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Highly efficient hole 
injection from Au electrode 
to fullerene‑doped triphenylamine 
derivative layer
Shofu Matsuda, Chikara Itagaki, Kyoya Tatsuguchi, Masamichi Ito, Hiroto Sasaki & 
Minoru Umeda*

Triphenylamine derivatives are superior hole‑transport materials. For their application to high‑
functional organic semiconductor devices, efficient hole injection at the electrode/triphenylamine 
derivative interface is required. Herein, we report the design and evaluation of a Au/fullerene‑doped 
α‑phenyl‑4′‑[(4‑methoxyphenyl)phenylamino]stilbene (TPA) buffer layer/TPA/Au layered device. 
It exhibits rectification conductivity, indicating that hole injection occurs more easily at the Au/
fullerene‑doped TPA interface than at the Au/TPA interface. The Richardson‑Schottky analysis of the 
device reveals that the hole injection barrier (ΦB) at the Au/fullerene‑doped TPA interface decreases 
to 0.021 eV upon using  C70 as a dopant, and ΦB of Au/TPA is as large as 0.37 eV. The reduced ΦB of 
0.021 eV satisfies the condition for ohmic contact at room temperature (ΦB ≤ 0.025 eV). Notably,  C70 
doping has a higher barrier‑reduction effect than  C60 doping. Furthermore, a noteworthy hole‑injection 
mechanism, in which the ion–dipole interaction between TPA and fullerenes plays an important role in 
reducing the barrier height, is considered based on cyclic voltammetry. These results should facilitate 
the design of an electrode/organic semiconductor interface for realizing low‑voltage driven organic 
devices.

Semiconductor devices have attracted considerable attention in recent years. In particular, organic semicon-
ductors are being used in devices including organic photovoltaics (OPVs)1–3, organic light-emitting diodes 
(OLEDs)3–6, and organic field-effect  transistors2,7–13 including for fabricating biosensors and radio frequency 
identification (RFID) tags. Organic semiconductor devices afford advantages such as a low-temperature fabri-
cation process, low cost, and high flexibility. However, they have low carrier mobility and high carrier injection 
barriers compared with inorganic semiconductor devices. To overcome this disadvantage, organic semiconduc-
tors prepared by single crystallization and having a mobility of 1  cm2  V−1  s−1 or more, which exceeds that of 
amorphous silicon, have been fabricated  recently14,15. Regarding carrier injection, the formation of the barrier 
depends on the energetic alignment of an electrode and an organic  semiconductor16. Hence, the interface modi-
fications such as the introduction of hole injection layers (i.e., buffer layers), electrode surface modification, and 
dopant implantation has been conventionally performed to reduce the barrier height by generating new energetic 
interface  states3,5,15,17–24.

Triphenylamine derivatives are well recognized as a superior hole-transport material. Stacked photoelectric 
conversion devices with triphenylamine derivative as a hole transport layer are used in the organic photorecep-
tors of laser  printers25,26. Triphenylamine derivative single crystals produced by the solution  method27–29 exhibit 
excellent conductive properties, and their hole-transport activation energy is equivalent to that of  pentacene30 
and  rubrene21 single crystals. Furthermore, stable and energetically favorable hole transport has been achieved 
via the first oxidation state of triphenylamine  derivative31. Therefore, triphenylamine derivatives are attracting 
attention for application to highly functional organic devices. In this regard, efficient hole injection is required 
at the electrode/triphenylamine derivative interface. In our previous study, we reduced the interfacial energy 
barrier of a Au/triphenylamine derivative layered device to 0.06 eV by inserting a  C60-doped triphenylamine 
derivative buffer layer at the  interface32. However, further investigations need to be conducted to achieve lower 
barrier heights (i.e., ohmic contact) and to clarify the barrier height reduction mechanism.
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In this study, we report a Au/triphenylamine derivative layered device that has an ohmic contact with hole 
injection (ΦB = kT ≤ 0.025 eV, where ΦB is the hole injection barrier, k is the Boltzmann constant, and T is the 
temperature) at room temperature (298 K) and a novel hole-injection mechanism. We used an additional hole 
injection layer with a mixture of fullerene and triphenylamine derivative. Further, we used not only  C60 but 
also  C70 as a fullerene, and we used α-phenyl-4′-[(4-methoxyphenyl)phenylamino]stilbene (Fig. 1a) as a triph-
enylamine derivative and call it TPA. Fullerenes are known to be famous electron transport materials for OPVs 
and  OLEDs33–35, but no study has yet applied  C70 to the hole injection layer. A Au/fullerene-doped TPA/TPA/Au 
layered device was prepared, and its rectification characteristics were evaluated. In particular, the hole injection 
property at the Au/fullerene-doped TPA interface was quantitatively evaluated. Further, we conducted cyclic 
voltammetry to clarify the hole-injection mechanism at this interface.

