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Stabilizing Schottky junction in
conjugated polymer diodes enables
long-term reliable radio-frequency energy
harvesting on plastic

Check for updates
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Due to their inherent flexibility, solution-processable conjugated polymers are increasingly being
considered for the cost-effective production of thin-film semiconductor devices used in Internet of
Everything (IoE) applications. With considerable improvements in charge carrier mobilities, the final
challenge impeding the commercialization of conjugated polymers may be improving their
environmental and electrical stabilities. Recent studies have improved the stability of computing
devices (i.e., transistors) by eliminating interface traps and water molecules within conjugated
polymers. However, the stability issue of Schottky diodes, which play a crucial role in configuring thin-
film IoE devices used in wireless communication and energy harvesting, has been largely overlooked.
This study reveals that aluminum, which is commonly used as a cathode metal in polymer Schottky
diodes, creates a nonstoichiometric effect when deposited on conjugated polymers, thereby leading
to the formation of charge traps over time, which reduces the rectification ratio of the Schottky diodes
and induces a significant bias stress effect during operation. To address this issue, we introduce a
zinc-oxide sacrificial interlayer between the conjugated polymer and cathode. This interlayer
effectively eliminates the penetrated Al metal or ionized Al-induced nonstoichiometric effect without
reducing the charge injection efficiency, achieving exceptional environmental and operational
stability. The printed polymer Schottky diodes demonstrate consistent rectifying operation at
13.56MHz for several months with negligible changes in electrical characteristics.

Thin film electronics based on solution-processable semiconductors com-
bined with printing techniques offer a facile way to manufacture wearable
devices for digital healthcare monitoring1–3, flexible information display4,5,
biomarker detection6, electronic skin7,8, and brain signal recording9,10.
Inherently flexible conjugated polymers with moderate carrier mobilities
outperformotherhigh-carriermobility semiconductormaterials (e.g., oxide
semiconductors, perovskites, and low-dimensional semiconductor disper-
sions) in specific wearable applications undergoing extreme mechanical
deformation11. Recent achievements have demonstrated that conjugated
polymers can enable evenmore complex and intelligent computing devices
with process scalability and systematic approaches on ultrathin flexible or
stretchable substrates12.

When configuring lightweight wearable devices, flexible circuit com-
ponents must be used in all building blocks for logic, memory, display, and
communication13–17. To fully achieve a soft form factor, wearable devices
must be powered using wireless energy harvesting technology rather than a
hard energy storage component (i.e., battery). A conjugated polymer
Schottky diode with a very low forward voltage drop can rectify the radio
frequency (RF) energy efficiently, thereby converting the alternating current
(AC; primarily at a frequency of 13.56MHz) from the antenna into direct
current (DC) to power a load18–22. Note that these power switches require a
high rectification ratio (RR), high switching speed, and more stringent
operational stability than other circuit components because large currents
flow continuously through the diodes when the device is on.
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The electrical characteristics of conjugated polymer Schottky diodes
can deteriorate over time due to a combination of various environmental
and material factors, and recent studies have focused on enhancing the
operational stability of conjugated polymer devices. For example, atmo-
spheric moisture can limit the charge transport in low-disorder conjugated
polymers by increasing the trap density in the bulk semiconductor23. In
addition, exposure to air can result in oxidation and interfacial reactions of
metal electrodes, e.g., Al and Ag, thereby reducing the Schottky barrier
height and increasing the reverse current24,25. Water-induced defects can be
reduced dramatically by incorporating small molecular additives into
polymer films to achieve trap-free space charge-limiting current char-
acteristics in Schottky diodes26, and proper encapsulation of the device can
prevent the ingress of oxygen, water, and other environmental factors
causing oxidation of the metal electrode27,28.

However, the stability of the Schottky barrier junction between con-
jugated polymers and low-work functionmetals is not yet fully understood.
In this study,we reveal an intrinsic instability causedduring the formationof
low-work functionmetal. Note that Al has beenwidely utilized as a cathode
material for conjugated polymer Schottky diodes due to its low work
function and good process compatibility29. The work function of Al is
located near themiddle of the bandgap ofmost p-type conjugated polymers;
the HOMO and LUMO values range from −5.0 to −5.5 eV and −2.7 to
−3.7 eV, respectively30,31. The Al and conjugated polymer contact barrier
makes charge injection difficult in both directions, forming an ideal
Schottky junction. However, the use of Al can lead to oxidation and non-
stoichiometric compounds at the metal-semiconductor interface over time,
which results in a gradual degradation of theRRand causes severe bias stress
effects during operation18,32,33. Due to device stability issues, many studies
have evaluated the diode characteristics in inert environments without
moisture and oxygen; however, ambient and inert environments can cause
significant differences in the charge injection and contact barrier at the
interface between the metal and organic semiconductor (OSC)34. Thus, the
stability and reliability of organic Schottky diodes must be enhanced based
on an understanding of the contact barriers between low-work function
metals and conjugated polymers.

