu/PTAA/Ag - - 20 [30]
2014 SCH-P ITO/PEDOT:PSS/TFB/AI - 0.2@4 >50 [31]
2014 SCH-P Al/AI0,/FS102/PEDOT:PSS/Au 10 100@3 0.02 [32]
2014 SCH-P Cu/PTAA/Ag 100 0.02@4 13.56 [33]
2015 SCH-P Cu/PTAA/Ag 100 0.04@5 30 [34]
2016 SCH-L Au/Ceo:polystyrene/Al 2000 2x1077A@2 400 [35]
2008 PN-H ITO/Zn0/pentacene/Au 3000 160@5 >20 [36]
2009 PN-H ITO/Zn0/PQT-12/Au 400 400@2.5 2 [37]
2010 PN-H ITO/ZnO/pentacene/Au 10* 1.5@2.5 >1 [38]
2010 PN-H ITO/Zn0/PEDOT:PSS/Au 330 0.01A@4 20 [39]
2012 PN AI/KI-pentacene/pentacene/n-CGO/ 3.3x10% 0.2@1 100 [40]
2016 PN ITO/TPD/Ceo/Al 10 0.55@3 25 [41]
2008 SSD Au/PQT-12/Au 1.5 10~°A@80 3 [42]
2016 SSD Au/PQT-12/Au 2.86 2x1078A@10 20 [43]
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Table 1. Continued

Publication Type Structure RR JaVv (A/cmz@V) 3 dB frequency Ref.
year (MHz)
2006 TFT TiW/SiOy/Au/pentacene 100 10~8A@10 >14 [44]
2011 TFT Al/PVP/pentacene/Al 104 7x107°A@40 >0.001 [45]
2014 TFT Cr/Au/Cr/Al,05/C10-DNBDT/Au 10° 1.5x 1073A@20 22 [46]
2015 TFT Al/parylene/DNTT/Au 5x107 10~3A@10 20 [47]
2012 VaT Al/Au/Cgo/Al/Ceo/Ceo:Wa(hpp)a/ 2900 1@2 0.1 [48]
Au/Al
2013 SCH-I Ti/Pd/InGaZn0/Mo 108 300@1 1100 [49]
2014 SCH-I Al/Si/NbSiy/Carbon/Ag 19 1.9x107°A@2 1600 [50]
2015 SCH-I Pt/InGaZnO/Al 450 150@0.8 2450 [51]
2016 SCH-I Pt/InGaZnO/Al 2.2x10% 0.65@1 4200 [62]
2014 PN-I ITO/InGaZn0/Cu,0/Pt 10 0.1@0.6 >27 [63]
2011 SSD-I Al/ZnO/Al 2.56 2.3x107°A@10 >51.5 [54]
2014 TFT-I gate/Al,04/In,04/Ti/Au 10° 5x103A@8 300 [7]

SCH-S: Schottky diodes based on small molecules; SCH-P: Schottky diodes based on polymers; SCH-L: lateral Schottky diodes; PN-H: organic/inorganic hybrid
pn-junction diodes; PN: organic pn-junction diodes; SSD: organic self-switching devices; TFT: organic TFTs with diode connection; VOT: vertical organic
transistors with diode connection; SCH-I: inorganic Schottky diodes; PN-I: inorganic pn-junction diodes; SSD-I: inorganic self-switching devices; TFT-I:
inorganic TFTs with diode connection; BCP: 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline; TFB: poly(fluorene-alt-triarylamine); FS102: amorphous
co-polymer of arylamine and a fused aromatic species (Flexink Ltd., U.K.); p-pentacene: 2,2-(perfluoronaphthalene-2,6-diylidene) dimalononitrile doped
pentacene; Wo(hpp)g: tetra-kis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato) ditungsten(ll); n-Cgo: Wao(hpp)4 doped Ceo; TPD: N,N’-bis
(3-methylphenyl)-N,N’-diphenylbenzidine; PVP: poly 4-vinylphenol; C10-DNBDT: 3,11-didecyldinaphtho[2,3-d:2’,3'-d’|benzo[1,2-b:4,5-b’]dithiophene; DNTT:

Dinaphtho[2,3-b:2’,3'-f]thieno[3,2-b]thiophene.

where g is the vacuum permittivity, &, is the relative permittiv-
ity, u is the carrier mobility of the organic semiconductor, and d
is the thickness of the organic semiconductor. However, the
actual current mechanism of the organic semiconductor is
more complex because of the presence of trap states.
Assuming that the traps are exponentially distributed, the cur-

rent can be expressed as follows:[*)

J oM 2m+1\"T Y m epe\" VT
X e e —_,
pie m+1 m+1 N, ) d?mtl

“4)

where Nc is the effective density of conduction band states, N,
is the trap density, and T7; is the temperature parameter charac-
terizing the trap distribution. When an electric field is applied,
furthermore, and all of the trapping sites are filled in the organic
semiconductor, the SCLC becomes independent of traps, and
the equation can be simply expressed as Eq. (3).

