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Figure S1: Comparison of effects of donor molecules on work functions and injection prop-

erties. PYS spectra obtained in vacuum and air for Au electrodes treated with (A) (RuCp*Mes)2,

(B) N-DMBI-H, and (C) CoCp2. (D) Diode properties measured in air for devices with treatments

using the donor molecules.



Table S1: Work functions of treated gold electrodes (eV).
Vacuum Air

(RuCp*Mes)2 3.7 3.7

N-DMBI-H 3.8 3.8

CoCp2 3.9 4.0

PEI 4.0 4.1

PFN-Br 4.3 4.1

untreated 4.8 -
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Figure S2: PYS spectrum of gold electrodes treated under vacuum. (A) (RuCp*Mes)2, (B)

N-DMBI-H, (C) CoCp2, (D) PEI, (E) PFN-Br, (F) none.
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Figure S3: PYS spectrum of Au treated in air. (A) (RuCp*Mes)2, (B) N-DMBI-H, (C) CoCp2,

(D) PEI, (E) PFN-Br.
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Figure S4: Stylus profile of P(NDIOD-T2) coated using a 1 wt% solution.

Supplementary Text 1. Analysis of XPS spectra of the surface treated electrodes

XPS survey spectra of the surface treated gold electrodes are shown in Fig. S5-S6. Fittings of

narrow spectra are shown in Fig. S7-S13. The fitting results are summarized in Table S2-S13, where

the relative peak area is the ratio of the peak area to the sum of the areas of the Au 4f peaks. The

resulting atomic compositions are shown in Table S9. In this calculation, peak areas and relative

sensitivity factors (RSFs) for each peak were employed, where RSFs suitable for our KRATOS

ULTRA 2 setup were employed (C 1s: 0.28, N 1s: 0.48, O 1s: 0.78, Na 1s: 1.69, Br 3d: 1.06, Co

2p:2.39, Au 4f: 6.25, Ru 3d: 4.27). For Ru 3d peaks, 3d5/2 peak is observed but 3d3/2 is overlapping

with C 1s. For this reason, known peak intensity ratio between them are assumed to calculate the

atomic composition of Ru.
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Figure S5: XPS survey spectra of the untreated or treated gold electrodes. Names of the

interlayers employed are denoted.
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Figure S6: XPS spectra in wide regions of the gold electrodes treated with n-type dopants.

Names of the donor molecules employed are denoted. The tiny peaks at 617 eV and 628 eV may

originate from trace amount (less than 0.1 %) of iodide that may be impurities of the materials

employed.
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Figure S7: XPS spectra of the untreated gold electrodes.

Table S2: XPS peak fittings for the untreated gold electrode.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.949 ± 0.001 0.620 ± 0.004 54.5 ± 0.4

Au 4f (1) 87.624 ± 0.002 0.636 ± 0.006 45.5 ± 0.4

C 1s (0) 283.891 ± 0.008 1.16 ± 0.03 0.83 ± 0.04

C 1s (1) 285.4 ± 0.1 2.9 ± 0.2 0.65 ± 0.05

O 1s (0) 530.95 ± 0.03 2.56 ± 0.08 3.2 ± 0.1



To evaluate neutral and cationic nitrogen atoms in the PEI layer, the peak position of cationic

atoms was assumed to 1.0 eV higher than the neutral one. Note that separation between these peaks

is typically more than 1.0 eV. Based on this assumption, the ratio of cationic nitrogen atoms to the

total one was estimated to be 17%.
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Figure S8: XPS spectra of the PEI-treated gold electrodes.

Table S3: XPS peak fittings for the PEI-treated gold electrode.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.966 ± 0.001 0.609 ± 0.004 54.7 ± 0.4

Au 4f (1) 87.640 ± 0.002 0.623 ± 0.006 45.3 ± 0.4

C 1s (0) 286.449 ± 0.003 1.28 ± 0.01 6.8 ± 0.1

C 1s (1) 287.33 ± 0.08 2.62 ± 0.08 2.2 ± 0.2

N 1s (0) 399.962 ± 0.004 1.257 ± 0.009 6.31 ± 0.09

N 1s (1) 401.0 ± - 2.23 ± 0.08 1.27 ± 0.06

O 1s (0) 532.10 ± 0.04 1.73 ± 0.09 1.2 ± 0.1
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Figure S9: XPS spectra of the PFN-Br treated gold electrodes.



