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Direct imaging of Electric field behavior in 2,7-

Diphenyl[1]benzothieno[3,2-b][1]benzothiophene Organic Field-

Effect transistors by Sum-Frequency Generation Imaging 

Microscopy

Chiho Katagiri,a Takayuki Miyamae,*,b,c Hao Li, Fangyuan Yangd and Steven Baldelli*,d

Sum-frequency generation imaging microscopy combined with compressive-sensing (CS-SFG) is a powerful micro-

spectroscopic technique for probing interfaces and surfaces with a spatial resolution where contrast is based on the 

chemical functional groups. We reported the use of CS-SFG technique to probe the electric field due to charge 

accumulation and internal electric field in operating organic field-effect transistors (OFETs) with aluminum oxide and 

octadecylphosphonic acid  (ODPA) self-assembled monolayer as the gate dielectric layer, and 2,7-

diphenyl[1]benzothieno[3,2-b][1]benzothiophene (DPh-BTBT) as the semiconductor layer. In addition, the electric field 

behavior was discussed by difference in the electric field induced SFG intensity between open-circuit and the voltage 

application condition. The SFG peak of CH stretching mode derived from methyl groups of ODPA and phenyl groups of 

DPh-BTBT could be observed at each interface of ODPA/DPh-BTBT or DPh-BTBT/Au, respectively. Moreover, the electric 

field induced SFG coming from the ODPA/DPh-BTBT show the presence of intense electric field due to charge injection and 

accumulation  near the drain and source electrode edges under the operation of OFETs. Our studies show that the electric 

field-induced SFG imaging technique is useful for probing the local electric field distribution or charge accumulation 

behavior in OFETs under operating conditions.

Introduction

The organic field-effect transistors (OFETs) with the flexibility 

and low-cost processability have widely attracted much 

attention as the key component of “plastic” electronics 

devices, such as flexible displays, radio-frequency 

identification tags and sensor devices [1]–[3]. Hence, the 

stability of OFETs under the ambient conditions has become 

more and more important, thus the air-stable thienoacene-

based organic semiconductors have been developed [4], [5]. 

Recently, the OFET performance was remarkably improved 

owing to the development of thienoacene-based 

semiconductors with various substituents and the optimization 

of the crystal structure of organic semiconductors and the 

device fabrication techniques. Although the current field-effect 

mobility in OFETs reaches comparable to that of amorphous 

silicon transistors, a further improvement in the mobility of 

OFETs is required to enable practical use of innovative organic 

electronics devices. 

Since, in the case of OFETs, the injected charge carriers are 

accumulated and transported at the dielectric/semiconductor 

interface under the application of voltage, the important issue 

is to investigate the spatial charge distribution and the 

accumulation behavior at the dielectric/semiconductor 

interface. An understanding of the interface phenomenon in 

OFETs and the development of tools for probing specific 

interfaces is essential to further improve the OFET 

performance. Although the charge distribution at the interface 

has been studied by measuring the surface potential using 

Kelvin probe microscopy [6] and atomic force microscopy 

potentiometry [7], the direct observation of charge 

distribution and any microscopic information is difficult at a 

specified interface. In particular, under the operation of OFETs, 

the investigation of charging behavior is a challenging subject 

at the dielectric interface covered in the semiconductor layer.
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would appear due to partial P(3)-symmetry of the signal 

contribution when an electric field is present.

To discuss the electric field behavior in OFET under 

operating conditions, the images of SSP polarized SFG signal 

distributions were obtained by using the CS-SFG technique. 

Figures 3 (a-c) are reconstructed images from the slice of the 

SFG signal frequency (2940 cm-1) attributed to the CH3 (FR) for 

different applied Vgs or Vds voltages. It is difficult to observe 

simultaneously the spectra originated from CH3 (s) and phenyl 

CH, because the bandwidth of IR laser for CS-SFG 

measurement is 120 cm-1 [18]. Hence, we focused on the 

methyl resonance CH3 (FR) to determine the electric field 

behavior. Figures 3 (d-f) show the SFG spectra at the 

wavenumber of 2800-3000 cm-1 for some measuring positions. 

Each of SFG spectra were extracted with a rectangular area 1

×27 pixels, and the six positions were selected from No. 1 to 

65 (Fig. S4). In this experiment, the incident IR wavenumber or 

beam intensity, were optimized for each condition. For open 

circuit condition (before the application voltage) as shown in 

Fig. 3 (d), the SFG spectra were acquired with the IR centered 

at 2912 cm-1. For the application of Vgs and/or Vds voltage, it 

was centered at 2950 cm-1 (Figs. 3 (e) and (f)).