The SCLC can be applicable when the current is dominated
by drift. For organic diodes, the work function difference
between the anode and cathode creates built-in potential.
When the applied voltage is much higher than the built-in
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voltage, the current obeys the Mott—Gurney law. However,
when the applied voltage is smaller than the built-in voltage,
the internal electric field in the organic is negative, leading to
a negative drift current. Different barrier heights at the anode
and cathode contacts yield a distribution of hole density (elec-
tron density, in the case of an n-type organic material), allowing
a positive diffusion current to flow. At the low-voltage region,
the positive net current indicates that the dominant current
mechanism is diffusion, which can be expressed as follows:[**]

S euNe(Pg — b — V)exp(eV /ksT) — 1]
~ dexp(eb/ksT)[exple(Pp — b)/ksT} — exp(eV [kzT)]’

kBT 6‘2ch2
=B (e )
b e |:n<2kBTsosr ’
(%)

where b is the band-bending parameter. For organic diodes,
therefore, the current exponentially increases in the low-voltage
region [Eq. (5)] and quadratically increases in the high-voltage
region [Eq. (3)] with regard to the applied voltage.

Structure of organic rectifiers
A rectifier consists of a capacitor and a rectifying diode. When a
forward bias is applied to the rectifier, charges flow through the
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Figure 2. Summary of interface engineering for organic rectifiers, where ®g is the Schottky barrier height and J is the current density. (a) Structures of the

Schottky diode and (b) pn-junction diode.

rectifier and are stored at the capacitor, but the stored charges do
not discharge by the reverse bias because the diode conducts
only when it is forward-biased. Several device structures
and electrical circuits have been proposed to give the devices
the properties of a rectifier and to improve their electrical
properties.

A Schottky diode [Fig. 2(a)] is a metal/semiconductor/metal
structure with a Schottky contact at the metal/semiconductor
interface and is the most commonly used structure in organic rec-
tifiers.l'' %3334 The built-in potential at the Schottky contact is
effectively reduced by a forward bias, which allows high current
to flow that is limited by the Schottky barrier when the reverse
bias is applied. The metal/organic contact at the counter electrode
should be ohmic to achieve a high forward current. A Schottky
diode in a vertically sandwiched structure is relatively easy to
fabricate and it is facile to control the thickness of the organic
layer and the device area. For these reasons, it has been the

main rectifier structure adopted by many researchers. A laterally
co-planar structure is tolerant of the pinholes and defects of the
organic layer, which can cause high leakage current and break-
down in a vertically sandwiched structure. However, difficulty
in achieving a uniform sub-micrometer gap of two different elec-
trodes is a disadvantage of the laterally co-planar structure of the
Schottky diode. Semple et al. reported a 20 nm gap co-planar
diode based on solution-processed Cgg:polystyrene by using
adhesion-lithography.>>! Because of this short gap, an estimated
3 dB frequency of 400 MHz was accomplished.

The Schottky diode is advantageous in terms of achieving
high operating frequencies due to its relatively small capaci-
tance.l'>"'" However, the relatively high leakage current of
the Schottky diode can be an issue, especially at high temper-
ature. Because the leakage current of the Schottky diode is
primarily limited by thermionic injection, it could be exponen-
tially increased as the temperature is increased.

Evac Evac—"— Evac AE
— Ec ~—E; —— LUMO
Semi- Semi- Oraani
conductor rganic
WE conductor E-  WF ~—-ZE WF o
Metal JB—| Ey Metal Ev vetal |[E HOMO
(a) (b) (c)

Figure 3. Energy level alignment at the metal/semiconductor contact for (a) the Schottky contact, (b) ohmic contact, and (c) contact with an organic

semiconductor.
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A pn-junction diode consists of n- and p-type semiconduc-
tors sandwiched between two metal electrodes [Fig. 2(b)]. A
pn-junction at the interface of the p- and n-type semiconductors
generates the built-in potential, which can be decreased by a
forward bias and increased by a reverse bias. Because the
pn-junction has the rectification property, the metal/organic
contact in the anode and the cathode should be ohmic. The
advantage of the pn-junction diode is that the current can be
easily controlled by adjusting the doping concentration or the
thickness of semiconductor layer or by inserting an intrinsic
layer.**%’1 Also, high doping concentration at the metal/
organic interface guarantees a quasi-ohmic contact, enabling
free choice of metal electrodes. Moreover, the pn-junction
diode exhibits a small leakage current compared with the
Schottky diode. The major disadvantage of the pn-junction
diode is its relatively low-frequency performance due to the
presence of the pn-junction capacitance. The lack of high
mobility n-type organic materials is another obstacle to further
improvements. Thus, p-organic/n-inorganic hybrid diodes have
also been studied.*!