Table S4: XPS peak fittings for the PFN-Br-treated gold electrode.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.953 ± 0.001 0.617 ± 0.004 54.7 ± 0.4

Au 4f (1) 87.627 ± 0.002 0.629 ± 0.006 45.3 ± 0.4

C 1s (0) 284.725 ± 0.003 1.053 ± 0.009 14.7 ± 0.3

C 1s (1) 285.98 ± 0.05 2.06 ± 0.08 6.9 ± 0.3

N 1s (0) 402.57 ± 0.02 1.14 ± 0.04 1.27 ± 0.04

O 1s (0) 531.55 ± 0.05 2.2 ± 0.1 2.11 ± 0.13

Br 3d (0) 67.458 ± 0.009 0.84 ± 0.02 0.90 ± 0.04

Br 3d (1) 68.43 ± 0.02 1.28 ± 0.03 1.35 ± 0.04

Na 1s (0) 1071.43 ± 0.02 1.31 ± 0.05 1.76 ± 0.06
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Figure S10: XPS spectra of the CoCp2-treated gold electrodes.

Table S5: XPS peak fittings for the CoCp2-treated gold electrode.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.844 ± 0.003 0.83 ± 0.01 53.4 ± 0.9

Au 4f (1) 87.519 ± 0.004 0.84 ± 0.02 46.6 ± 0.9

C 1s (0) 284.86 ± 0.01 1.42 ± 0.05 1.5 ± 0.2

C 1s (1) 285.01 ± 0.09 3.0 ± 0.4 0.7 ± 0.1

O 1s (0) 532.0 ± 0.2 2.8 ± 0.4 3.3 ± 0.5

Co 2p (0) 780.87 ± 0.08 2.5 ± 0.2 0.87 ± 0.06

Co 2p (1) 796.0 ± 0.2 2.9 ± 0.4 0.46 ± 0.07
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Figure S11: XPS spectra of the N-DMBI-H-treated gold electrodes.

Table S6: XPS peak fittings for the N-DMBI-H-treated gold electrode.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.964 ± 0.001 0.616 ± 0.004 54.6 ± 0.4

Au 4f (1) 87.639 ± 0.002 0.624 ± 0.006 45.4 ± 0.4

C 1s (0) 285.63 ± 0.01 1.30 ± 0.03 3.5 ± 0.2

C 1s (1) 286.90 ± 0.02 0.95 ± 0.04 1.3 ± 0.1

C 1s (2) 286.90 ± 0.08 3.2 ± 0.1 3.1 ± 0.2

N 1s (0) 400.53 ± 0.03 1.44 ± 0.07 0.98 ± 0.05

N 1s (1) 402.01 ± 0.02 1.16 ± 0.03 1.31 ± 0.05

O 1s (0) 531.54 ± 0.03 2.68 ± 0.09 2.8 ± 0.1
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Figure S12: XPS spectra of the (RuCp*Mes)2-treated gold electrodes.

Table S7: XPS peak fittings for the (RuCp*Mes)2-treated gold electrode.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.959 ± 0.001 0.617 ± 0.004 54.6 ± 0.4

Au 4f (1) 87.635 ± 0.002 0.625 ± 0.006 45.4 ± 0.4

C 1s (0) 285.847 ± 0.005 1.41 ± 0.01 7.0 ± 0.1

O 1s (0) 531.74 ± 0.04 3.0 ± 0.1 1.8 ± 0.1

Ru 3d5/2 (0) 281.06 ± 0.02 0.86 ± 0.04 0.47 ± 0.03

Ru 3d5/2 (1) 282.048 ± 0.008 0.94 ± 0.02 1.63 ± 0.03
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Figure S13: XPS spectra of the (RuCp*Mes)2-treated gold electrodes after oDCB washing.