As shown in Figs. 3 (a) and (d), the SFG images and signals 

originated from CH3 (FR) for open circuit condition were almost 

uniformly distributed in the whole channel region. This result 

indicates that the orientation of the ODPA is uniform on the 

Al2O3 surface within the collection area. The detailed intensity 

distribution of the SFG signal obtained across the channel from 

drain to source electrode is shown in supplemental Fig. S5. 

Upon applying the Vgs voltage, however, the SFG signal of CH3 

(FR) at located around 30-40 �m from the Au electrode edges 

becomes stronger than that at the center of the channel 

region (Fig. 3 (b)). Figure 3 (e) clearly shows that the peak 

originated from CH3 (FR) were observed in the vicinity of the 

Au electrode edges (position Nos. 13 and 45) to the channel 

region, indicating that the stronger electric fields than that of 

the middle of the channel region (Nos. 25 and 35) were 

generated at the ODPA/DPh-BTBT interface close to the edges 

of both Au electrodes. Since the change in the intensity of the 

Fermi resonance peak due to the application of bias is small as 

shown in Fig. 2, it is difficult to judge from the contrast in Fig. 3 

that there is a clear enhancement in the channel region or not.  

On the other hand, the intensity of the PPP-polarized SFG 

signal of CH3 (FR) is almost uniformly distributed inside the 

channel region by applying the Vgs voltage (Fig. S6). Similar 

behavior is also reported by the electronic SFG imaging 

microscopy of OFET by Nakai and co-workers [25]. According 

to the device simulation of the OFETs, it has been reported 

that the charge injection is taking place from near the 

electrode edge of source or drain due to the electric fields of 

the vertical (z-direction) and along the channel length direction 

(y-direction), and then the charge accumulation occurs within 

the first few layers at the dielectric/semiconductor interface 

[27]. In this experiment, since the holes injected from both Au 

electrodes are accumulated in the channel region at the 

ODPA/DPh-BTBT interface, the electric field generated by the 

accumulated charges should have a component in the normal 

direction under applying the Vgs voltage. For the SSP 

polarization combination, the third-order susceptibility tensor 

component of yyzz is permitted under applying the Vgs voltage 

because the electric field generated by the accumulated 

charges has a component in the surface normal direction [28, 

29]. Furthermore, although the tensor component of yyzy is 

primarily forbidden for an isotropic medium [29], the yyzy 

component is also allowed due to the anisotropy induced by 

the y-direction electric fields which induce the charge injection 

from near the electrode edge and the charge accumulation at 

the ODPA/DPh-BTBT interface. Thus, the intense SFG signal of 

CH3 (FR) from the ODPA/DPh-BTBT interface was observed 

mostly due to in-plane E field close to the Au electrodes. In 

case of the PPP-polarized image, unlike the case of the SSP, it 

is reasonable to consider that it reflects the electric field 

strength in the normal direction because the zzzz tensor 

component is associated with the PPP polarization 

combination. Therefore, the PPP-polarized SFG signal of CH3 

(FR) from the ODPA/DPh-BTBT interface was observed 

uniformly in the whole channel region.

When applying both Vgs and Vds voltage of O( V (saturation 

region), a similar phenomenon to the case of Fig. 3 (b) was 

observed as shown in Fig. 3 (c). In this condition, it is 

recognized that the accumulated holes located at the 

ODPA/DPh-BTBT interface at the source electrode side is 

generating a high vertical field [15], and the holes are 

extracted by the high horizontal electric field in depletion 

region near the drain electrode side. It seems reasonable that 

the existence of the bright region in the reconstructed image 

near the source electrode side is due to the accumulation of 

injected holes. In the case of the drain electrode side, 

however, the accumulated holes were depleted at the drain 

electrode side under the application of Vgs and Vds voltage. This 

phenomenon is the well-known pinch-off effect. Since the 

potential difference between the gate electrode and the 

channel near the drain electrode disappears with the increase 

in Vds, a charge carrier depletion region is formed near the 

drain electrode, and then the injected holes are extracted by 

the high electric field in depletion region. Thus, the SFG signal 

region near the edge of the drain electrode is considered to be 

induced by the electric field due to the depletion region [30]. 

Although the reconstructed images and the intensity 

distribution look very similar for Vgs = O( V and Vgs = Vds = O( V 

(Figs. S5 (b) and (c)), the peak shapes of CH3 (FR) near the drain 

side (No. 12) and the source side (No. 46) seem to be different 

shapes with respect to those under the Vgs = Vds = O( V (Fig. 3 

(f)). The shape of the SFG near the electrodes are almost the 

same when only Vgs = O( V is applied (Nos. 13 and 45) (Fig. 3 

(e)). It seems natural that the difference in spectral shapes 

between that near electrodes is attributed to the difference in 

the electric field source. The origin of this electric field is 

considered to be different between the electric field generated 

by the accumulated charges (at both S and D) under 

application of Vgs voltage only, and the electric field formed 

under by the depletion layer under the application of both Vgs 

and Vds voltages (vertical field due to accumulation at S and 

horizontal field due to depletion at D).
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electrode side, while such the electric field decrease in the 

source electrode side. The results indicated that the CS-SFG 

imaging technique can be expanded to investigate the 

behavior of charge accumulation, charge transportation and 

the visualization of the electric field during operation of the 

OFET devices. Therefore, this chemical imaging technique is 

expected to bring new perspectives for the characterization of 

the organic field-effect transistors.