Results and discussion
Hole‑injection property of fabricated device. Figure 1b shows a schematic of the fullerene-doped TPA 
dual-layer device fabricated in this study. Hole injection from the bottom and the top Au electrode was defined 
as the forward and reverse direction, respectively. Figure 2a shows the current density–electric field (J-E) proper-
ties of the Au/C60 and  C70-doped TPA/TPA/Au layered devices. Symmetrical J-E characteristics were observed 
in the forward and reverse directions for the non-doped (Au/TPA/Au) device, indicating that the energy bar-
riers for hole injection at both Au/TPA interfaces were equal. By contrast, the threshold electric field of the 
 C60-doped device was confirmed to be lowered only in the forward direction; further, that of the  C70-doped 
device was drastically suppressed in the forward direction. These results demonstrated that hole injection at 
the Au/fullerene-doped TPA interface occurs easily compared to that at the Au/TPA interface. It should be 
noted that the threshold electric fields of the non-doped and the  C60-doped devices in the reverse direction are 
almost the same. Therefore, we successfully developed a device with a rectifying property by inserting  C60- and 
 C70-doped TPA buffer layers. This observed rectification conductivity is very useful for organic semiconductor 
device applications such as RFID tags. In the reverse direction in Fig. 2a, the reason why a higher current was 

Figure 1.  (a) Molecular structure of α-phenyl-4′-[(4-methoxyphenyl)phenylamino]stilbene (TPA) and (b) 
schematic cross-section of the Au/fullerene-doped TPA/TPA/Au layered device.
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Figure 2.  J-E characteristics at room temperature of the Au/fullerene-doped TPA/TPA/Au layered devices 
(a) in forward and reverse directions when 1 mol%  C60 and  C70 was doped, and (b) as a function of  C70 doping 
amount in forward direction.



3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7294  | https://doi.org/10.1038/s41598-022-10983-6

www.nature.com/scientificreports/

observed in the  C70-doped device than in the  C60-doped device remains unclear. Figure 2b shows the depend-
ence of the J-E characteristics in the forward direction on the  C70 doping amount (0, 0.5, and 1 mol%) in TPA. A 
higher current density was achieved at a lower electric field as the  C70 doping concentration increased. Therefore, 
fullerene doping induced efficient hole injection.

To consider the influence of fullerene doping on hole injection in detail, the J-E property of the Au/1 mol% 
 C70-doped TPA/TPA/Au layered device was plotted on a logarithmic scale, as shown in Fig. 3a. Generally, the 
J-E characteristics of organic semiconductors consist of three types of current: (1) Schottky current (J ∝ E0.5), 
(2) ohmic current (J ∝ E), and (3) space charge limited current (J ∝ Ex (2 ≤ x)). Significantly, Fig. 3a showed that 
the 1 mol%  C70-doped device exhibited an ohmic-type current response immediately after an electric field was 
applied, indicating ohmic contact with hole injection at the Au/C70-doped TPA interface at room temperature. 
In other words, no Schottky current was observed in the device. Subsequently, hole transport became a rate-
determining process from around 0.2 ×  104 V  cm−1, and a space charge limited current was observed in Fig. 3a. 
It should be noted that J ∝ E0.5 relationships were observed in the logJ-logE characteristics of the Au/1 mol% 
 C70-doped TPA/TPA/Au device under the measurement temperature conditions of 4.5 °C and − 22.3 °C as shown 
in Supplementary Fig. S1.

We quantitatively evaluated the energy barrier height for hole injection at the Au/fullerene-doped TPA 
interface through a Richardson-Schottky plot  analysis32,36. The hole-injection barrier height (ΦB) was obtained 
using the following equation:

where T is the temperature; A, the area; A*, the Richardson constant; q, the electronic charge of an electron; n, 
the ideal factor; and k, the Boltzmann constant. After the J-E characteristics of the device at various temperatures 
were measured as shown in Supplementary Fig. S2, the data were plotted according to the relationship logJ vs. 
E0.5. As a result, straight lines (i.e., Schottky lines) were obtained as shown in Supplementary Fig. S3a. Then, 
the current densities in the absence of an electric field (J0) were determined by extrapolating the Schottky lines, 
as listed in Supplementary Table S1. Notably, the maximum J0 was two orders of magnitude greater than the 
minimum J0. Finally, the Richardson plot (lnJ0/T2 − T−1) was drawn as shown in Supplementary Fig. S3b, and ΦB 
was calculated from the slope of the Richardson line. Figure 3b shows the ΦB values as functions of the fullerene-
doping concentration. ΦB for the non-doped (Au/TPA/Au) device was calculated to be 0.37 eV; this was almost 
same as ΦB estimated from the work function of a Au electrode (~ 5.1 eV)37 and the ionization potential of TPA 
(~ 5.5 eV)28. The sigmoid-shaped behavior of ΦB was observed for both  C60- and  C70-doped devices. However, 
 C70 doping had a higher barrier-reduction effect than  C60 doping. Remarkably, ΦB for the Au/1 mol%  C70-doped 
TPA/TPA/Au device was determined to be 0.021 eV; this satisfied the condition for ohmic contact (≤ 0.025 eV 
at room temperature). It is considered that there are multiple levels of barriers among the Au/fullerene-doped 
TPA/TPA. Although the details are unclear, the Richardson-Schottky plot analysis revealed that the barrier of 
the rate-determining step (probably hole injection at the Au/fullerene-doped TPA) is 0.021 eV in the Au/1 mol% 
 C70-doped TPA/TPA/Au device. With the doping of more than 1 mol%  C60 and  C70, the barrier height did not 
decrease further, probably because it is difficult to dissolve  C60 and  C70 in organic solvents at a concentration 
of more than 1 mol% to TPA. Therefore, a technique for doping fullerenes at higher concentrations must be 
developed in the future. Overall, we reduced the hole injection barrier by 0.324 and 0.349 eV by introducing the 
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Figure 3.  (a) J-E characteristics at 24.6 °C of the Au/1 mol%  C70-doped TPA/TPA/Au layered device plotted 
on a log–log scale. The black dotted line indicates the slope of the J ∝ E relationship. (b) Dependence of barrier 
height at the Au/fullerene-doped TPA interface on the fullerene doping amount.
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 C60- and  C70-doped TPA layer as a hole injection layer, respectively, and successfully formed an ohmic contact 
at the Au/1 mol%  C70-doped TPA interface.

Consideration of hole‑injection mechanism. We demonstrated barrier height reduction with hole 
injection at the Au/fullerene-doped TPA interface. Next, we focused on the barrier reduction mechanism. Lee 
reported that the hole-injection barrier was lowered by the interaction between the fullerene  (C60 only) and the 
Al  electrode38. In this study, we used fullerenes (both  C60 and  C70) as a dopant in the TPA layer. Therefore, the 
reduced hole-injection barrier was attributed to the intermolecular interaction between the fullerene and the 
TPA (and not the electrode). Actually, the ultraviolet photoelectron spectroscopy (UPS) result of the films of Au 
only and 1 mol%  C70-coated Au shown in Supplementary Fig. S4 revealed that there is negligibly slight interac-
tion between fullerene and Au electrode because the obtained both work functions were equivalent (~ 5.2 eV).

First, we conducted UV–vis spectrometry (V-650 spectrophotometer, JASCO Corp.) to observe the interac-
tion, for example, the formation of a charge-transfer (CT) complex. However, no new absorption band appeared 
in the spectrum for a sample with a mixture of 1 mol%  C70 and TPA, as shown in Supplementary Fig. S5. Consid-
ering the accuracy of the measuring instrument, it was suggested that negligibly slight amount of TPA-fullerene 
CT complex might be formed.

Next, photoelectron yield spectroscopy (PYS) was performed. As shown in Supplementary Fig. S6, the behav-
iors of PYS spectra for the films of TPA only and 1 mol%  C60-doped TPA were similar, and the obtained both 
ionization potentials were also equivalent. Therefore, the fullerene dope would not form new energy levels associ-
ated with charge injection/extraction. This suggests that fullerenes contribute to barrier reduction as polarizable 
substances, not donors or acceptors.

Supplementary Fig. S7 shows the J-E characteristics of a Au/evaporated  C70/TPA/Au layered device along with 
that of the Au/C70-doped TPA/TPA/Au layered device. Based on Supplementary Fig. S7b, the evaporated-C70/
TPA and 1 mol%  C70-doped TPA/TPA devices exhibited schottky-type (J ∝ E0.5) and ohmic-type (J ∝ E) current 
responses immediately after an electric field was applied, respectively, which indicates that both devices have 
different hole injection mechanisms. As a consequence, using the fullerene-doped TPA as a buffer layer has 
higher conductivity than using the evaporated  C70. This suggests that it is important for fullerenes to penetrate 
the TPA layer morphologically.

Then, we performed electrochemical analysis. Cyclic voltammetry was conducted using the electrochemical 
cell shown in Fig. 4a. Figure 4b shows cyclic voltammograms of TPA in mixed acetonitrile:toluene solutions 
with weight ratios of 1:0, 1:1, and 1:3. The half-wave potential (E1/2) for the oxidation of TPA (given by Eq. 2) was 
determined as the potential at which the current equals the half of diffusion limited current (id)39.