In this paper, we demonstrate a highly stable conjugated polymer
Schottky diode that can rectify 13.56MHz signals for a fewmonths without
degradation by addressing a critical instability issue in the polymer-metal
interface. First, we represent that the origin of rapid current degradation of
diodes immediately after fabrication is primarily due to the Al-cathode-
mediated doping effect rather than the oxidation of the semiconductor or
cathode. The doped behavior of the polymer OSC is observed physically
using X-ray photoelectron spectroscopy (XPS) and analyzed electrically
using organicfield-effect transistors. To prevent cathode doping,weutilize a
few nanometers of a zinc-oxide (ZnO) interlayer between the conjugated
polymer and cathode, which has a work function value similar to that of Al.
This approach eliminates oxygen vacancies and reduces electrical traps,
thereby maintaining charge injection efficiency and achieving remarkable
environmental and operational stabilities. The printed polymer Schottky
diodes exhibit stable and reliable rectifying over several months, demon-
strating a full-wave rectifier operating at 13.56MHz.

Results
Rapid performance degradation of polymer Schottky diodes
Rectifying thin film diodes are essential for energy harvesting in standalone
flexible electronics in the radio-frequency electromagnetic field (Fig. 1a).
Polymer Schottky diodes comprising Au bottommetal, conjugated polymer
active layer, and Al top metal were fabricated on a 1-μm thick parylene film
(Fig. 1b, c). Here, thermally evaporated Au (100 nm) and Al (50 nm) elec-
trodes serve as the anode and cathode, respectively, and the p-type
semiconductor, i.e., Poly[3,6-bis(5-thiophen-2-yl)-2,5-bis(2-octyldodecyl)
pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione-2,2’-diyl-alt-thieno[3,2-b]thiophen-
2,5-diyl] (DPP-DTT; Fig. 1d) was printed using a dispenser (250~500 nm).
The donor-acceptor-type copolymeric system of DPP-DTT offers features
such as solution processability, chemical stability, and high mobility, which

facilitate printing processes in ambient air conditions35,36. The fabrication
process is described in detail in the Methods section. The flexible rectifying
antenna candirectly convert electromagnetic energy in the formofAC toDC
electricity, thereby providing power to a load that is connected to its output.
This can be realized by restricting the current flow exclusively in one direc-
tion, governed by the energy level alignment between the semiconductor and
themetal. The Schottky barrier height (ΦB) is determined at the junction of a
metal/organic p-type semiconductor interface after the free charge carriers in
the OSCs transfer to align the fermi level (EF) of the OSC with the work
functionof themetal (ΦM) (Fig. 1e).ΦB is calculated as thedifferencebetween
the highest occupiedmolecular orbital (HOMO) level of the organicmaterial
and ΦM.

Given that the rectification characteristic of the Schottky diode plays a
critical role in terms of determining its conversion efficiency, it is imperative
that the rectifying barrier height between the metal and semiconductor at
both the anode and cathode is designed carefully. In addition, scaling the
high-frequency characteristic of rectifiers is closely related to the charge
transport of an OSC/metal Schottky diode, with the primary determinant
being the forward current density. Therefore, achieving stable and con-
tinuous operation of the diode over an extended period is of significant
importance. However, as shown in Fig. 1f, a reduction in performance was
observed after the fabrication of the Schottky diode, with a decline in for-
ward current and an increase in reverse current, which resulted in an
approximately 300-fold decrease in the RR after 96 hours of storage in a dry
ambient environment (20 °C, 0% relative humidity, RH). The degradation
phenomenon occurred rapidly over a one-day period, and after 7 days, the
RR gradually reached a value of 480.Note that the instability of the polymer
diode ultimately hinders its ability to harvest energy effectively because a
degradation in the forward current value leads to a decline in the efficiency
of converting AC power into DC diode voltage (VD). The rectified VD is
determined by the current recharging the load capacitance (CL) with the
charges consumed by the load (RL) during a single frequency cycle (ω).

VD

RL
� 2π
ω

¼
Z t2

t1
IForwarddt ð1Þ

where t1 and t2 define the time interval during which the diode is in a
forward bias state. Frequency measurements of the rectifier comprised 100
nF (CL) and10MΩ (RL).Comparedwith the immediate postfabrication, the
performance of the rectifier was considerably poorer after seven days, with
the output power voltage decreasing by 28% at 1 kHz and 83% at 10MHz
(Fig. 1g).

The forward current density was degraded in both ambient and inert
environments, as shown in Fig. 1h. Note that the deterioration of the elec-
trical performance may also occur in environments with minimal water or
oxygen in ambient air. To examinewhendegradation occurs, the devicewas
fabricated up to only the OSC layer, and then the cathode was deposited at
time intervals of 0, 2, and 4 days. Degradation was observed immediately
from each moment when the Al was deposited on the OSC layer (Fig. 1i).
We observed that the forward current density began to decrease, and the
reverse current density increased in an ambient environment. The corre-
sponding JD−VDcurves over time are shown inSupplementaryFig. 1. Each
currentdensitymeasured shortly after completionofdevice fabrication (0, 2,
and 4 days) exhibited high similarity, which suggests that the rapid RR
reduction is likely due to degradation at the interface between theOSC layer
and the cathode rather than degradation of the organic active layer.