Table S8: XPS peak fittings for the (RuCp*Mes)2-treated gold electrodes after oDCB washing.
peak binding energy (eV) FWHM (eV) relative peak area (%)

Au 4f (0) 83.835 ± 0.003 0.761 ± 0.008 0.538 ± 0.008

Au 4f (1) 87.511 ± 0.003 593106 ± 9123.4 0.462 ± 0.007

C 1s (0) 285.428 ± 0.005 1.23 ± 0.02 0.0187 ± 0.0007

C 1s (1) 286.10 ± 0.04 2.44 ± 0.04 0.0205 ± 0.0009

O 1s (0) 532.43 ± 0.02 2.51 ± 0.06 0.0231 ± 0.0006

Ru 3d5/2 (0) 281.540 ± 0.006 1.19 ± 0.02 0.0074 ± 0.0001



Table S9: Atomic compositions of untreated and treated gold electrodes (%)
employed treatment Au C N O Na Co Br Ru

untreated 63.2 20.8 - 16.1 - - - -

PEI 24.8 49.8 23.0 2.4 - - - -

PFN-Br 15.8 75.8 2.6 2.7 1.0 - 2.1 -

CoCp2 62.9 30.8 - 4.2 - 2.2 - -

N-DMBI-H 30.4 53.6 9.1 6.9 - - - -

(RuCp*Mes)2 41.0 50.8 - 6.1 - - - 2.1

(RuCp*Mes)2, oDCB washed 50.9 38.7 - 9.4 - - - 0.9



Supplementary Text 2. Evaluation of overlayer thickness based on XPS spectra

Signals from depth 𝑧 in the XPS measurements are attenuated by a factor of exp(−𝑧/𝜆), where

the inelastic mean free path (IMFP) of photoelectrons can be employed as 𝜆. When there are

overlayer on the target substrate with different IMFPs (𝜆𝑜𝑣 and 𝜆𝑠𝑢𝑏), the signal from the substrate

will be attenuated by exp(−𝑡/𝜆𝑜𝑣) compared to the case without the overlayer, where 𝑡 is the

thickness of the overlayer (51). In this situation, the signals from depth 𝑧 will be attenuated by

exp(−𝑧/𝜆𝑜𝑣) for the signals from the overlayer and exp(−𝑡/𝜆𝑜𝑣) exp(−(𝑧 − 𝑡)/𝜆𝑠𝑢𝑏) for the signals

from the substrate. We constructed model structures based on the overlayers of organic molecular

materials and Au with different IMFPs for photoelectrons (Fig. S14A). An IMFP of 17.3 Å was

employed for Au (52). For organic or metal-organic molecular materials, the known IMFPs for

kaptone (32.5 Å) and polystyrene (37.2 Å) (53) were employed. The organic molecular layer was

modelled to have 1 g cm−3 density of carbon atoms. The density of Au atoms was based on its crystal

structure. Signals from depth 𝑧 were calculated for varying 𝑧 at a step of 0.1 Å and summed over the

entire depth to calculate the expected Au composition that will be evaluated by XPS measurements.

The model structures included varying thicknesses of the overlayer and Au with a total thickness of

50 nm. The calculated dependence of the expected Au contribution to XPS signals on the overlayer

thickness is plotted in Fig. S14B. Using this relationship, the thicknesses of the molecular layers

on the treated Au electrodes were calculated, as shown in the Fig. 2C. Here, the averages and errors

were calculated using IMFPs of 32.5 Å and 37.2 Å for the molecular layer.

In the above method, while the thickness of the molecular layer can be estimated from XPS

measurements, the evaluated thickness is expected to include one for the carbon layer that is usually

adsorbed on the surface upon air exposure. We also constructed models to calculate the atomic

composition of Ru (Fig. S15). The model structure is composed of a monolayer of RuCp*Mes+ on

an Au layer. To calculate the density of the RuCp*Mes+ in the monolayer, cylindrical structures

with the same radius and height as the RuCp*Mes+ molecule were assumed to have a dense

hexagonal packing, which yielded 1.3×1014 cm−2. Another model employing an additional carbon

overlayer on the Au surface was developed. The carbon overlayer thickness was fixed at the value

evaluated for the untreated Au electrode in our XPS measurements (9.2 Å). The calculation method

used in Fig. S14 was employed for these models, and the results are listed in Table S10. The Ru

atomic compositions were similar for our model calculations and the experiment that employed



the (RuCp*Mes)2-treatment and oDCB washing. When the carbon overlayer was employed in the

model calculation, the atomic compositions of Au and C were also comparable to the experimental

ones. The remaining difference between the model calculation and experiment may arise from

the oxygen atoms that were not considered in our model calculations. These results support that

our method using (RuCp*Mes)2-treatment and oDCB washing leaves a RuCp*Mes+ layer with a

thickness close to a monolayer on the gold electrodes.
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Figure S14: Evaluation of overlayer thickness based on XPS spectra (A) Illustration of a model

structure. (B) Relationship between the Au contribution to XPS spectra and the overlayer thickness.