Key factors of organic rectifiers to
achieve high-frequency performance
The frequency performance of organic rectifiers scale with the
charge transport properties of the organic diodes and there are
key factors determining these properties. To increase the for-
ward current of an organic diode, high injection efficiency
and mobility are required. In addition, the rectifying barrier
height affects the forward current as well as the reverse current.
The thickness of the semiconductor layer is directly related to
the transit time of the device, which determines the frequency
response of the rectifier. The device area is not directly related
to the frequency response, but it is also an important factor.
These factors will be discussed in more detail below.

Barrier height and mobility

To reduce the injection barrier height for achieving high injec-
tion efficiency, several methods have been studied such as
energy level alignment using high work function metals or
alloys,!””! thermal and electrical annealing, reducing the inter-
face dipole via a self-assembled monolayer (SAM),!'%71773]
and inserting a charge injection layer such as a conducting
polymer,!'*2%7473] 3 doped organic layer,’*’”) an organic
material having an intermediate energy level,.’*) or a transition
metal oxide.l””) The mobility is principally determined by the
intrinsic molecular structure, but it is also much affected by
molecular orientation and alignment. To enhance molecular
orientation and alignment, controlling the surface energy
through interface engineering has been studied.['*%%#! The
rectifying barrier height is also one of the important factors
determining diode characteristics. If the forward current is lim-
ited by bulk characteristics due to low mobility, the reverse cur-
rent can effectively be suppressed by increasing the barrier
height.%) If the forward current is limited by the contact, it
can be enhanced by lowering the barrier height.!'*) The
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aforementioned factors can be controlled by interface engineer-
ing, which will be elaborated later.

Semiconductor layer thickness

Generally, organic semiconductors operate in the SCLC regime
and obey the Mott—Gurney law given by Eq. (3). If the current
of the organic diode follows the Mott—Gurney law and ignoring
the leakage current, the frequency performance of the organic
rectifier can be expressed by!'*

9
max = ﬁ |:(—3 Vo + Vi)Y VI2N — (Vo + Ve)?
0o

Vo + 1
+(V§\I+2V§)arccos< o t F)]
Vin

(©)

where fyax 1s the maximum frequency, Vo is the output volt-
age, Vr is the transition voltage where the conduction mecha-
nism changes from ohmic to SCLC, and Vyy is the peak input
voltage applied to the rectifier. From Eq. (6), the frequency
response is inversely proportional to the square of the thick-
ness. Thus, if the organic diode follows the SCLC mechanism,
a thin organic layer is beneficial for the frequency performance,
which is also consistent with a transit time-based equation.’*']
A large number of studies have been conducted to elucidate
the effect of the thickness of the rectifiers.!'®?>72731-341 For sol-
ution processed organic rectifiers, where the current dominantly
obeys Eq. (3) due to the low mobility (<0.01 cm*/V/s),
the frequency performance increases as the thickness
increases.?> 7134 For some organic materials whose current
is no longer dominantly restricted by a space-charge limited
mechanism, the relationship between the frequency perfor-
mance and the thickness may be different. From the relation-
ship between Egs. (3) and (6), it can be speculated that fy;ax
increases as d decreases when the exponent of d in Eq. (3) is
larger than 1.1'®] In other words, the frequency performance
is better when the value of the product Jxd is higher.
Figures 4(a) and 4(b) show measured current densities of pen-
tacene diodes with thicknesses of 56 and 104 nm, respectively.
The solid lines indicate linearly scaled current densities using
J(V)=84/56 x Jgq nm(V') or J(V')=84/104 x Jg4 ym(V), respec-
tively, where Jg4 (V) is the current density as a function of
voltage for a diode thickness of 84 nm. Both measured current
densities are under the solid lines, implying that the frequency
performances are worse than that with a thickness of 84 nm,
which is confirmed by the measured frequency performance
as shown in Fig. 4(c). Meanwhile, a thin organic layer shows
high leakage current and even breakdown due to high rough-
ness, pinholes, and defects, thereby causing problems related
to uniformity, yield, stability, and reproducibility.!'®** In addi-
tion, the thin organic layer decreases the reverse breakdown
voltage. For example, the reverse breakdown voltages of penta-
cene diodes with thicknesses of 28, 56, 84, and 104 nm were
reported to be 5, 14.2, 21.3, and 24V, respectively.“gl
Ideally, the maximum reverse bias applied to the organic recti-
fier is twice the peak input voltage. Thus, the reverse
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Figure 4. (a, b) J-V curves for pentacene diodes with thicknesses of 56 and
104 nm, respectively. The solid line indicates the linearly scaled current
density of the 84 nm-thick pentacene diode. (c) Frequency responses of
pentacene rectifiers of different thicknesses. The inset depicts the structure of
the pentacene diode.