Origin of rapid current degradation of diodes
It is possible that the instability of diodes can be attributed to the doping
effect of the Al cathode. Figure 2a presents a schematic depiction of the
degradation mechanism wherein thermally evaporated Al diffuses into the
semiconductor. Note that metal diffusion into the OSC layer has been
observed previously37–39. Moreover, the deposition of a cathode material
with high specific gravity, e.g., Ag (approximately 10.5), facilitates pene-
tration of the metal into the semiconductor. The nonlinear JD−VD
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characteristics of the diode immediately after deposition of the cathode
material changed to ohmic characteristics over time, as shown in Supple-
mentary Fig. 2. Due to its lower specific gravity (approximately 2.7), Al does
not alter the diode characteristics significantly; however, during thermal
evaporation, hot Al atoms with high kinetic energy can undergo slight
diffusion into theOSC38.WhenAlpenetrates into anOSC layer, theAlmetal
can be oxidized inside the organic layer, and other Al atoms can remain
ionized.The ionizedAl,whichmaynothaveundergone complete oxidation,
can potentially allow for hybridization between the remaining dangling
bonds of AlOx and the orbitals of the OSC. This hybridization can poten-
tially serve a donor role within the OSC.

To investigate the effect of penetrated Al on the OSC layer, XPS
measurements were performed. Here, to examine thematerial composition
at the interface between Al and OSC, XPS depth profiles were measured in
conjunction with an Ar+ etching process. The etching rate was approxi-
mately 0.2 nm·s−1. Figure 2b shows the XPS spectra of Al 2p andO1 s peaks
at themetal, OSC, and interface. The XPS data were extracted from the data
obtained through XPS depth profiles of the diode (Supplementary Fig. 3) at
the metal layer (32 nm), interface (98 nm), and OSC (138 nm). The Al 2p

spectrum may be deconvoluted into two peaks with binding energies of
72.2 eV (Al metal) and 74.8 eV (Al oxide), and we confirmed that 51.8% of
the Al metal remained unoxidized at the interface area. The O 1 s spectra of
the interface area were also deconvoluted to obtain two peaks at 532 eV
(OVAC) and 530.5 eV (OM), indicating an oxygen-deficient region and
oxygen-bonded region based on stoichiometry. Note that an absent atom
does not produce signals in the XPS spectra; however, the presence of an
atypical signal from an existing atom can be used as an indirect indicator of
the percentage of the absent atom40. Theoxygenvacancy, i.e., the presence of
unbonded oxygen molecules, was 38.6% of O 1 s. The nonstoichiometric
effect caused by the dangling bonds of the Al metal or Al oxides that have
penetrated into the OSC layer can cause electrical traps, which function as
charge-trapping centers and reduce the charge carrier transport efficiency.
These factors cause electrical performance degradation of the diodes in
which the forward current density decreases rapidly.

The influence of the degradation process on the interfacial band align-
ment is shown in Fig. 2c and d. When an anode metal contacts a semi-
conductor, the work function of the metal and the fermi level of the
semiconductor are forced to align such that band bending occurs and the

Fig. 1 | Polymer Schottky diodes for energy harvesting and their stability issues.
a Schematic of an energy harvesting systemwith aflexible antenna and rectifiers. The
inset shows the top view of the schematic. b Optical image of the diode. The red
dotted line indicates an active area of a diode (the scale bar is 200 μm). c Scanning
electron microscope image of the Au/DPP-DTT/Al Schottky diode (the scale bar is
100 nm). d Chemical structure of DPP-DTT. e Energy band diagram of Schottky
contact between cathode and organic semiconductor. f JD− VD characteristics as a

function of storage time of the printed polymer DPP-DTT diodes. g Frequency
response of the DPP-DTT rectifier before and after degradation. The inset shows the
rectifier circuit diagram. h Changes in JD− VD characteristics of the DPP-DTT
diode over time in inert and ambient air environments. i Changes in forward and
reverse current density over time after Al cathode deposition. Al was deposited 0, 2,
and 4 days after the organic semiconductor layer was fabricated (the error bars
represent standard deviation).
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Schottky barrier height is determined.Due to the low carrier density inp-type
OSCs, the fermi level was positioned slightly below themidpoint between the
HOMO and the lowest unoccupied molecular orbital (LUMO). The DPP-
DTThas a bandgap of 1.7 eV,withHOMOandLUMOlevels at−5.2 eVand
−3.5 eV, respectively36. Here, the fermi level of p-type OSC shifts toward the
LUMO level by the influence of the Al-cathode-mediated doping, which
results in a higher built-in potential (Fig. 2c). As a result, a higher voltage is
required to achieve the same current density, thereby resulting in a significant
reduction in the forward current density. The presence of a native oxide layer
on the buried interface of the Al cathode can function as an interfacial dipole
at the interface, which can also facilitate the fermi level pinning, which in turn
leads to a reduction in the Schottky barrier height (Fig. 2d).

These charges can also result in a leakage current path, which can
induce theOhmic property in the low forward bias region and an increase in
the reverse current density over time. After degradation, the JD−VD curve
can be described as two phenomena that occur simultaneously while
increasing the thermionic conduction current under reverse bias and
reducing the space-charge limited current under forward bias (Fig. 2e). In
the thermionic conductionmodel, electrons surmount thework function as
a consequenceof either thermal energy or an externally applied electricfield,
subsequently transitioning to the HOMO level of the OSC. The resultant
current density is expressed as follows.