As a result, E1/2 was obtained as 0.76 V, 0.81 V, and 0.86 V vs. Ag/AgCl for acetonitrile:toluene weight ratios 
of 1:0, 1:1, and 1:3, respectively. id differed depending on the acetonitrile:toluene weight ratios in the order 
of 1:3 < 1:1 < 1:0. These results indicate that TPA is more easily oxidized with a higher amount of acetonitrile. 
Because acetonitrile and toluene are polar and nonpolar solvents, respectively, their different ratios result in 
changes in the relative permittivity of the electrolytes. TPA was easily oxidized to  TPA+ when it was surrounded 
by a polar solvent having a higher relative permittivity.

(2)TPA

kf
→

←

kb

TPA
·+

+ e−

Figure 4.  (a) Schematic diagram of the electrochemical cell used in this study. (b) Cyclic voltammograms of 
TPA at various acetonitrile:toluene weight ratios in the electrolyte at a supporting-electrolyte concentration of 
50 mmol  dm−3.
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The mechanism in the solid-state device without a solvent was considered in light of the above findings. 
Because there are no ions in the solid phase state without any carrier injection, E1/2 must be calculated under 
the condition of the absence of a supporting electrolyte as an ion source. Figure 5a shows the cyclic voltam-
metry results for supporting electrolyte concentrations of 2.0, 1.0, 0.5, and 0.05 mmol  dm−3 under the cell 
conditions shown in Fig. 4a. The oxidation potential of TPA decreased and id increased as the concentration of 
the supporting electrolyte increased. When E1/2 for various supporting electrolyte concentrations with various 
acetonitrile:toluene weight ratios in the electrolyte was calculated and plotted as a function of the square root 
of the supporting electrolyte  concentration40, the linear function shown in Fig. 5b was obtained. Therefore, 
E1/2 without the supporting electrolyte can be calculated by extrapolating the straight line shown in Fig. 5b. 
Consequently, E1/2 for acetonitrile:toluene weight ratios of 1:0, 1:1, and 1:3 was 0.87 V, 0.89 V, and 0.94 V vs. 
Ag/AgCl, respectively. Even in the solid phase state, TPA was more likely to become  TPA+ in the presence of a 
substance with a higher relative permittivity. Therefore, the ion–dipole interaction between TPA and fullerenes 
was suggested to facilitate hole injection from the Au electrode to TPA, because fullerenes have a relatively high 
dipole  moment41. The relative permittivities of  C60 and  C70 were respectively measured to be ~ 3 and ~ 4 using 
an 879B LCR meter (B&K Precision Corp.) at 1 kHz. Because  C70 has a higher relative permittivity than  C60, 
the hole injection barrier was reduced more efficiently and an ohmic contact was probably formed with a larger 
ion–dipole interaction effect.

In the future, we plan to investigate the best doping material for reducing the barrier height from the view-
point of relative permittivity.

Finally, electrochemical impedance spectroscopy was carried out to consider the interface energetic charac-
teristics, and the result is shown in Supplementary Fig. S8. When the capacities at interfaces of Au/TPA and Au/
fullerene-doped TPA were determined by fitting the impedance curves, the latter was larger than the former. 
This indicates that the depletion layer (energy barrier) formed at the Au/TPA interface becomes smaller due to 
the presence of fullerenes, and supports our proposed intermolecular ion–dipole interaction effect.

Figure 6 summarizes the barrier height reduction mechanism with hole injection. Owing to the ion–dipole 
interaction between TPA and fullerenes, TPA is easily oxidized and stabilized to  TPA∙+. This indicates that the 
rate constant of the forward reaction (kf) in Eq. (2) increased. Therefore, the hole injection at the Au/fullerene-
doped TPA interface became highly efficient, because the equilibrium constant (K), expressed as the ratio of kf 
and the rate constant of the reverse reaction (kb) in Eq. (2) (K = kf/kb), increased. Overall, the results suggested 
that the proposed hole injection technique has a novel mechanism. The UPS result (Fig. S4) revealed that there 
is a negligibly slight interaction between fullerene and Au electrode. The UV–vis result (Fig. S5) indicates that 
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Figure 6.  Schematic representation of the barrier height reduction mechanism with hole injection at the Au/
fullerene-doped TPA interface.
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the TPA-fullerene CT complex is not formed probably. The PYS result (Fig. S6) evidences that the fullerene 
dope would not form new energy levels associated with hole injection. On the other hand, the contribution of 
intermolecular ion–dipole interaction (solvation effect) to the reduction of hole injection is strongly evidenced 
by the results of electrochemical analyses (Figs. 4 and 5). The ion–dipole interaction is involved to the ioniza-
tion process of TPA. According to the Marcus  theory42,43, the reorganization energy is involved in the activation 
energy and depends on the relative permittivity. In other words, the activation energy of TPA oxidation to  TPA∙+ 
becomes low when the relative permittivity around TPA is high even in the solid and liquid states. This leads to 
a fact that the large ion–dipole interaction attributed to the high relative permittivity of medium contributes to 
the decrease in activation energy, which appeared in the E1/2 shift for TPA oxidation toward negative direction 
observed in Figs. 4 and 5. The decrease in activation energy can be applied to a solid state having a high relative 
permittivity such as fullerenes. Consequently, the ohmic contact at room temperature was successfully achieved 
at the Au/1 mol%  C70-doped TPA interface (Fig. 3).