breakdown voltage of the organic diode should be high enough
to ensure the maximum strength of an input signal at a given
frequency. In summary, the frequency performance of the
organic rectifier is better when the Jxd value is higher,
while the stability of the organic rectifier is better when the
organic layer is thick. Therefore, the thickness of the organic
layer should be carefully designed considering performance
requirements.

Area of the organic diode

The frequency performance of an organic rectifier does not
seem to be correlated with the area of the organic diode,
which is absent in Eq. (6), but the effect of the area on the
electrical properties should not be disregarded. A large diode
area increases the conductance of the diode and power capacity,
leading to the high output voltage and power transmis-
sion.?***1 However, the corresponding load capacitance
should be kept much larger than the diode capacitance to
minimize the output ripple voltage. Thus, an enlarged load
capacitance owing to a large diode area increases the total
area of RFID tags, which reduces price competitiveness.
Furthermore, large-area diodes cannot sustain the high input
voltage due to worst heat dissipation, especially on the plastic
substrates having low thermal conductivity.**! Hence, small-
area diodes are more stable than the large-area diodes against
high RF power. For these reasons, the diode area should be
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carefully chosen considering the input power and the power
consumption of the circuits.

Interface engineering for
high-frequency organic rectifiers

The electrical properties of organic rectifiers can be controlled
via interface engineering. By controlling the interfacial barrier
and the surface energy, the forward and reverse current levels
and the molecular orientation can be adjusted.

Improving injection efficiency
Charge injection is one of the primary factors determining the
performance of organic rectifiers and improving the efficiency
of charge injection can help achieve HF organic rectifiers.
Generally, the surface electronic cloud of metals is rearranged
by a repulsion force of the organic electronic cloud that gener-
ates a dipole at the metal/organic interface, leading to a negative
vacuum level shift.*”) As for p-type organic semiconductors,
the injection barrier induced by this adversely aligned dipole
limits charge injection, even if the work function of the metal
and the HOMO level of the organic layer are well matched. In
the case of n-type organic semiconductors, the dipole effect
could be beneficial. However, if the low work function of the
metal matches the LUMO level of the n-type organic semicon-
ductor, it generally becomes vulnerable to oxygen and moisture.
Inserting a charge injection layer is a commonly used
method to improve charge injection efficiency. The dipole at
an organic/organic interface is relatively smaller than the dipole
at an organic/metal interface and, thus, employing an additional
organic layer could be an effective way to reduce the injection
barrier at metal/organic interfaces. One of the most widely used
conducting polymers exhibiting a high work function and high
conductivity is poly(3,4-ethylenedioxythiophene) : poly(styre-
nesulfonate) (PEDOT : PSS). The high carrier concentration
of PEDOT : PSS allows to form a quasi-ohmic contact at the
metal/organic interface and its high work function facilitates
efficient hole injection from the PEDOT : PSS to the organic
layer.!'***2873] In the same manner, a doped organic layer
can also be used as the hole and electron injection layer.**-]
These conductive organic layers effectively improve charge
injection, but they could give rise to a lateral leakage current,
resulting in a low RR.*®! Another choice for the inter-layer is
a so-called charge extraction layer that exhibits deep-lying
HOMO and LUMO levels and can be created using materials
such as copper hexadecafluorophthalocyanine (F16CuPc),
1,4,5,8,9,11-hexaazatriphenylenehex acarbonitrile (HAT-CN),
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ),
or transition metal oxides. Because charge extraction layers
generally have a relatively large electron affinity value, the
LUMO of the charge extraction layer is matched with the
HOMO of the organic layer. Thus, holes are injected by trans-
ferring electrons from the organic layer to the charge extraction
layer.'®?! By employing the charge extraction layer, the current
density of the pentacene diode was measured to be 2.9 A/cm? at
3V, which is orders of magnitude higher than that of the diode
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without the charge extraction layer (0.00057 A/cm?) [Fig. 5(a)].
As a result, the 3 dB frequency reached values of more than
100 MHz for the organic rectifier with the charge extraction
layer [Fig. 5(b)].