IMFPs of the overlayer were 32.5 Å for the black plot and 37.2 Å for the red plot.
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Table S10: Calculated atomic compositions of (RuCp*Mes)2-treated gold electrodes (%).
Au C Ru O

model w/o carbon layer 81.7 17.1 1.4 -

model w/ carbon layer 55.3 43.6 1.0 -

experimental (oDCB washed) 50.9 38.7 0.9 9.4



Supplementary Text 3. Analysis of XPS spectra of the electrode/semiconductor structures

In our study, the electrode and semiconductor layers were analyzed using Ar-ion gun etching

and by comparing samples with varying semiconductor thicknesses. For the etching experiment

shown in Fig. 3, more detailed time-dependent data are presented in Fig. S16. This experiment

was performed using a 2 keV Ar-ion gun with a raster size of 1.5 mm. To detect the weak Ru

signal, a large measurement area of 300× 700 𝜇m (Slot mode) was employed. For more quantitative

analysis, it is preferable to use a measurement area sufficiently smaller than the raster size. However,

due to limitations in signal strength, we instead supplemented the analysis with a complementary

experiment using samples with different semiconductor thicknesses, as described below.
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Figure S16: XPS spectra of samples after Ar-ion gun etching. (a) C 1s, (b) Au 4f, (c) Ru 3d5/2

regions of the samples with (RuCp*Mes)2-treated gold electrodes with spin-coated P(NDIOD-T2).

The employed etching times are denoted as legends.

For the analysis using samples with varying semiconductor thickness, P(NDIOD-T2) solutions

with varying concentrations were spin-coated on Au electrodes with and without the (RuCp*Mes)2-

treatment. The resulting samples were analyzed using XPS. The results for the sample without the

treatment are summarized in Fig. S17 and Table S11, and one with the treatment are summarized

in Fig. S18 and Table . Ru 3d peak was observed only when 0.2wt% P(NDIOD-T2) solution was

coated on the treated Au. This supports that RuCp*Mes was confined close to the Au interface. In

this measurement, the ratio of atomic composition Ru/Au was 1.8%. This value is consistent with

the case without P(NDIOD-T2) layer after oDCB washing (Fig. S13 and Table S8), whose Ru/Au

ratio was 1.8%. This supports that comparable amount of RuCp*Mes was present around the Au

interface even after P(NDIOD-T2) was coated on the (RuCp*Mes)2-treated Au.
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Figure S17: XPS spectra of samples with P(NDIOD-T2) layers with varying thickness on

untreated Au. The concentrations of employed P(NDIOD-T2) solutions are denoted. (A) C 1s, (B)

N 1s, (C) O 1s, (D) S 2p, (E) Au 4f regions. Offsets of spectra are modified to improve visibility.

Table S11: Atomic compositions of samples with P(NDIOD-T2) layers with varying thickness

on untreated Au (%).
sample C N O S Au

0.2wt% 86.8 ± 7.7 4.1 ± 0.2 5.0 ± 0.4 2.0 ± 0.2 2.13 ± 0.02

0.4wt% 91.1 ± 4.0 2.8 ± 0.2 4.7 ± 0.3 1.3 ± 0.1 0.08 ± 0.01

0.6wt% 90.4 ± 5.7 2.6 ± 0.2 4.7 ± 0.2 2.3 ± 0.2 - ± -

1.0wt% 90.4 ± 6.4 2.8 ± 0.2 5.2 ± 0.2 1.6 ± 0.1 - ± -
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Figure S18: XPS spectra of samples with P(NDIOD-T2) layers with varying thickness on

(RuCp*Mes)2-treated Au. The concentrations of employed P(NDIOD-T2) solutions are denoted.

(A) C 1s, (B) N 1s, (C) O 1s, (D) S 2p, (E) Au 4f (F) Ru 3d regions. Offsets of spectra are modified

to improve visibility.