Conflicts of interest

 There are no conflicts to declare.

Acknowledgements

This paper is based on results obtained from a project 

commissioned by the New Energy and Industry Technology 

Development Organization (NEDO) (P16010). The author 

would like to thank Prof. A. Morita (Tohoku Univ.) for 

constructive discussion.  SB would like to acknowledge the 

WM Keck Foundation and NSF (CHE-1610453) for funding of 

the CS-SFG microscope.

Notes and references

1 H. Matsui, Y. Takeda and S. Tokito, Flexible and Printed 
Organic Transistors: from Materials to Integrated Circuits, 
Organic Electronics, 2019, 75, 105432.

2 A. Yamamura, H. Matsui, M. Uno, N. Isahaya, Y. Tanaka, M. 
Kudo, M. Ito, C. Mitsui, T. Okamoto and J. Takeya, Painting 
Integrated Complementary Logic Circuits for Single-Crystal 
Organic Transistors: A Demonstration of a Digital Wireless 
Communication Sensing Tag, Adv. Electron. Mater., 2017, 3, 
1–6.

3 S. G. Surya, H. N. Raval, R. Ahmad, P. Sonar, K. N. Salama and 
V. R. Rao, Organic field effect transistors (OFETs) in 
environmental sensing and health monitoring, A review. 
TrAC - Trends in Analytical Chemistry, 2019, 111, 27–36.

4 K. Takimiya, S. Shinamura, I. Osaka and E. Miyazaki, 
Thienoacene-based organic semiconductors, Adv. Mater., 

2011, 23, 4347–4370.
5 K. Takimiya, H. Ebata, K. Sakamoto, T. Izawa, T. Otsubo and 

Y. Kunugi, 2,7-Diphenyl[1]benzothieno[3,2-
b]benzothiophene, a new organic semiconductor for air-
stable organic field-effect transistors with mobilities up to 
2.0 cm2 V-1 s-1, J. Am. Chem. Soc, 2006, 128, 12604–12605.

6 Y. Hu, V. Pecunia, L. Jiang, C. A. Di, X. Gao and H. Sirringhaus, 
Scanning Kelvin Probe Microscopy Investigation of the Role 
of Minority Carriers on the Switching Characteristics of 
Organic Field-Effect Transistors, Adv. Mater., 2016, 28, 
4713–4719.

7 M. Nakamura, N. Goto, N. Ohashi, M. Sakai and K. Kudo, 
Potential mapping of pentacene thin-film transistors using 
purely electric atomic-force-microscope potentiometry, 
Appl. Phys., Lett. 2005, 86, 1–3.

8 T. Manaka, E. Lim, R. Tamura, D. Yamada and M. Iwamoto, 
Probing of the electric field distribution in organic field effect 
transistor channel by microscopic second-harmonic 
generation, Appl. Phys. Lett., 2006, 89, 1–4.

9 T. Manaka, F. Liu, M. Weis and M. Iwamoto, Diffusionlike 
electric-field migration in the channel of organic field-effect 
transistors, Phys. Rev. B, 2008, 78, 1–4.

10 T. Sato, T. Miyamae, H. Ohata and T. Tsutsui, Direct 
observations of the charge behavior of a high-efficiency blue 
organic light-emitting diode under operating conditions 
using electric-field-induced doubly resonant sum-frequency-
generation vibrational spectroscopy, Org. Electron., 2019, 74, 
118–125.

11 T. Miyamae, N. Takada and T. Tsutsui, Probing buried organic 
layers in organic light-emitting diodes under operation by 
electric-field-induced doubly resonant sum-frequency 
generation spectroscopy, Appl. Phys. Lett., 2012, 101, 1–5.

12 T. Miyamae, N. Takada, H. Ohata and T. Tsutsui, Direct 
probing of charge carrier behavior in multilayered organic 
light-emitting diode devices by time-resolved electric-field-
induced sum-frequency generation spectroscopy, Appl. Phys. 

Express, 2017, 10, 1–4.
13 T. C. Anglin, D. B. O’Brien and A. M. Massari, Monitoring the 

Charge Accumulation Process in Polymeric Field-Effect 
Transistors via in Situ Sum Frequency Generation Timothy, J. 
Phys. Chem., 2010, 114, 17629–17637.