Methods
Materials. TPA, α-phenyl-4′-[(4-methoxyphenyl)phenylamino]stilbene, shown in Fig. 1a, was obtained from 
Ricoh Co. Ltd. Its purity was ensured to be one spot in thin-layer chromatography.  C60 (≥ 99%) and  C70 (≥ 97%) 
were obtained from Kanto Chemical Co., Inc. The reagents o-xylene (98.0+%), tetrahydrofuran (99.5+%), ace-
tonitrile (99.8+%), and toluene (99.5+%) were purchased from Fujifilm Wako Pure Chemical Corp. Tetrameth-
ylammonium perchlorate (≥ 99.0%), TMAP, was purchased from Nacalai Tesque, Inc.

Current density–electric field (J‑E) measurement. After vacuum-depositing a 20-nm-thick Au elec-
trode on a glass substrate using a VPC-260F instrument (ULVAC, Inc.), a 0.3-μm-thick fullerene-doped TPA 
layer was laminated by spin-coating a 10 wt% TPA-containing o-xylene solution at 3000 rpm for 30 s, in which 
fullerene was doped at concentrations of 0.01, 0.1, 0.5, 1, 2 (only for  C60), and 5 (only for  C70) mol% to TPA. 
The thickness of 0.3 μm of the fullerene-doped TPA layer was strategically employed in order to laminate the 
layer completely by a cast-coat method. Possibly, the 0.3-μm thichness of the layer influences the hole-transport 
resistance in the device. However, the influence should be negligible in this study because this work focuses on 
hole-injection property at the Au/fullerene-doped TPA interface. Then, a 50 wt% TPA-containing tetrahydro-
furan (THF) supersaturated solution was spin-coated at 3000 rpm for 30 s onto the fullerene-doped TPA layer 
to obtain a 5.5-μm-thick TPA layer. The thickness of the fullerene-doped TPA and TPA layers was determined 
using a Surfcom 130A contact-type thickness meter (Tokyo Seimitsu Co., Ltd.). The supersaturated TPA solution 
was used so that the lower layer was not dissolved. Also, we used THF as a solvent because fullerenes are almost 
insoluble in THF. As a result, the complete TPA-containing double layers were obtained as shown in Supplemen-
tary Fig. S9. A counter Au electrode was finally vacuum-deposited in the same manner to fabricate the stacked 
Au/fullerene-doped TPA/TPA/Au device shown in Fig. 1b. The J-E characteristics of the fabricated devices were 
measured at various temperatures at 1 ×  10–3 Pa under dark conditions in a vacuum chamber by using a source 
meter (Keithley 2612A).

Cyclic voltammetry. A Pt disk with a diameter of 10 μm, a Pt plate, and a Ag/AgCl/saturated KCl were 
used as working, counter, and reference electrodes, respectively. The ϕ10 μm Pt electrode was prepared using the 
procedure described in a previous  study31. Two types of electrolyte were used. One consisted of 5.0 mmol  dm−3 
TPA; a supporting electrolyte of 50 mmol  dm−3 TMAP; and acetonitrile/toluene mixed solvent in weight ratios 
of 1:0, 1:1, and 1:3. The other consisted of 5.0 mmol  dm−3 TPA; TMAP in concentrations of 2.0, 1.0, 0.5, and 
0.05 mmol  dm−3; and acetonitrile/toluene mixed solvent in weight ratios of 1:0, 1:1, and 1:3. Cyclic voltammetry 
was conducted at a scan rate of 50 mV  s−1 in the potential range of 0.3–1.1 V vs. Ag/AgCl using the electrochemi-
cal cell shown in Fig. 4a and a HA-150 potentiostat (Hokuto Denko Corp.). Degassing by  N2 gas bubbling was 
performed before measurements.

Received: 29 October 2021; Accepted: 15 April 2022

References
 1. Gratia, P. et al. A methoxydiphenylamine-substituted carbazole twin derivative: An efficient hole-transporting material for per-

ovskite solar cells. Angew. Chem. Int. Ed. 54, 11409–11413. https:// doi. org/ 10. 1002/ anie. 20150 4666 (2015).
 2. Bulumulla, C. et al. Pyrrole-containing semiconducting materials: Synthesis and applications in organic photovoltaics and organic 

field-effect transistors. ACS Appl. Mater. Interfaces 12, 32209–32232. https:// doi. org/ 10. 1021/ acsami. 0c071 61 (2020).
 3. Walzer, K., Maennig, B., Pfeiffer, M. & Leo, K. Highly efficient organic devices based on electrically doped transport layers. Chem. 