Another way to reduce the unfavorable dipole and improve
hole injection is the surface treatment on the electrode.
Ultraviolet ozone or plasma treatments increase OH— or O,—
groups at the surface of the electrode and lead to an increment
of the effective work function.!®**¥ Chemically modified
electrodes such as the Copper tetracyanoquinodimethane
(CuTCNQ)-modified Cu electrode increased the effective
work function from 4.6 to 5.2 eV. As a result, the forward cur-
rent density of the pentacene diode with the CuTCNQ-modified
Cu electrode was comparable with that with an Au elec-
trode.!'”l The effective work function can also be tuned
by the SAM treatment by means of the permanent dipole
moment of chemisorbed SAM molecules. Perfluorinated thiol
derivatives are commonly used to increase the effective work
function of metals because the thiol groups strongly react
with metals and fluorine atoms, exhibiting high electronegativ-
ity and forming a negative dipole moment. For example, a
1H,1H,2H,2H-perfluorodecanethiol-modified Ag electrode
exhibits a negative dipole moment of —1.69 D, resulting in an
increased effective work function of 0.85 eV and a reduction
in the hole injection barrier by 0.5eV.”"7? In addition, a
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Figure 5. (a) J-Vand (b) frequency characteristics of the organic rectifiers
with various hole injection layers (HILS).
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2,3,4,5,6-pentafluorothiopehnol (PFBT) modified Au electrode
effectively reduced the injection barrier to 0.1eV.® To
improve electron injection, a thin polymer (1-10 nm) surface
modifier with aliphatic amine groups such as polyethylenimine
ethoxylated (PEIE) and polyethylenimine (PEI) is suitable for
the air-stable electron injection layer [Fig. 6(a)]. Due to the
strong molecular and interface dipole of PEIE and PEI, the effec-
tive work function of the target material can be lowered by up to
1.5 eV [Fig. 6(b)].[86] As a result, insertion of a 10 nm-thick
PEIE layer at an indium tin oxide(ITO)/copper(Il) phthalocya-
nine (CuPc) interface greatly reduces the electron injection bar-
rier from 1.3 to 0.36 eV [Figs. 6(c) and 6(d)]. This concept of the
work function shifting method can also be applied to form a rec-
tifying contact for p-type organic materials.”")