14 H. Ye, J. Huang, J. R. Park, H, E. Katz and D. H. Gracias, 
Correlations between SFG spectra and electrical properties 
of organic field effect transistors, J. Phys. Chem. C, 2007, 111, 
13250–13255.

15 S. G. Motti, L. S. Cardoso, D. J. C. Gomes, Faria and P. B. 
Miranda, Probing Device Degradation and Electric Fields in 
Polymeric Field-Effect Transistors by SFG Vibrational 
Spectroscopy, J. Phys. Chem. C, 2018, 122, 10450–10458.

16 D. Zheng, L. Lu, Y. Li, K. F. Kelly and S. Baldelli, Compressive 
Broad-Band Hyperspectral Sum Frequency Generation 
Microscopy to Study Functionalized Surfaces, J. Phys. Chem. 

Lett., 2016, 7, 1781–1787.
17 Z. Sun, D. Zheng and S. Baldelli, Study of the Wetting of 

Paraffin Films on the Metal Surface in the Dynamic Dip-
Coating Process Using Compressive-Sensing Sum-Frequency 
Generation Microscopy, J. Phys. Chem. C, 2018, 122, 26543–
26553.

18 D. Zheng, L. Lu, K. F. Kelly and S. Baldelli, Chemical Imaging of 
Self-Assembled Monolayers on Copper Using Compressive 
Hyperspectral Sum Frequency Generation Microscopy, J. 

Phys. Chem. B, 2018, 122, 464–471.
19 X. Cai, B. Hu, T. Sun and K. F. Kelly and S. Baldelli, Sum 

frequency generation-compressive sensing microscope, J. 

Chem. Phys., 2011, 135, 19.
20 M. Kaltenbrunner, P. Stadler, R. Schwodiauer, A. W. Hassel, 

N. S. Sariciftci and S. Bauer, Anodized aluminum oxide thin 
films for room-temperature-processed, flexible, low-voltage 
organic non-volatile memory elements with excellent charge 
retention, Adv. Mater., 2011, 23, 4892–4896.

21 H. Klauk, U. Zschieschang, J. Pflaum and M. Halik, Ultralow-
power organic complementary circuits, Nature, 2007, 445, 
745–748.

22 H. Li, K. F. Kelly and S. Baldelli, J. Chem. Phys., 2020, 153, 
19091.

23 M. Oh-e, S. C. Hong and Y. R. Shen, Orientations of phenyl 
sidegroups and liquid crystal molecules on a rubbed 
polystyrene surface, Appl. Phys. Lett., 2002, 80, 784–786.

24 S. R. Walter, J. Youn, J. D. Emery, S. Kewalramani, J. W. 
Hennek, M. J. Bedzyk, A. Facchetti, T. J. Marks and F. M. 
Geiger, In-situ probe of gate dielectric-semiconductor 
interfacial order in organic transistors: Origin and control of 
large performance sensitivities, J. Am. Chem. Soc., 2012, 134, 
11726–11733.

25 I. F. Nakai, M. Tachioka, A. Ugawa, T. Ueda, K. Watanabe and 
Y. Matsumoto, Molecular structure and carrier distributions 
at semiconductor/dielectric interfaces in organic field-effect 
transistors studied with sum frequency generation 
microscopy, Appl. Phys. Lett., 2009, 95, 1–4.

Page 6 of 7Physical Chemistry Chemical Physics



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

26 T. C. Anglin, Z. Sohrabpour and A. M. Massari, Nonlinear 
spectroscopic markers of structural change during charge 
accumulation in organic field-effect transistors, J. Phys. 

Chem. C, 2011, 115, 20258–20266.
27 C. H. Shim, T. Sekiya, and R. Hattori, Device simulation of 

ditch and elevated electrode structures in organic thin-film 
transistors, Jpn. J. Appl. Phys., 2012, 51, 024303.

28 T. Joutsuka, T. Hirano, M. Sprik and A. Morita, Effects of 
third-order susceptibility in sum frequency generation 
spectra: a molecular dynamics study in liquid water,  Phys. 

Chem. Chem. Phys., 2018, 20, 3040–3053.
29 R. W. Boyd, Nonlinear Optics, 3rd ed., Academic Press: 

London, 2008.
30 G. D. Tournadre, F. Reisdorffer, R. Rödel, O. Simonetti, H. 

Klauk and L. Giraudet, High voltage surface potential 
measurements in ambient conditions: Application to organic 
thin-film transistor injection and transport characterization, 
J. Appl. Phys., 2016, 119, 125501.

31 Y. Shen, S. Nihonyanagi, K. Fujishima and K. Uosaki, 
Conformational Order of Octadecanethiol (ODT) Monolayer 
at Gold/Solution Interface: Internal Reflection Sum 
Frequency Generation (SFG) Study, Stud. Surf. Sci. Catal., 

2001, 132, 705–710.

Page 7 of 7 Physical Chemistry Chemical Physics