Table S12: Atomic compositions of samples with P(NDIOD-T2) layers with varying thickness

on (RuCp*Mes)2-treated Au (%).
sample C N O S Ru Au

0.2wt% 80.7 ± 7.6 3.67 ± 0.02 5.2 ± 0.5 1.5 ± 0.2 0.15 ± 0.01 8.71 ± 0.07

0.4wt% 88.7 ± 3.8 3.6 ± 0.5 4.9 ± 0.3 1.9 ± 0.2 - ± - 0.91 ± 0.02

0.6wt% 90.2 ± 2.6 2.6 ± 0.3 5.1 ± 0.3 2.2 ± 0.2 - ± - 0.028 ± 0.003

1.0wt% 88.9 ± 3.9 3.0 ± 0.2 5.8 ± 0.2 2.3 ± 0.1 - ± - - ± -



Supplementary Text 4. Analysis of UPS spectra.

To determine the Fermi energy (𝐸F), the UPS spectrum of a clean gold surface was measured.
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Figure S19: UPS spectra of the cleaned gold electrode.

This sample was fabricated by depositing 3 nm of Cr and 30 nm of Au. After loading the sample

from air to the measurement chamber, Ar ion gun was employed to make a clean surface. The

obtained UPS spectrum is shown in Fig. S19 whose origin is the 𝐸F determined from this sample.

The 𝐸F was determined as the middle of the two intersections between linear fitting lines shown in

the middle panel of Fig. S19.
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Figure S20: UPS spectra of gold electrodes covered by P(NDIOD-T2) thin films. (A-C) Samples

with untreated gold electrodes. (D-F) Samples with (RuCp*Mes)2 treated gold electrodes. Concen-

trations of the employed P(NDIOD-T2) solutions are denoted. The origin of binding energy is the

Fermi level that is determined by measuring an clean Au surface.



Supplementary Text 5. Maximum frequency predicted based on the mobility

Considering the transit time of charge carriers, attainable maximum operational frequency 𝑓max

depends on the applied bias to the diode and carrier mobility (𝜇) of the employed semiconductor

in the vertical direction. 𝑓max has been described in following equations (41).

𝑓max = 𝜇(𝑉A −𝑉d.c.)/𝐿2 (S1)

𝑓max =
9𝜇

16𝜋𝐿2
D𝑉d.c.

[(−3𝑉d.c. +𝑉F)
√
𝑉2

A − (𝑉d.c. +𝑉F)2 + (𝑉2
A + 2𝑉2

d.c.)𝑎𝑟𝑐𝑐𝑜𝑠(
𝑉d.c. +𝑉F

𝑉A
)] (S2)

𝑉A is the input voltage in the forward direction,𝑉d.c. is the rectified DC voltage, 𝐿 is the thickness

of semiconductor, 𝐿D is the thickness of depletion layer, 𝑉F is the transition voltage. We employed

𝜇 of 0.1 cm2 V−1 s−1,𝑉A of 3 V,𝑉d.c. of 1 V,𝑉F of 0.5 V and plotted 𝑓max against the thickness (𝐿 for

equation S1 and 𝐿D for equation S2) in Fig. S21. From this plot, when thickness of semiconductor

is below 100 nm, GHz operation is possible even for the mobility of 0.1 cm2 V−1 s−1.
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Figure S21: Maximum operation frequency predicted based on the carrier mobility. The red

line is based on the equation (S1) and the blue line is based on the equation (S2).



Supplementary Text 6. Depletion layer thickness of the diodes

In Fig. 6, the thin P(NDIOD-T2) diode fabricated using 0.5wt% solution was employed. The

depletion layer thickness for this condition was evaluated based on impedance measurements shown

in Fig. S22. Here, 𝑍im was inversely proportional to the frequency. This suggests that following

equations are valid regarding the depletion layer thickness 𝑡, whose approximation is applicable

only at enough high frequencies.

𝑍im = 1/𝜔𝐶b (S3)

𝐶b = 𝜖𝑆/𝑡 (S4)

𝐶b is the depletion layer capacitance, S is the area of diode, 𝜖 is permittivity. Relative permittivity

of P(NDIOD-T2) has been reported to be 3 (54). Based on this, the depletion layer thickness of the

diode was calculated to be 35 nm.
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Figure S22: Impedance analysis of diodes shown in Fig. 6. (A) A microscopy image of the diode.

(B) The measurement of the frequency dependent impedance of diode. The red line shows the real

part of impedance and the blue line shows the imaginary one.