JD ¼ J0 exp
qVD

ηkT

� �
¼ A�T2 exp

�qΦb

kT

� �
exp

qVD

ηkT

� �
ð2Þ

Here, J0 is the saturation current density, η is the ideal factor, q is the
electronic charge, k is theBoltzmann constant,T is the absolute temperature,
A* is theRichardson constant,Φb is the Schottkybarrier height, andVD is the

applied voltage. The Schottky barrier height was extracted by employing a
fitting procedure using the saturation current in Eq. (2). Note that the value
ofA∗ is 120 A·cm−2·K−2 for free electrons41. For the diodes immediately after
fabrication and after degradation, the J0 values were 1.26 × 10−8 A·cm-2 and
6.35 × 10−6 A·cm−2, respectively, and the Schottky barrier height values were
0.86 and 0.70 eV, respectively. The space charge limited conduction (SCLC)
is dependent on the presence of trap states located in the polymer semi-
conductor and interfacial layer between the metal and the OSC. The SCLC
current density equation follows the Mott–Gurney law42, i.e.,

JD ¼ 9
8 εε0μ

VD
2

d3
, where ε is the dielectric constant, ε0 is the permit-

tivity of free space, μ denotes the carrier mobility, and d is the thickness
of the OSC film. After degradation, the extracted mobility was reduced
from 5.0 × 10−3 cm2·V−1·s-1 to 2.1 × 10−4 cm2·V−1·s−1. The mobility was
derived from JD−VD curve and may differ from the mobility of the
material itself. The presence of partially ionized Al can result in the
formation of nonstoichiometric compounds that produce electrical trap
sites, resulting in a major factor contributing to diode degradation.

Overcoming degradation for a stable Schottky diode
Adding an Al-doped ZnO (AZO) interlayer (several nanometers thick)
between the conjugated polymer and cathode enables the filling of physical
trap sites and compensation for the electrical traps (Fig. 3a). The interlayer
serves as a buffer layer that can prevent direct contact between the two
materials and eliminate the nonstoichiometric effect by forming a densely
packed OSC. We confirmed the formation of AZO between the OSC and
cathode via secondary ionmass spectroscopydatausing theAl,C,O, andZn
markers for diodes with and without AZO interlayer, respectively (Fig. 3b).
Visual evidence obtained from both atomic force microscopy and scanning
electron microscopy images confirms the formation of AZO on the OSC

Fig. 2 | Degradation mechanism. a Schematic of the temporal evolution of Al
deposited on p-typeOSC.bAl 2p andO1 sXPS data at themetal, interface, andOSC
layer of the DPP-DTTdiode. c, d Energy band diagram ofmetal-p-typeOSC contact

at ohmic and Schottky junction over time, respectively. e JD−VD characteristics of
polymer DPP-DTT diodes before and after degradation.
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layer (Supplementary Fig. 4). Remarkably, devices with an AZO layer (Au/
DPP-DTT/AZO/Al) exhibited long-term stable operation, maintaining an
RR value of approximately 105. Little change in electrical performance was
observed when stored in ambient air for more than four months (Fig. 3c).
The highly reliable mechanical stability of the diode is also presented in
Supplementary Figs. 5 and 6. Among the solution-processed polymerOSC-
Schottky diodes, the operation of this diode in ambient air demonstrated the
best stability and superior performance (Supplementary Table 1). The
thickness of the interlayerwas optimized, as shown in Supplementary Fig. 7.
While an excessively thick interlayer can exhibit less degradation compared
to devices without an interlayer, these thicker layers can impact charge
injection, leading to lower current density levels and an inability to fully
prevent degradation. A thickness of approximately 10 nm or less was
optimal tomaintain a high rectification ratio and stable operation. Attempts
to form a thinner layer by diluting the ink further hindered film formation
and induced device degradation.

Figure 3d shows the change in the XPS intensity ratio of the Al
2p and O 1 s peaks at the DPP-DTT/Al interface with and without
the insertion of AZO. The Al oxide contents of Al 2p increased from
48.2% to 62.9%, which means that the influence of the Al ions (used
to act as an n-type dopant) was insignificant. The estimated part of
the OVAC/(OVAC+OM) of the diodes with an AZO interlayer
decreased from 38.6% to 23.2% compared to the diodes without the
interlayer. Supplementary Fig. 8 shows the XPS data for the depth
profiles of the diode. Through the XPS results, obtained by layer-
specific positioning of Al and OSC along the z-axis, it was confirmed
that both the ratio of Al metal and oxygen vacancy decreased at the
vicinity of the interfacial region (Fig. 3e). Thus, it is suggested that
the oxygen deficiency was reduced due to the AZO, which prevents

structural degradation of the OSC. Penetration of the Al could
potentially disrupt the crystal structure of the OSC, thereby leading
to trap formation. In addition, the AZO insertion could minimize the
interdiffusion region at the interface between the OSC and Al con-
tact, which is caused by Al evaporation, thereby enhancing device
stability.

Considering the energy band diagram, it appears that the presence of
the AZO layer prevents the shifting of the fermi level of the OSC. Thus, the
maintenance of the potential barrier height leads to no substantial variation
in the forward current value. The charge transport under the forward bias is
not influenced significantly by the interlayer because it is only a few nan-
ometers thick. Note that the work function of the AZO solution is−4.3 eV,
which is aligned appropriately with the Al cathode, which has a −4.28 eV
work function. It appears that the interlayer reduces both the interfacial
dopingdue tooxidation and thedensity of trap states at the interface, thereby
preserving both the preexisting Schottky contact and reverse current.