Improving molecular orientation and
crystalline order

The molecular orientation and packing structure of the organic
semiconductor are much affected by surface properties of the
underlying layer. High packing density and long-range crystal-
line order are advantageous to achieve high mobility, which is
favorable for the fabrication of HF organic rectifiers. Studies
have shown that pentacene molecules on bare gold and
SAM-modified gold exhibit different microstructures.['>57-5%]
For instance, Raman spectra of pentacene films on gold and
PFBT-modified gold show distinctive intensity differences at
1598 cm™! [Fig 7(a)]. Since the Raman peak at 1598 cm™" indi-
cates the long-axis vibration mode of pentacene, it is direct evi-
dence of the molecular orientation change of pentacene within
the PFBT-modified gold surface. In addition, the x-ray diffrac-
tion (XRD) patterns show c-axis oriented peaks of (001) and
(002) planes for pentacene on PFBT-modified gold and rela-
tively weak ab-axis oriented peaks of (110), (022), and
(—=201) planes for pentacene on bare gold [Fig. 7(b)]. These
indicate that the pentacene molecules are likely to stand up on
PFBT-modified gold and lie down on bare gold. Even if the
grain sizes of pentacene on PFBT-modified gold and bare
gold are the same, the charge carriers have less chance to
encounter grain boundaries in a vertical direction for the penta-
cene film with standing up geometry, leading to an increase in
mobility. The pentacene film on bare Au exhibits randomly ori-
ented grains with the crystalline disorder. However, the penta-
cene film on PFBT-modified Au shows more uniform grain
sizes and thicknesses [Fig. 7(c)]. Thus, the vertical mobility of
the pentacene film on PFBT-modified Au is increased from
6.8x10 *to 1.1 x 10~" cm?/V/s. In addition, the PFBT-modi-
fied Au electrode also effectively reduces the injection barrier as
mentioned earlier, enabling diodes to reach a high-current den-
sity of 100 A/em?® at 3 V. Owing to such a mobility improve-
ment and the high-charge injection efficiency, a 3-dB
frequency of 1.24 GHz was achieved for the pentacene rectifier
with PFBT-modified Au [Fig. 7(d)]. Another interesting study
reported that the performances of Au/PEIE/CuPc/Au and Au/
CuPc/PEIE/Au organic diodes, which have the same structures
but with different deposition order, are very different.*” The
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and Au. Energy band diagrams of (c) ITO/CuPc, and (d) ITO/PEIE/CuPc structure, where Eyac is the vacuum level positions, Er is the Fermi level, WF is the work
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grazing incidence XRD patterns showed that the CuPc film on
the PEIE/Au surface exhibited edge-on orientation, while the
film on a pristine Au surface exhibited a higher fraction of
face-on orientation, which is better for charge transport in the
vertical direction. Therefore, the former structure showed a
lower RR of 1.8 x 10* and a forward current density of 3.0 x
107 A/cm?, but the latter structure presented a higher RR of
6.7 x 107 and a forward current density of 20 A/cm? at 2 V.
For the fabrication of low-cost organic rectifiers, conjugated
polymers are one of the most important candidate materials.
Recently, the mobility of the polymer semiconductor has dra-
matically improved to above 10 cm*/V/s.*%*°) This was
accomplished on the basis of understanding of the molecular
structure and orientation. Efficient intermolecular charge
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transfer occurs by a z—r stacking interaction. Thus, reducing
the 7— stacking distance is one of the key aspects to achieving
high mobility. High-mobility polymers have been reported in
the TFT structures, where the edge-on orientation [Fig. 8(a)]
is preferable to minimize the 7—= stacking distance along the
lateral direction. Insertion of a long side chain is also a common
technique for polymer TFTs, in order to form highly ordered
crystalline domains."”'”*! However, this technique is undesir-
able in terms of the vertical charge-transporting devices.
To improve the vertical charge transport property, face-on or
end-on orientations would be preferable, as shown in Figs. 8(b)
and 8(c). Skrypnychuk et al. reported that the vertical conduc-
tivity of poly(3-hexylthiophene) (P3HT) could be improved by
employing a graphene electrode.!”* They found that P3HT on a
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Si substrate predominantly had an edge-on orientation, whereas
that on graphene exhibited a mixed edge-on and face-on orien-
tations. The presence of face-on aggregates can create continu-
ous pathways in the vertical direction, leading to improved
vertical conductivity from 22x107* to 4.1 x10~* S/m.
Another interesting method to improve the vertical charge
transport is micro- or nanopatterning. Recent work showed
that the vertical mobility of a spin-coated P3HT film was
greatly enhanced after being imprinted with a micropatterned
poly-dimethylsiloxane (PDMS) mold.”’*! The formation of
the micropillar structures partially changes the orientation of
P3HT from edge-on to end-on, enabling efficient charge trans-
port via delocalized electronic states of the conjugated polymer
chain. Therefore, the vertical mobility of the micropatterned
P3HT film was impressively increased from 107 to 3.1—
10.6 cm?/V/s. Even though the performance of the diode was
not optimized in terms of charge injection efficiency and

/’,(/,”u‘y— Side chain

&

Backbone

(a) (b)

thickness, such a high vertical mobility presents a bright future
for realizing gigahertz-operable polymer rectifiers.

Modifying the rectifying barrier height

The Schottky barrier formed at the metal/organic interface
imparts rectifying characteristics to the diode. The reverse cur-
rent of the diode is exponentially suppressed as the Schottky
barrier height increases. Thus, the Schottky barrier height
should be sufficient for HF organic rectifiers. A Schottky con-
tact can be formed by mismatching between the HOMO or
LUMO levels of the organic layer and the work function of
the metal. For example, the HOMO level of polytriarylamine
(PTAA) is known to 5.1 eV and forms an ohmic contact with
high work function metals such as platinum (5.1-6.3 eV) and
printed silver (5.2 eV), which leads to no rectifying character-
istics for the PTAA diode.*”) However, a PTAA/copper elec-
trode forms a rectifying contact, thereby reducing the reverse

End-on

()

Figure 8. Orientation of the conjugated polymers: (a) edge-on, (b) face-on, and (c) end-on orientation.
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Figure 9. J-V characteristics of the PTAA diode with different cathodes.
Reprinted with permission from Ref. 59, Copyright 2010 American Chemical
Society.