Rev. 107, 1233–1271. https:// doi. org/ 10. 1021/ cr050 156n (2007).
 4. Li, J., Xu, L., Tang, C. W. & Shestopalov, A. A. High-resolution organic light-emitting diodes patterned via contact printing. ACS 

Appl. Mater. Interfaces 8, 16809–16815. https:// doi. org/ 10. 1021/ acsami. 6b052 86 (2016).
 5. Wang, Z. et al. Multifunctional p-type carbon quantum dots: A novel hole injection layer for high-performance perovskite light-

emitting diodes with significantly enhanced stability. Adv. Optical Mater. 7, 1901299. https:// doi. org/ 10. 1002/ adom. 20190 1299 
(2019).

 6. Song, Y. J. et al. Fibertronic organic light-emitting diodes toward fully addressable, environmentally robust, wearable displays. 
ACS Nano 14, 1133–1140. https:// doi. org/ 10. 1021/ acsna no. 9b090 05 (2020).

 7. Zaumseil, J. & Sirringhaus, H. Electron and ambipolar transport in organic field-effect transistors. Chem. Rev. 107, 1296–1323. 
https:// doi. org/ 10. 1021/ cr050 1543 (2007).

 8. Minemawari, H. et al. Inkjet printing of single-crystal films. Nature 475, 364–367. https:// doi. org/ 10. 1038/ natur e10313 (2011).

https://doi.org/10.1002/anie.201504666
https://doi.org/10.1021/acsami.0c07161
https://doi.org/10.1021/cr050156n
https://doi.org/10.1021/acsami.6b05286
https://doi.org/10.1002/adom.201901299
https://doi.org/10.1021/acsnano.9b09005
https://doi.org/10.1021/cr0501543
https://doi.org/10.1038/nature10313


7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7294  | https://doi.org/10.1038/s41598-022-10983-6

www.nature.com/scientificreports/

 9. Magliulo, M., Manoli, K., Macchia, E., Palazzo, G. & Torsi, L. Tailoring functional interlayers in organic field-effect transistor 
biosensors. Adv. Mater. 27, 7528–7551. https:// doi. org/ 10. 1002/ adma. 20140 3477 (2015).

 10. Yamamura, A. et al. Wafer-scale, layer-controlled organic single crystals for high-speed circuit operation. Sci. Adv. 4, eaao5758. 
https:// doi. org/ 10. 1126/ sciadv. aao57 58 (2018).

 11. Wustoni, S., Savva, A., Sun, R., Bihar, E. & Inal, S. Enzyme-free detection of glucose with a hybrid conductive gel electrode. Adv. 
Mater. Interfaces 6, 1800928. https:// doi. org/ 10. 1002/ admi. 20180 0928 (2019).

 12. Bulgarevich, K. et al. Polymer-based organic field-effect transistors with active layers aligned by highly hydrophobic nanogrooved 
surfaces. Adv. Funct. Mater. 29, 1905365. https:// doi. org/ 10. 1002/ adfm. 20190 5365 (2019).

 13. Raveendran, R., Nagaraj, M. & Namboothiry, M. A. G. High-performance, transparent solution-processed organic field- effect 
transistor with low-k elastomeric gate dielectric and liquid crystalline semiconductor: Promises and challenges. ACS Appl. Electron. 
Mater. 2, 3336–3345. https:// doi. org/ 10. 1021/ acsae lm. 0c006 35 (2020).

 14. Zhang, X., Dong, H. & Hu, W. Organic semiconductor single crystals for electronics and photonics. Adv. Mater. 30, 1801048. 
https:// doi. org/ 10. 1002/ adma. 20180 1048 (2018).

 15. Park, Y. et al. Single-crystal poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b′]dithiophen-2-yl)-alt-[1,2,5]thiadiazolo[3,4-c]
pyridine] nanowires with ultrahigh mobility. Nano Lett. 19, 1028–1032. https:// doi. org/ 10. 1021/ acs. nanol ett. 8b043 02 (2019).

 16. Hwang, J., Wan, A. & Kahn, A. Energetics of metal–organic interfaces: New experiments and assessment of the field. Mater. Sci. 
Eng. R 64, 1–31. https:// doi. org/ 10. 1016/j. mser. 2008. 12. 001 (2009).

 17. Tokito, S., Noda, K. & Taga, Y. Metal oxides as a hole-injecting layer for an organic electroluminescent device. J. Phys. D Appl. Phys. 
29, 2750–2753. https:// doi. org/ 10. 1088/ 0022- 3727/ 29/ 11/ 004 (1996).

 18. Kim, S. H., Jang, J. & Lee, J. Y. Relationship between indium tin oxide surface treatment and hole injection in C60 modified devices. 
Appl. Phys. Lett. 89, 253501. https:// doi. org/ 10. 1063/1. 24102 24 (2006).