Verification of Al doping effect using organic field-effect
transistors
To confirm the electrostatic doping effect of the Al anode on the OSC
layer, an organic field-effect transistor was fabricated based on the
DPP-DTT semiconductor material. Here, to imitate the situation
where Al is deposited on the OSC layer, a very thin Al (less than
1 nm) layer was thermally evaporated on the exposed DPP-DTT of
the transistor having a bottom-gate, coplanar structure (Supple-
mentary Fig. 9a). The diffused Al on top of the semiconductor acts as
an n-type dopant; thus, the number of hole carriers accumulated in
the channel of the transistor decreased, and the transfer characteristic
curve shifted left (Supplementary Fig. 9b). The trap density in

Fig. 3 | Stabilization of polymer Schottky diodes using an Al-doped ZnO inter-
layer. a Schematic of a stoichiometric aluminum oxide surface with Al-doped ZnO.
b SIMS depth profiles of the DPP-DTT/Al (dashed line) and DPP-DTT/Al-doped
ZnO/Al (solid line). c JD−VD characteristics as a function of storage time of DPP-
DTT diodes with Al-doped ZnO interlayer (the inset shows the changes in

rectification ratio (RR)with andwithout anAZO interlayer over time).dAl 2p andO
1 s XPS data of DPP-DTT diode with Al-doped ZnO interlayer. e Percentage of
aluminum metal and oxygen vacancy (OVAC) as a function of depth with and
without AZO interlayer corresponding to XPS results.
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organic field-effect transistors can be calculated as follows.

4Vt ¼
qNtrap

Ci
ð3Þ

Here, Vt is the threshold voltage, q is the electronic charge, and Ci is
the capacitance per unit area of the dielectric layer. With a parylene
dielectric permittivity (ε) of 3.8 and a thickness (d) of 200 nm, the
capacitance Ci = εε0/d was calculated as 1.68 × 10−8 F·cm−2. The trap
density was estimated to be approximately 2.63 × 1011 cm−2 without
the additional layer over DPP-DTT. It appears that the electrostatic
doping of the Al ions can be explained as a direct cause of the rapid
reduction in the forward current of the organic Schottky diode. To
verify the suppression of the electrostatic doping effect caused by
adding the interlayer between the metal and the OSC, an AZO layer
was added on top of the DPP-DTT. Note that the electrical
characteristics of the DPP-DTT transistor before and after the
formation of the AZO on the surface of the semiconductor by spin-
coating are identical. Even though the Al deposition was conducted
with the same protocol, there was little difference in both the transfer
and linear characteristics of the transistors (Supplementary Fig. 9c),
which implies that the interlayer can energetically prevent the shift of
the fermi level of the OSC. With the AZO interlayer, the trap density
was further reduced to 4.41 × 1010 cm−2.

Analysis of electrical traps
A capacitance-voltage (CD−VD) measurement suggests that the AZO
interlayer both slows the device degradation process and plays a key role in

reducing the electrical trap. Both the spatial and energetic distribution of
defects can be obtained by changing the applied DC bias and varying the
frequency of the AC bias, respectively (Fig. 4a). Note that this method
assumes that a depletion layer is formed at the Schottky junction, which
leads to an absence of free carriers in the space charge region; thus, all
carriers found in the depletion layer arise from the defect state. The free
carrier, trap density, and Schottky barrier height were determined by a
CD

−2−VD plot according to the following Mott–Schottky relation43.

1

CD
2 ¼ 2

A2qεε0NA
ðVbi � VDÞ ð4Þ

Here,CD is the capacitance of a diode,A is the active area of a diode, ε is the
permittivity of the semiconductor, ε0 is the permittivity of free space, NA is
thedensity of carriers,q is the elementary charge,Vbi is the built-in potential,
and VD is the applied voltage. From the capacitance equation CD = εε0A/d
and assuming fully depletedwidth under reverse bias, the permittivity of the
DPP-DTT semiconductor was calculated to be approximately 3 (250 nm,
106 pF, 1 × 1 mm2). The gradient and x-intercepts of the linear fits to the
capacitancemeasurement shown in Fig. 4b for two devices indicate the total
carrier density and built-in potential, respectively. The deep trap density can
be extracted qualitatively according to the difference between the two
slopes44. The slopeof thenear 0 Vbias is related to thedensity of the shallow-
level states (1/NA), and the slope of the reverse bias is associated with the
density of both the shallow-level states and the deep-level states (1/
(NA+NT)). The fitting results wereNT of diodes without AZO interlayer =
6.73 × 1016 cm−3 and NT of diodes with AZO interlayer = 2.13 × 1016 cm−3.
To calculate the trap density quantitatively, a point-to-point C−VD

Fig. 4 | Analysis on electrical trap density and operational stability. a Schematic of
band bending of metal-p-type OSC junction with trap states. b CD

−2−VD char-
acteristics of organic Schottky diodes with and without Al-doped ZnO interlayer
(the solid line is fitted line by Eq. (4) for the extraction-free carrier and trap density).
c Trap density as a function of profiling distance for DPP-DTT diode with and

without Al-doped ZnO interlayer measured at an AC frequency of 1 kHz. Log-log
JD− VD characteristics and corresponding power law exponent (∂ln JD

� �
=∂ln VD

� �
)

of a DPP-TT diode (d) with and (e) without Al-doped ZnO interlayer. fNormalized
current of DPP-DTT diodes with and without Al-doped ZnO interlayer after elec-
trical bias stress for 3600 s.
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measurement was conducted to yield the density of defect states at the
distribution of states within the energy gap.

