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Printed electronics has manufacturing advantages such as low environmental 
load and low cost in addition to the characteristics of the device itself such as flexibility 
and transparency, which cannot be achieved in conventional semiconductor devices. As 
research and development on printed electronics increases, there are high expectations 
for Roll-to-Roll (R2R) production in which devices are made on a film using coating and 
printing technology. In order to continuously produce devices on the film which is being 
rolled up in R2R production, non-contact, high-speed sensing equipment is required. 
Through collaborative research with Yamagata University, we found that the crystallinity 
of the organic semiconductor layer is crucial for securing device quality, and we developed 
polarization in-line sensing technology that can visualize the crystallinity of the organic 
semiconductor layer in-line for achieving R2R production.

INTRODUCTION

Today, printed electronics (PE) is attracting increasing 
interest in the electronics industry. PE is a technique 

to fabricate semiconductor devices on a plastic substrate 
in coating and printing processes without using a large 
vacuum system. It has the production advantages of a low 
environmental load and low cost (1). Furthermore, PE has 
the potential to implement high value-added devices with 
transparency and flexibility in addition to the advantage of 
being able to use the printing technology. In particular, a roll-
to-roll (R2R) production method that enables reducing costs is 
expected as a PE production method.

Yokogawa is carrying out joint research with Yamagata 
University, a center of organic electronics research, and 
chemical and equipment manufacturer customers, and 
discussed the issues of PE at the mass-production phase. The 
discussion with customers revealed the following problem. 
With regard to organic semiconductor materials used in 
PE, variations in the crystallinity such as crystal boundary, 
crystal size, and crystal axis in a semiconductor layer have 
a significant inf luence on the device performance such as 
electrical mobility and pressure resistance (2). In particular, 
PE is supposed to deal with large area production. Therefore, 

there is a high possibility that the inf luence of electrical 
characteristic variations on the in-plate distribution will 
be large and cause degradation of quality. To evaluate this 
in-plate distribution of crystallinity, we have developed a 
polarization imaging sensor system using a non-contact and 
high-speed polarization observation method.

This paper describes the principle to evaluate the crystallinity 
of printed organic semiconductors using a polarization observation 
method, the operation principle and structure of the developed 
polarization imaging sensor system, and the field test and 
demonstration results using an R2R printer.

PRINCIPLE TO EVALUATE THE 
CRYSTALLINITY USING A POLARIZATION 
OBSERVATION METHOD

As with inorganic semiconductors, the crystallinity of 
an organic semiconductor active layer provides important 
parameters that determine the electron-transfer state due to its 
structural influence, such as a crystalline orientation, crystal 
grain size, and crystal defect. In general, an X-ray diffraction 
method is used to identify the crystal structure. The X-ray 
diffraction method uses the atomic arrangement of a crystal 
as a diffraction grating relative to X-rays to generate X-ray 
diffraction. The method can identify the crystal structure by 
irradiating the organic semiconductor active layer with X-rays 
and observing the diffraction patterns. However, there is an 
issue with the X-ray diffraction method. For example, the 
measurement time, measurement range, and size of components 
make it difficult to apply the method to production lines.
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In the meanwhile, a polarization observation method 
is used to obser ve the bi ref r ingence of a cr ystal or 
molecular orientation (2). The crystal structure of the organic 
semiconductor active layer generates birefringence by the 
anisotropy of the molecular orientation and changes the 
phase of the orthogonal polarization components. The phase 
difference of the polarization components changes the 
polarization state of the incident light, so the crystallinity can 
be evaluated by measuring parameters such as polarization 
azimuth angle and linear polarization degree. Furthermore, 
the polarization observation method can use the visible 
wavelength region, so two-dimensional polar izat ion 
characteristics can be easily visualized by combining the 
polarization separation section with an imaging device. For 
those reasons, in our research and development, we used the 
polarization observation method to visualize the crystallinity 
of the organic semiconductor active layer.

We also used the Stokes parameter technique to represent 
the polarization characteristics. The Stokes parameter 
technique represents the polarization state of the signal light 
from four polarization components (or six including two 
polarization rotation directions) that can be measured (3). 
The four polarization components that can be measured 
refer to the temporal average light intensity at a polarization 
angle of 0° (I0), 45° (I45), 90° (I90), and 135° (I135). Those 
four polarization components are used to calculate Stokes 
parameters S0, S1, S2, ellipse azimuth angle Y, degree of linear 
polarization (DoLP), and polarization component intensity IY.