 19. Choulis, S. A., Choong, V.-E., Patwardhan, A., Mathai, M. K. & So, F. Interface modification to improve hole-injection properties 
in organic electronic devices. Adv. Funct. Mater. 16, 1075–1080. https:// doi. org/ 10. 1002/ adfm. 20050 0443 (2006).

 20. Li, J. & Marks, T. J. Air-stable, cross-linkable, hole-injecting/transporting interlayers for improved charge injection in organic 
light-emitting diodes. Chem. Mater. 20, 4873–4882. https:// doi. org/ 10. 1021/ cm703 689j (2008).

 21. Xie, W. et al. Utilizing carbon nanotube electrodes to improve charge injection and transport in bis(trifluoromethyl)-dimethyl-
rubrene ambipolar single crystal transistors. ACS Nano 7, 10245–10256. https:// doi. org/ 10. 1021/ nn404 5694 (2013).

 22. Yang, J. et al. Molecular structure-dependent charge injection and doping efficiencies of organic semiconductors: Impact of side 
chain substitution. Adv. Mater. Interfaces 1, 1300128. https:// doi. org/ 10. 1002/ admi. 20130 0128 (2014).

 23. Lee, S. I. et al. Improved hole injection for blue phosphorescent organic lightemitting diodes using solution deposited tin oxide 
nano-particles decorated ITO anodes. Sci. Rep. 9, 2411. https:// doi. org/ 10. 1038/ s41598- 019- 39451-4 (2019).

 24. Huang, F., Liu, H., Li, X. & Wang, S. Highly efficient hole injection/transport layer-free OLEDs based on self-assembled monolayer 
modified ITO by solution-process. Nano Energy 78, 105399. https:// doi. org/ 10. 1016/j. nanoen. 2020. 105399 (2020).

 25. Borsenberger, P. M. & Weiss, D. S. Organic Photoreceptors for Xerography (Marcel Dekker, Inc., 1998).
 26. Umeda, M. & Hashimoto, M. Study of photocarrier generation mechanism in a layered photoreceptor: Triphenylamine trisazo 

pigment/molecularly doped polymer. J. Appl. Phys. 72, 117–123. https:// doi. org/ 10. 1063/1. 352171 (1992).
 27. Umeda, M., Katagiri, M., Shironita, S. & Nagayama, N. Anisotropic surface hole-transport property of triphenylamine-derivative 

single crystal prepared by solution method. Appl. Surf. Sci. 338, 109–113. https:// doi. org/ 10. 1016/j. apsusc. 2016. 03. 034 (2016).
 28. Kunihiro, M. et al. Crystal structure oriented carrier transport characteristic of triphenylamine derivative single crystal. AIP Adv. 

8, 035324. https:// doi. org/ 10. 1063/1. 50178 01 (2018).
 29. Matsuda, S., Ito, M., Itagaki, C., Imakubo, T. & Umeda, M. Characterization of α-phenyl-4′-(diphenylamino)stilbene single crystal 

and its anisotropic conductivity. Mater. Sci. Eng. B 264, 114949. https:// doi. org/ 10. 1016/j. mseb. 2020. 114949 (2021).
 30. Minari, T., Nemoto, T. & Isoda, S. Fabrication and characterization of single-grain organic field-effect transistor of pentacene. J. 

Appl. Phys. 96, 769–772. https:// doi. org/ 10. 1063/1. 17602 37 (2004).
 31. Matsuda, S., Okuda, Y., Obu, Y., Nagayama, N. & Umeda, M. Electrochemical characteristics of a triphenylamine derivative by 

microelectrode voltammetry. Electroanalysis 31, 2466–2471. https:// doi. org/ 10. 1002/ elan. 20190 0053 (2019).
 32. Matsuda, S., Itagaki, C., Ito, M. & Umeda, M. Rectification characteristics of  C60-doped 4-(2,2-diphenylethenyl)-N,N-bis(4-

methylphenyl)-benzenamine dual-layer device. Electrochemistry 88, 350–352. https:// doi. org/ 10. 5796/ elect roche mistry. 20- 64056 
(2020).

 33. Marinova, N., Valero, S. & Delgado, J. L. Organic and perovskite solar cells: Working principles, materials and interfaces. J. Colloid 
Interface Sci. 488, 373–389. https:// doi. org/ 10. 1016/j. jcis. 2016. 11. 021 (2017).

 34. Gharibzadeh, S. et al. Picosecond capture of photoexcited electrons improves photovoltaic conversion in  MAPbI3:C70-doped planar 
and mesoporous solar cells. Adv. Mater. 30, 1801496. https:// doi. org/ 10. 1002/ adma. 20180 1496 (2018).

 35. Collavini, S. & Delgado, J. L. Fullerenes: The stars of photovoltaics. Sustain. Energy Fuels 2, 2480–2493. https:// doi. org/ 10. 1039/ 
c8se0 0254a (2018).