N xð Þ ¼ � 2

A2qεε0

dV

dð1=CD
2Þ ð5Þ

Here, x is the distance from the junction45,46. The trap density as a
function of spatial location by changing the depletion width is shown in
Fig. 4c. The measured depletion charge density is in the order of
1015–1016 cm−3 in the mid-range and higher values of the trap density
near both contacts. In particular, the diode without an interlayer has a
high trap density near the Schottky contact due to the presence of deep-
level trap states that do not contribute to the generation of free mobile
charges. The trap density of the diode with the AZO interlayer at the Al/
OSC interface was approximately 40 times less than that of the diode
without an interlayer. The increase in trap density in the vicinity of the
Schottky interface can enhance the electric field at the interface under
reverse bias, which results in a reduction in the Schottky barrier width,
and this has the potential to induce electron tunneling across the barrier.
As a result, inserting the AZO layer can prevent such a phenomenon. In
addition, electrochemical impedance spectroscopy can further clarify
how the AZO interlayer stabilizes the electrical characteristics of
the diodes. The impedances of the DPP-DTT diodes were measured in
the range of 1 Hz to 10MHz. The Nyquist plot of the diodes with the
interlayer appears as if two semicircles havemerged due to the formation
of an extremely thinAZO layer. This is also confirmed by the shape of the
graph of the diodes with the AZO interlayer consisting of two
distinguishable semicircles at the forward bias condition (Supplemen-
tary Fig. 10). We found that the impedance shape of the diode without
the interlayer changed over time.Here, the size of the circle indicates that
the impedance value of the diodes increased and decreased under the
forward and reverse bias conditions, respectively. The diodes with the
interlayer exhibited little change in impedance over the measured
frequency range and different voltage conditions regardless of the
temporal variation.

The presence of traps can also be inferred through the slope of
logJD−logVD. In Supplementary Fig. 11, the change of slope (m) in a log-log
scale of JD−VDcharacteristic shows that the typeof charge transport, suchas
trap-free (m = 2), trap-filling (m≫2), ohmic (m = 1), followsMott–Gurney
law.

JD ¼ ID=A ¼ 9
8
εε0μ

VD
m

d3
ð6Þ

Here,A is the active area of an organic diode, ε is the dielectric constant, ε0 is
the permittivity of free space, μ is the field-independent carriermobility,VD

is the applied voltage, and d is the film thickness. Figure 4d and e show log-
log plots of the JD−VD characteristics for diodes with and without an
interlayer, respectively. Due to more electrical traps, the diode without the
AZO interlayer has a transition voltage greater than 0.1 V and several
secondarypeaks of slopes comparedwith thediodewith theAZO interlayer.
The trap concentration and their energy distribution shifted the height and
voltage corresponding to the secondary trap peak. For the diodewithout the
interlayer, an increase in the slope was observed over time in the extended
plateau region between 3 V and 7 V, while for the diode with the interlayer,
therewasno significant change, andSCLCbehaviorwas observed regardless
of time. The reduced trap density has also confirmed the presence of
excellent bias stability. Compared to those of the diodewith andwithout the
AZO interlayer before the bias stress tests, the forward current value of the
diodes with the AZO interlayer after the bias stress test (continuous bias for
3600 s at anode: +3 V, cathode: 0 V) was only changed by 4.4%, and the
current value of the diodes without the AZO interlayer decreased
significantly by greater than 85.3% (Fig. 4f). When stressed by repeated
bias sweeps in ambient air, the device exhibits minimal changes in JD−VD

characteristics, as shown in Supplementary Fig. 12.

Dynamic response of printed Schottky diode
We also evaluated the high-frequency characteristics of our organic
Schottky diodes. Here, the rectifier configuration comprised the diode
connected inparallelwith a smoothing capacitor anda load resistor.Whena
sinusoidal input (Vin = 12Vp-p) was applied, the output voltage decreased as
the frequency increased. In contrast to the diode without the interlayer
(Fig. 1g), nearly no decrease in the frequency response characteristics was
observed in the sevendays after air exposure (Fig. 5a).Wealso found that the
frequency characteristics varied depending on the thickness of the semi-
conductor layer of the diode; however, air stability held regardless of the size
of the geometry (Supplementary Fig. 13). The output voltage of the rectifier
was approximately 4 V at 13.56MHz (Fig. 5b). The estimated cutoff fre-
quency (fc) can be calculated as follows.