(1)

(2)

(3)

(4)

θ : Polarization axis angle

CONFIGURATION OF THE POLARIZATION 
IMAGING SENSOR SYSTEM

Polarization Separation Optical System
Figure 1 shows an optical system configuration that 

separates four polarization components all at once. This 
optical system consists of a set of four reduction lenses that 
provide a field of view of 120 mm, a polarization-independent 
beam splitter (50:50), a 1/2 wavelength plate, a birefringent 
crystal double-Wollaston prism that separates 0° and 90° 
polarization components, and CMOS sensors. Each of the 
components is mechanically secured. Signal light received by 

a light receiving lens is split by the polarization-independent 
beam splitter into two beams. One is directly incident on 
the double-Wollaston prism and the other is passed through 
the 1/2 wavelength plate and then incident on the double-
Wollaston prism. The image of each light path is formed on 
the CMOS sensor. The light path that does not pass through 
the 1/2 wavelength plate is split by the double-Wollaston prism 
into 0° and 90° polarization components. The 1/2 wavelength 
plate is rotated by 22.5° in the traveling direction and then 
secured. Conversion into 0° and 90° polarization components 
is made by shifting the phase of 45° and 135° polarization 
components by 45°. The components are split into 0° and 90° 
polarization components by the double-Wollaston prism, but 
the light intensity information of the 45° and 135° polarization 
components is retained. The 0°, 45°, 90°, and 135° polarization 
components can be measured all at once using a prototype 
system using this optical system shown in Figure 2. The 
system is fast, robust, and compact.

Figure 1 Conceptual diagram of polarization  
four-component splitting optical system 

Figure 2 Polarization imaging sensor prototype

Polarization Imaging Sensor System
Figure 3 shows the configuration of the polarization imaging 

system. The polarization imaging system consists of a polarization 
imaging sensor unit, an imaging trigger signal generation unit, and 
a measurement/calculation and analysis section.

The polarization imaging sensor unit consists of a 
polarization splitting optical system, a four reduction lens set 
optical system, and a work measurement width adjustment 
mechanism composed of multiple polarization imaging sensors. 
The lighting section uses a line lighting unit composed of 
densely-packed high-brightness LEDs. The signal processing 
section has the following functions: user interface control by 
a computer, external trigger signal sequence control by an 
external interface, simultaneous imaging control of multiple 
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sensors achieved by providing multiple Gigabit Ethernet ports, 
and user interface. The measurement/calculation and analysis 
software has a function to receive a trigger signal from the R2R 
printing equipment, perform simultaneous imaging of multiple 
polarization sensors, perform polarization calculations, and 
output a 2D polarization image.

Figure 3 Configuration diagram of polarization imaging 
sensor system 

Table 1 shows the main specifications for the polarization 
imaging sensor system. The polarization imaging sensor 
system is designed to be incorporated into the R2R printing 
equipment. The development targets were the following three 
features: ability to visualize a large area, high-speed, and 
robustness and compactness. We derived the target values 
of spatial resolution, operation distance, and measurement 
accuracy from the optical design. We have carried out a field 
test to evaluate the performance of the polarization imaging 
sensor using those values.

FIELD TEST

The developed polar izat ion imaging sensor was 
incorporated into the R2R printing equipment (from TORAY 
Engineering Co., Ltd.) deployed by the Research Center for 
Organic Electronics at Yamagata University to fabricate 
organic semiconductor integrated circuits and a crystalline 
dynamic observation experiment was carried out for an organic 
semiconductor while the film is being transported. Figure 4 
shows the whole view of the R2R printing equipment. The 
R2R printing equipment is inkjet printing equipment equipped 
with an inkjet head with minute amount discharge nozzles 
and an exposure unit capable of printing ultrafine electrode 
patterns (fine wiring with a line width of 20 µm or less). It can 
form devices while transporting a roll film with a width of 
900 mm. It has functions indispensable for fabricating low-
cost sensors, such as large-area sheet-type sensors and smart 

tags with sensors capable of wireless communication, which 
contribute to realizing an Internet of Things (IoT) society. The 
polarization sensor was installed in the roll winding section of 
the R2R printing equipment and an in-line measurement test 
that simulates a continuous production was carried out.