current significantly by 3-5 orders of magnitude (Fig. 9).
Interestingly, the leakage current depends not only on the selec-
tion of the metal, but also on the metal deposition method. The
sputtered copper on PTAA additionally generated a thin insu-
lating interfacial layer, preventing charge injection from copper
to PTAA, which resulted in suppression of leakage current by
two orders of magnitude compared with thermally evaporated
copper.®®! The leakage current of the diode is an important
issue in the rectifier because charge dissipation of the rectifier
predominantly arises from the leakage current, which contrib-
utes to an additional output voltage drop.!'?! In fact, the output
voltage of the rectifier can be dropped more than expected
because Joule heating by power consumption increases the
temperature of the diode—the leakage current of the Schottky
diode increases exponentially as a function of temperature

Operation voltage

Bulk limited

Current density (A/cmz)

High @,
Low @,

Voltage (V)

due to thermionic emission. It has been reported that the leak-
age current of the organic Schottky diode increases approxi-
mately 100-fold when the temperature is increased from 300
to 400 K. Thus, in terms of suppression of the leakage cur-
rent, the barrier height of the organic diode should be high
enough.

The barrier height also affects the forward current of the
diode. Generally, the forward current of the organic Schottky
diode is limited by either the contact or the bulk of semiconduc-
tor layer. The current is an exponential function of the voltage
in the contact-limited regime [Eq. (5)] and a quadratic function
of the voltage in the bulk-limited regime [Eq. (3)]. Therefore,
the current predominantly obeys contact-limited in the low-
voltage region and bulk-limited in the high-voltage region. If
the mobility of the organic semiconductor is small, the transi-
tion voltage, where the dominant conduction mechanism
changes from contact-limited to bulk-limited, is much lower
so the forward current of the organic diode seems to be
unchanged, even if the Schottky barrier height is changed
[Figs. 9 and 10(a)].°”) However, if this transition occurs at a
voltage higher than the operating voltage of the rectifier due
to high mobility, the performance of the organic rectifier is
greatly affected by the barrier height. In this case, sufficient
charges can be supplied to the rectifier at a low voltage; thus,
the operation voltage range for a charging period is much
lower than in an organic rectifier with low mobility [Fig. 10(b)].
This indicates that the current characteristics in the low-voltage
region play an important role in determining the frequency per-
formance of the organic rectifier. Figure 11(a) shows the cur-
rent density—voltage (J-V) characteristics of Cgy diodes with
interface layers of WOj3; and WOs/hexamethyldisilazane
(HMDS) for rectifying contacts. Due to the dipole moment of
HMDS, the effective work function of WO5/Al was shifted
from 4.3 to 4.6 eV after the HMDS treatment. Compared
with the forward current density of the Cqy diode without the
HMDS treatment, the forward current density of the Cgg

Operation voltage
3 SR
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High @,
Low @,

Current density (A/cmz)

Voltage (V)

Figure 10. J-V characteristics of the organic diode with (a) low mobility and (b) high mobility as a function of Schottky barrier height (®g). The shaded regions
indicate the operation voltage region for the charging period of the organic rectifier.
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Figure 11. (a) J-V characteristics of the diodes comprising the Al/X/Cgo/
BCP/Al structure, where Xis WO3 (dash-dot), WO3/HMDS (solid), or the
absence of a layer (dash). (b) The average DC component (V) of the output
voltage (V5y) obtained for the 2 V sinusoidal incoming RF signal () with
regard to the operating frequency for the Cgq rectifiers with and without
HMDS treatment. The shapes and lines indicate the experimental and the
simulation results, respectively. The inset presents the rectifier circuit
diagram for measurement, which consists of the Cgq diode, 500 kQ load
resistor (R.), 20 nF load capacitor (C.), and 50 Q resistor (Ry) for proper
termination of the V,. Reproduced with permission from Ref. 13, Copyright
2011 Wiley-VCH.

diode with the HMDS treatment was significantly improved
below the 1-V range due to the decrease in barrier height.
Moreover, the Cgo rectifier with HMDS treatment showed
only a 0.21 V output voltage drop and an improved 3 dB fre-
quency of 700 MHz [Fig. 11(b)]. These results indicate that
an excessively high barrier height would have detrimental
effects on the performance of the high-speed organic diode.
Therefore, the barrier height should be optimized to maximize
the forward current, while the leakage current remains at an
acceptable level.