f c ¼
μSCLCðVA � VoutÞ

d2
ð7Þ

Here, μSCLC is the SCLC carriermobility,VA is the applied peak voltage, and
d is the semiconductor thickness47. The estimate of fc was approximately
56MHz (where VA = 12V, Vout = 5 V, and d = 250 nm) when using a
conservatively extracted lower bound estimate of the carrier mobility of
DPP-DTT of μSCLC (5.0 × 10-3 cm2·V−1· s−1), which was extracted by fitting
the SCLC JD−VD curve. When compared with the field-effect carrier
mobility μFET (4.0 × 10−2 cm2·V−1·s−1) extracted from the transfer curve of
the transistor, theμSCLCwas approximately 10 times lower.This discrepancy
can be attributed to the fact that carrier transport in the vertical direction of
the channel typically occurs at much lower carrier densities than the
accumulation of charge density in the channel induced by the gate bias48.
Compared to the frequency characteristics of organic Schottky diodes based
on other solution-processes, the diodes fabricated in this experiment
demonstrated superior cutoff frequency performance despite having a
thicker OSC film, as shown in Fig. 5c, which depicts the relationship
between the cutoff frequency and the thickness of active layer for various
carrier mobilities of the semiconductor. The graphs show that the
experimental data obtained when changing the thickness of the OSC film
are in good agreement with the mobility in 5.0 × 10−3 cm2·V−1·s−1. By
utilizing materials with high mobility or forming a uniform ultrathin
semiconductor layer that can withstand electrical shorts, polymer organic
Schottky diodes can be designed to surpass 13.56MHz, thereby allowing for
utilization in even higher frequency ranges.

Full-wave rectifiers are composed of four organic Schottky diode
connections, as shown inFig. 5d.Theactive areaof thediodes is 2×2mm2 to
increase the amount of current. The JD−VD characteristics of each of the
four diodes and the collectively measured data, when all diodes were con-
nected simultaneously, are shown in Supplementary Fig. 14. By utilizing a
13.56MHz signal composed of 0101010, it is possible to demonstrate the
stability and reproducibility of the organic Schottky diode in the high-
frequency regime. This on-off keying modulation signal can be rectified by
the organic Schottky diode used in this study to extract the digital infor-
mation.We confirmed that the rectified signal can be enveloped to obtain a
DC signal that contains the original digital information (Fig. 5e). The
enveloped signal demonstrates the stable operation of the organic Schottky
diode to handle the modulated signals, which may have practical applica-
tions in wireless charging and data transmission systems.

Discussion
Due to the printability of solution-processable semiconducting materials,
such materials possess numerous benefits, including flexibility, unconven-
tional form factors, customization, large-scale and rapid production, low
environmental impact, and seamless integration. Polymers can offer
advantages over small molecules while fabricating the active layer of diodes
through printing processes. Although small molecules can be utilized for
high-speed organic Schottky diodes via physical vapor deposition, their
implementation through printing remains challenging because of sig-
nificant leakage currents and low yield rates (Supplementary Fig. 15). In
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contrast, polymers exhibit relatively lower leakage current characteristics
due to their lesser tendency for crystallization. However, the nonuniformity
of printed polymer semiconductor thickness adversely affects the frequency
response of polymer diodes. This challenge was overcome by forming
diodes with uniform active layers through solvent engineering, considering
the boiling points and solubilities of semiconductor solvents (Supplemen-
tary Fig. 16). Despite being relatively thicker than films produced via phy-
sical vapor deposition, printedpolymerfilmspossess excellentflatness in the
active layer, enablingpolymer diodes to operate at frequencies exceeding the
standard 13.56MHz for RFID systems.

While achieving high performance, the most crucial challenge lies in
enhancing the long-term stability of the diodes due to the inherent instability
and susceptibility of polymers to specific environmental conditions or
interactions with contact metals. Through systematic experiments, we found
that diode degradation begins at the polymer-cathode metal interface, and
controlling the interface properties is essential for diode stability. The pene-
tration of Al destabilized the crystalline structure of the OSC layer, which
resulted in trap formation. Using density functional theory (DFT) calcula-
tions, we confirmed that the penetrated Al ions do not undergo chemical
reactions with the internal polymer OSC to generate traps (Supplementary
Fig. 17). The computational results suggest that the probability of penetrated
Al ions or neutral atoms positioning themselves in thermodynamically stable
regions within the polymer matrix is statistically rare. In addition, there is a
relatively low probability of generating new compounds through electro-
chemical reactions. The interaction between Al atoms or Al ions and the
polymer backbone suggests that rather than forming strong bonds sponta-
neously within the polymer matrix, they tend to diffuse and position them-
selves due to entropy-driven diffusion and dynamic factors.

In summary, we have demonstrated a highly stable conjugated poly-
mer Schottky diode that can rectify 13.56MHz signals for several months
without degradation. Our findings highlight the critical instability issue
associated with the polymer-cathodemetal interface and provide a solution
by utilizing a few nanometers of a zinc-oxide interlayer between the con-
jugated polymer and cathode. This approach eliminates the

nonstoichiometric effect and reduces electrical traps, which helps maintain
the charge injection efficiency and achieve remarkable environmental and
operational stability. We anticipate that these intrinsically stable organic
Schottky diodes will facilitate the development of high-speed wireless
communication and future energy harvesting, thereby advancing the IoE in
conjunction with telemedicine and personalized diagnosis.