Supplementary Text 7. Reproducibility of diode property

The reproducibility of our diodes was evaluated under conditions designed to fabricate depletion

layers with thicknesses of 80 nm and 35 nm, with 28 devices fabricated on a single chip. Compared

to the diodes with 80-nm-thick depletion layers, those with 35-nm-thick depletion layers exhibited

poorer reproducibility, with some devices showing short circuits. Nevertheless, more than half of

the diodes exhibited a rectification ratio close to 103. The successful fabrication of thin diodes

without short circuits during the evaporation of the top electrodes may be attributed to the high

molecular weight of P(NDIOD-T2) (Mw: 202,261) and its dense out-of-plane 𝜋 stacking structure.
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Figure S23: Reproducibility of diodes. (a) Performance of 56 diodes (on two chips) with 80-nm-

thick depletion layers. (b) Performance of 28 diodes with 35-nm-thick depletion layers and (c) the

histogram of their rectification ratio. The Area of the diodes are 3750 𝜇m2.



Supplementary Text 8. Stability against reverse bias
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Figure S24: Stability against reverse bias. (a) Linear-scale and (b) logarithmic-scale cur-

rent–voltage characteristics of a diode with a 35-nm-thick depletion layer after the application

of large reverse biases. The indicated reverse biases were applied one minute prior to the measure-

ment. (c) The measured current during the application of the reverse bias (red markers) together

with the diode characteristics.



Supplementary Text 9. Calculation of rectification efficiency

The power conversion efficiencies of our diodes were calculated using the setup shown in Fig.6.

By measuring the input power 𝑃in and reflected power 𝑃re using the signals from the coupler 1 and

coupler 2, respectively, the effective input power to the diode was calculated as 𝑃in,eff = 𝑃in − 𝑃re.

The output DC power was determined based on the load resistance 𝑅L and output voltage 𝑉out:

𝑃out = 𝑉2
out/𝑅L. The AC-to-DC power conversion efficiency 𝜂 and 𝜂int were calculated as 𝑃out/𝑃in

and 𝑃out/𝑃in,eff. The actual obtained values are listed in Table S13.

The power conversion efficiencies of the diodes reported in the literatures were calculated

from the available information. In most studies, the AC input voltages 𝑉in and DC output voltages

𝑉out were monitored using an oscilloscope, where the input signals were split into diodes and an

oscilloscope with 50 Ω termination. In this case, the input power was calculated as 𝑃in = 𝑉2
in/50 in

our calculation. This is the upper limit of power introduced to the diodes in such measurements. The

output DC power was calculated based on the measured output voltages𝑉out and the load resistance

𝑅L between the diodes and ground line. For instance, when 1 V is observed using an oscilloscope

with an input impedance of 1 MΩ and there are no other load resistors, 𝑅L is 1 MΩ and the output

power 𝑃out that is consumed by the system is 1 𝜇W. The efficiency was determined by calculating

𝑃out/𝑃in. The intrinsic performance of the devices may be higher than the efficiencies calculated

in this method, where impedance matching and measurements with varying load resistance are

necessary to assess the attainable efficiency with a diode. Note that even if ideal measurements are

conducted to assess attainable efficiency with the devices, our diode is expected to show higher

efficiency around 1 GHz compared to reported devices owing to our diode’s capability to pass high

currents at a low bias as shown in the next section.



Table S13: The obtained data in our rectification efficiency measurements.
𝑃in 𝑅load (Ω) 𝑃re (mW) 𝑃in,eff (mW) 𝑉out (V) 𝑃out (mW) 𝜂 (%) 𝜂int (%)