 36. Matsumura, M. & Jinde, Y. Analysis of current–voltage characteristics of organic light emitting diodes having a LiF/Al cathode 
and an Al–hydroxyquinoline/diamine junction. Appl. Phys. Lett. 73, 2872–2874. https:// doi. org/ 10. 1063/1. 122614 (1998).

 37. Salaneck, W. R., Seki, K., Kahn, A. & Pireaux, J.-J. Conjugated Polymer and Molecular Interface: Science and Technology for Photonic 
and Optoelectronic Applications (Marcel Dekker, Inc., 2001).

 38. Lee, J. Y. Efficient hole injection in organic light-emitting diodes using C60 as a buffer layer for Al reflective anodes. Appl. Phys. 
Lett. 88, 073512. https:// doi. org/ 10. 1063/1. 21748 38 (2006).

 39. Bard, A. J. & Faulkner, L. R. Electrochemical Methods Fundamentals and Applications (Wiley, 2001).
 40. Chandra, A. & Bagchi, B. Beyond the classical transport laws of electrochemistry: New microscopic approach to ionic conductance 

and viscosity. J. Phys. Chem. B 104, 9067–9080. https:// doi. org/ 10. 1021/ jp001 052d (2000).
 41. Hebard, A. F., Haddon, R. C., Fleming, R. M. & Kortan, A. R. Deposition and characterization of fullerene films. Appl. Phys. Lett. 

59, 2109–2111. https:// doi. org/ 10. 1063/1. 106095 (1991).
 42. Marcus, R. A. On the theory of oxidation-reduction reactions involving electron transfer. I. J. Phys. Chem. 24, 966–978. https:// 

doi. org/ 10. 1063/1. 17427 23 (1956).
 43. Marcus, R. A. Chemical and electrochemical electron-transfer theory. Annu. Rev. Phys. Chem. 15, 155–196. https:// doi. org/ 10. 

1146/ annur ev. pc. 15. 100164. 001103 (1964).

Acknowledgements
Triphenylamine derivative, α-phenyl-4′-[(4-methoxyphenyl)phenylamino]stilbene, was provided by Mr. T. Niimi 
of Ricoh Co. Ltd.

Author contributions
M.U. conceived the idea and supervised the entire project. M.U. and S.M. designed the experiments. C.I., K.T., 
M.I., and H.S. performed all experiments. All authors analyzed the experimental data. S.M. wrote the paper. All 
authors have given approval to the final version of the manuscript.

https://doi.org/10.1002/adma.201403477
https://doi.org/10.1126/sciadv.aao5758
https://doi.org/10.1002/admi.201800928
https://doi.org/10.1002/adfm.201905365
https://doi.org/10.1021/acsaelm.0c00635
https://doi.org/10.1002/adma.201801048
https://doi.org/10.1021/acs.nanolett.8b04302
https://doi.org/10.1016/j.mser.2008.12.001
https://doi.org/10.1088/0022-3727/29/11/004
https://doi.org/10.1063/1.2410224
https://doi.org/10.1002/adfm.200500443
https://doi.org/10.1021/cm703689j
https://doi.org/10.1021/nn4045694
https://doi.org/10.1002/admi.201300128
https://doi.org/10.1038/s41598-019-39451-4
https://doi.org/10.1016/j.nanoen.2020.105399
https://doi.org/10.1063/1.352171
https://doi.org/10.1016/j.apsusc.2016.03.034
https://doi.org/10.1063/1.5017801
https://doi.org/10.1016/j.mseb.2020.114949
https://doi.org/10.1063/1.1760237
https://doi.org/10.1002/elan.201900053
https://doi.org/10.5796/electrochemistry.20-64056
https://doi.org/10.1016/j.jcis.2016.11.021
https://doi.org/10.1002/adma.201801496
https://doi.org/10.1039/c8se00254a
https://doi.org/10.1039/c8se00254a
https://doi.org/10.1063/1.122614
https://doi.org/10.1063/1.2174838
https://doi.org/10.1021/jp001052d
https://doi.org/10.1063/1.106095
https://doi.org/10.1063/1.1742723
https://doi.org/10.1063/1.1742723
https://doi.org/10.1146/annurev.pc.15.100164.001103
https://doi.org/10.1146/annurev.pc.15.100164.001103


8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:7294  | https://doi.org/10.1038/s41598-022-10983-6

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 10983-6.

Correspondence and requests for materials should be addressed to M.U.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-10983-6
https://doi.org/10.1038/s41598-022-10983-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Highly efficient hole injection from Au electrode to fullerene-doped triphenylamine derivative layer
	Results and discussion
	Hole-injection property of fabricated device. 
	Consideration of hole-injection mechanism. 

	Methods
	Materials. 
	Current density–electric field (J-E) measurement. 
	Cyclic voltammetry. 

	References
	Acknowledgements