Organic diode with pn-junction interface

For the pn-junction diode, high mobility of p-type and n-type
semiconductors is a prerequisite for a HF rectifier.
Unfortunately, the development of high mobility, air-stable
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n-type organic semiconductors has been lagging behind com-
pared to p-type organic semiconductors because materials
having high electron affinity are generally sensitive under
ambient conditions. Moreover, stacking organic materials is
also an issue for the low-cost solution process because the pre-
deposited organic layer can be damaged or even washed out by
an organic solvent while forming the upper organic layer. To
overcome these issues, various p-type organic/n-type inorganic
hybrid pn-junction diodes have been proposed.?¢>"6%%¢1 Zinc
oxide has widely been adopted as the n-type inorganic material
for hybrid rectifiers because it possesses adequate mobility
(>1 cm*/V/s) and it can be solution processed, eco-friendly,
and insoluble to organic solvents.*®3%*¢1 Previous reports
have demonstrated pentacene/ZnO rectifiers with rectifying
and switching characteristics.*®>® A high-current density of
160 A/em? at 5V and a reverse breakdown voltage of 25 V
were achieved and this allowed the operating frequency to
reach more than 20 MHz.*®! For the solution processed
p-type organic semiconductor, PEDOT:PSS, poly(3,3’-didode-
cylquaterthiophene) (PQT-12), and P3HT have been
employed.P?72%%%%] Since the charge carrier transport property
of inorganic materials is superior to that of organic materials, a
desirable design strategy of the hybrid diode is maximizing
electron transport while the potential barrier at the organic/inor-
ganic pn-junction properly gives the rectification behavior.
Katsia et al. made a P3HT/ZnO diode with an electron barrier
much lower than the hole barrier and, therefore, the electrons
acted as a dominant current conduction source.”® A remark-
able forward current density of 10,000 A/cm? at 4 V with an
RR of 10° was achieved.”®! Improvement of electrical charac-
teristics through energy level shifting of the pn-junction poten-
tial using the SAM treatment has also been reported.[®” By
employing the OTS (octadecyltrichlorosilane) treatment at the
interface of ZnO/P3HT, the dipole-induced energy level shifted
to lower the electron barrier, leading the hybrid pn-junction
diode to achieve a 32-fold higher forward current and a
10-fold higher RR. In the case of using n-type organic materials
for a pn-junction diode, C¢y has been widely used, where the
electron mobility can be similar to the hole mobility of
p-type organic materials.***>"”) In this structure, the charge
carriers are accumulated at the organic/organic interface as a
consequence of the high electron and hole barriers. When the
forward bias is applied, accumulated electrons and holes are
non-radiatively recombined, resulting in a high forward current
at low voltages. This was confirmed by fabricating hole-only
and electron-only devices, where the forward current was
greatly decreased compared with that for a diode, indicating
that the charge injection at the organic/organic interface is
almost prohibited.”””! When the reverse bias is applied, charge
injection is limited by the injection barrier at the metal/organic
interfaces. As a result, an N,N’-bis(naphthalen-1-yl)-N,N’-bis
(phenyl)-benzidine (NPB)/Cg( pn-junction diode showed a for-
ward current density of 500 mA/cm® at 2.6 V and an RR of
7.8 x 10*.P7) The device performance can be further improved
by employing a p-doped/intrinsic/n-doped (PIN) diode
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structure.*”) In this case, the metal/doped organic interfaces
should form quasi-ohmic contacts, facilitating charge injection
from metal to organic interfaces regardless of the metal work
function. The current density and transit time of the PIN
diode strongly depends on the doping concentration and thick-
ness of the intrinsic organic layer. By optimizing the doping
concentration (1 wt%) and the thickness of the intrinsic layer
(90 nm), the p-doped pentacene/pentacene/n-doped Cgo PIN
rectifier showed an output voltage of 1.4 V at 20 MHz and
even a voltage of 0.5 V at 300 MHz when an input voltage of
2V was applied."*"!

Conclusions

High-frequency organic rectifiers require high forward current
with low leakage current, turn-on voltage, and areal capaci-
tance, and these can be achieved through interface engineering.
The energy barrier formed at the interface can be controlled by
dipole-induced energy level shift using chemical treatments or
inserting a charge injection layer such as a conducting polymer,
a doped organic layer, or a transition metal oxide for either high
injection efficiency or rectification. Additionally, the molecular
orientation and crystalline order of the organic layer can also be
improved by modifying the surface properties of the bottom
layer. By virtue of interface engineering, the operating fre-
quency of the organic rectifiers has recently reached values in
the GHz region, which is suitable for UHF use. However,
issues such as a large output voltage drop at high frequency
and stability under ambient conditions have been left unsettled
to date. These issues are principally attributed to the poor
mobility and instability of the organic semiconductors.
However, the electrical properties and stability of organic semi-
conductors have rapidly been improving and will continue to be
developed due to their unlimited molecular design tunability.
Therefore, we are optimistic that practical use of UHF organic
rectifiers will be achieved in the near future.
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