Methods
Material preparation and characterization
All organic Schottky diodes used in this study were fabricated on
125-μm thick polyethylene naphthalate (Teonex PEN, DuPont) films.
The substrates were cleaned by ultrasonic baths in acetone, isopropyl
alcohol, and deionized water for 10 min each and then dried with
nitrogen. To modify the work function of the evaporated Au elec-
trodes by a self-assembled monolayer treatment, penta-
fluorobenzenethiol (PFBT) was prepared in 30 mM solutions using
isopropanol. The work function values for bare gold and PFBT-
modified gold are −4.74 eV and −5.25 eV, respectively49. For the
p-type organic semiconductor (OSC) ink, a hole-transporting poly-
mer, i.e., diketopyrrolo-pyrrole-dithiophene-thienothiophene (DPP-
DTT, Ossila), was dissolved in orthodichlorobenzene:-
chloroform:mesitylene (5:3:2) at a concentration of 5 mg·ml−1. The
optimal concentration of DPP-DTT was determined to achieve a high
on/off ratio (Supplementary Fig. 18). If the concentration is too low,
the semiconductor is too thin, resulting in an electrical short or a
large reverse current. In contrast, if the concentration is too high, the
current level is too low. A hydrophobic fluoropolymer (Teflon
AF1600, DuPont) prepared in a 1 wt% solution using per-
fluorotributylamine (Fluorinert FC-43, 3 M) as the solvent was used
for surface energy modification to define the semiconductor area
precisely. An Al-doped zinc-oxide nanoparticle ink (Sigma-Aldrich),
which is 2.5 wt% in 2-propanol, was employed for the interlayer
between the cathode and the OSC. We used ink that has a −4.3 eV
work function to preserve the Schottky contact. For the conformal

Fig. 5 | Stable full-rectifying operation at 13.56 MHz. a Rectified output voltage
immediately after fabrication and after 7 days as a function of the frequency of DPP-
DTT diode with Al-doped ZnO interlayer. b Corresponding full-wave rectified
output signal at 13.56 MHz. c Cutoff frequency fc versus diode thickness d for

varying mobility of polymer semiconductor, including performance data from
relevant literature for comparison. d Full-wave rectifier circuit schematic and optical
image of the device. e Full-wave envelope detection with 13.56 MHz (010101010)
modulation signal.
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deposition of substrates, chemical vapor deposition of a poly(p-
xylylene) derivative (Parylene diX-SR, KISCO Ltd.) was used.

The density functional theory (DFT) calculations were performed
using the Gaussian 16 package with the long-range–corrected ωB97X-D/6-
31G(d,p) method after optimizing the geometry of the model structures.

Device fabrication
To fabricate the organic Schottky diodes, a 300-nm thick parylene film was
formed on a 125-μm thick PEN substrate surface via chemical vapor
deposition to achieve good adhesion between the PEN and gold. On the
parylene-coated surface, Au electrodes (50-nm thick) as anodes were
thermal evaporated at an evaporation rate of 0.1–0.2 Å·s−1. For the work
functionmodification of the evaporatedAu electrodes using self-assembled
monolayer treatment, the samplewas dipped into a PFBT solution and then
rinsed using isopropyl alcohol. Using a dispenser printer (Image Master
350PC, Musashi Engineering), a hydrophobic fluoropolymer, i.e., Teflon,
was printed along the rectangular outlines of the diode active areas to store
OSC ink. A p-type semiconductor DPP-DTT ink was printed using a dis-
penser to fill the inside of the Teflon bank area, and then the film was
annealed at 100 °C for 30minutes. Note that the semiconductor printing
was conducted in an ambient environment. The direction of the printing
processwas square clockwise (from the inside to the outside) tofill the ink as
evenly as possible. The active channels for fabricating organic field-effect
transistors were printed in a straight line, with further details that can be
found inourpreviouswork50,51. TheTeflonbankwasdissolved and removed
through its solvent, i.e., FC-43, for the subsequent spin-coating process. The
AZO ink was spin-coated at 5000 rpm for 1minute and then annealed at
100 °C for 10minutes. Finally, on the AZO layer, Al electrodes (100-nm
thick) as cathodes were thermal evaporated at an evaporation rate of
5–6 Å·s−1. The device area was 1000 × 1000 μm2.

Device characterization
The JD−VD and C−VD characteristic measurements of the diodes were
conducted in an ambient air environment using a semiconductor parameter
analyzer (Keithley, 4200-SCS). The electrical characteristics of the diodes
were compared with those of other solution-processed organic
semiconductor-based Schottky diodes (Supplementary Table 1)18–21,52–58. In
addition, a stylus profiler (Dektak XT, Bruker) was used to measure the
thickness and roughness of the thin films. The dielectric constant of the
DPP-DTT p-type semiconductor was measured using an LCR meter (NF
Corporation, ZM2376), and the surface chemistry of the interface between
the Al and OSC was analyzed using an X-ray photoelectron spectrometer
system (XPS) (K-Alpha, Thermo Fisher Scientific) and secondary ion mass
spectroscopy (SIMS) (IMS 6 F, CAMECA). The cross-section image of the
device structure was obtained by field emission scanning electron micro-
scopy (JSM 7401F, JEOL).

Data availability
The data that support the findings of this study are available from Y.L., S.J.,
and J.K. on reasonable request.
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