67.7 106 28.7 39.1 1.87 0.0035 0.0052 0.0089

67.7 104 28.5 39.2 1.66 0.28 0.41 0.70

67.7 5000 28.4 39.3 1.54 0.47 0.70 1.2

67.7 3000 28.1 39.6 1.42 0.67 1.0 1.7

67.7 2000 27.8 39.9 1.32 0.87 1.3 2.2

67.7 1000 27.2 40.5 1.11 1.24 1.8 3.1

67.7 700 26.8 40.9 1.00 1.43 2.1 3.5

67.9 500 26.5 41.4 0.89 1.58 2.3 3.8

67.9 300 25.5 42.4 0.72 1.74 2.6 4.1

67.9 200 24.9 43.0 0.59 1.76 2.6 4.1

68.1 100 23.6 44.5 0.40 1.56 2.3 3.5

68.2 50 22.5 45.7 0.24 1.19 1.7 2.6

108.0 106 44.0 64.0 2.43 0.0059 0.0055 0.0092

108.0 104 44.0 64.0 2.31 0.53 0.49 0.83

108.0 5000 44.0 64.0 2.21 0.97 0.90 1.5

108.0 3000 43.7 64.3 2.10 1.47 1.4 2.3

108.0 2000 43.4 64.7 1.99 1.97 1.8 3.1

108.0 1000 42.6 65.5 1.75 3.05 2.8 4.7

108.0 700 41.8 66.3 1.60 3.66 3.4 5.5

108.0 500 41.0 67.1 1.45 4.21 3.9 6.3

108.0 300 39.3 68.8 1.21 4.90 4.5 7.1

108.3 200 37.6 70.7 1.04 5.38 5.0 7.6

108.3 100 36.7 71.6 0.75 5.64 5.2 7.9



Supplementary Text 10. Rectification efficiency of the diode with thick depletion layer

The rectification efficiency 𝜂 at 920 MHz was evaluated with the diode using the condition to

fabricate 80-nm-thick depletion layer. The observed efficiency was up to 0.07%, which is almost

hundred times lower compared to the case with the diode with 35-nm-thick depletion layer. Never-

theless, this value is still almost hundred times higher compared to previous studies listed in Fig.

6e around this frequency.
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Figure S25: Rectification efficiency of the diode with 80-nm-thick depletion layer. (a) Current-

voltage characteristics of the diode used. (b) Output voltages of the diode during rectification of a

920 MHz AC input signal. (c) Rectification efficiencies, 𝜂 (open symbols) and 𝜂int (filled symbols),

of the diode during rectification of the 920 MHz AC input. Input power levels are indicated in the

legend.

Supplementary Text 11. Comparison of static characteristics

Fig. S26 plots values of current at 2 V and capacitance for our diode using 0.5wt% P(NDIOD-T2)

solution and the literatures reporting these values. The values are also listed in Table S14. Assuming

that the current and capacitance are proportional to the junction area, the dashed line shows the

predicted parameters when the junction area is changed in our device. This plot highlights that

our diode outperforms previous reports in terms of achieving high current and small capacitance

values, which are important to achieve efficient rectification at high frequencies.
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Figure S26: Comparison of the forward current at 2 V to the literatures employing diodes

based on small molecules. (S1 (41), S2 (46), S3 (47), S6 (10), S8 (55), S9 (56)), and S10 (57) and

polymers (P1 (4), P3 (9), P4 (14), and P5 (56)) The dashed line shows the characteristics obtained

when changing the area of the diode in this study.



Table S14: Comparison of static characteristics. 𝑆: Area (𝜇m2), 𝑑: Thickness (nm), 𝐶: Capa-

sitance (pF), 𝐼f: Forward current at 2 V (A).
OSC Anode Cathode 𝑆 𝑑 𝐶 𝐼f Ref

Pentacene Au Al 1700 160 0.28 3.4×10−6 S1 (41)

Pentacene Au Al 1.0×104 350 7.6 2.4×10−4 S2 (46)

Pentacene TCNQ/Cu Al 1.0×104 100 2.7 1.4×10−7 S3 (47)

Pentacene PFBT/Au Au 6400 100 1.7 6.7×10−7 S6 (10)

C6-DNTT Pt Ti 225 2 0.024 6.4×10−6 S8 (55)

Pentacene Au Al 3.0×104 100 8.0 1.4×10−6 S9 (56)

Rubrene Au/p-doped rubrene Al/n-doped rubrene 1.0×104 100 2.5 5.0×10−5 S10 (57)

N2200 Ag PEI/Ag 2.3×105 400 15 3.7×10−5 P1 (4)

C16IDT-BT Au Al 250 23 0.58 1.3×10−6 P3 (9)

DPP-DTT PEDOT:PSS PEIE/Ag 7500 200 1.0 1.9×10−5 P4 (14)

P3HT Au Al 3.0×104 40 20 7.5×10−6 P5 (56)

N2200 Au RuCp*Mes+/Au 3750 20 3.3 4.0×10−3 This work
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