Figure 4 Whole view of R2R printing equipment 
(Courtesy of Yamagata University) 

Polarizer Film Measurement Results
Iodine stained light polarizer films were bonded with molecular 

orientation characteristics to the base film of the R2R printing 
equipment at four angles. A trigger signal output was received 
from the R2R printing equipment and a series of images were 
photographed while transporting the base film at a constant speed.

Figure 5 shows image data showing four orientation 
polarization components of the polarizer films acquired by 
photographing a series of images and a polarization azimuth 
angle output value correlation graph of the polarimeter and 
polarization sensor.

Figure 5 Polarization image data and polarization 
azimuth angle linearity

Polarization orientation image data were acquired at 0°, 45°, 
90°, and 135°, where the polarization orientation information 
of polarizer films A, B, C, and D with different bonding angles 
is applied as brightness values. The polarization azimuth 
angles of polarizer films A, B, C, and D were measured with a 
polarimeter and comparison and verification were performed 
using the measured values as reference. Based on the acquired 
image data of the four polarization orientations at 0°, 45°, 90°, 
and 135°, the polarization azimuth angles were calculated and 
the calculated polarization orientation values at the center 
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Table 1 Target specifications of polarization imaging 
sensor system 

Item Target specification
Measurement area 300 mm (with three sensors)
Speed 1 m/min or more
Spatial resolution 50 µm
Operation distance 300 mm or more

Measurement accuracy Polarization azimuth angle: 0.2° or less 
Linear polarization degree: 1% or less

Dimensions 45 × 45 × 15 cm, 15 kg or less
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position of the polarizer films were compared with the reference 
values indicated by the polarimeter. As a result, a favorable 
result with a correlation coefficient of 0.9989 was obtained. 
We also verified that the transport speed at which the imaging 
data loss does not occur is 1.8 m/min for a single sensor and 
1.2 m/min for three sensors. The target of 1 m/min or more (for 
three sensors connected) was achieved.

Organic Semiconductor Thin Film Measurement Results
An organic semiconductor film dynamic measurement 

experiment was carried out. We prototyped an organic 
semiconductor film sample that simulated an organic transistor 
structure. The sample film was bonded to the base film and 
received trigger signals output from the R2R printing equipment 
and photographed a series of images while transporting the 
base film at a constant speed. p-type small molecular organic 
semiconductor C8-BTBT (Sigma-Aldrich Japan, Japan) was used 
for the organic semiconductor film. The film with 15 mm × 40 mm 
line coating was fabricated using an inkjet printing method.

Figure 6 shows a polarization azimuth angle conversion 
image obtained by the polarization azimuths angle calculation 
based on the dynamic measurement data of the organic 
semiconductor film sample. The acquired polarization azimuth 
angle conversion image shows a clear printing line of the organic 
semiconductor (indicated by the red frame of Figure 6) 
and aluminum thin film of the base material. We also obtained 
a contrast image that seems to indicate a crystalline correlation 
on the printing line semiconductor surface. Figure 7 shows an 
enlarged image of the polarization azimuth angle of the printing 
line organic semiconductor. The chromaticity of the polarization 
azimuth angle image represents the polarization azimuth angle 
degree. RGB values are assigned to 0° to 90°. 21 images of the 
organic semiconductor film sample were photographed with 
a polarization microscope (×2.5 magnification) for reference. 
A synthesized polarization image was created, compared, and 
verified. To compare and verify data, both the polarization 
microscope images and polarization sensor images were digitized 
and the similarity degree was evaluated by calculating the 
difference of each pixel. The comparison and verification showed 
that the concordance rate in the polarization azimuth angle and 
grain size was 74%. The reason why the concordance rate was not 
100% is because the magnification of the polarization microscope 
(×2.5) and that of the polarization sensor (×1/15) were different. We 
estimate from the differences in the magnification and image data 
size that the concordance rate is about 80%. This value is close to 
the value obtained by the comparison and verification.

Figure 6 Polarization image of organic 
semiconductor film 

Figure 7 Comparison between polarization image and 
microscope image

CONCLUSION

We have developed a polarization imaging sensor system 
that enables organic semiconductor film crystalline in-line 
sensing in R2R production. A new rear polarization splitting 
optical system that enables polarization batch measurement 
was built and the polarization batch measurement principle was 
verified. Based on the principle, we have developed a prototype 
of a polarization imaging sensor that enables 2D visualization 
with high speed. The prototype was incorporated into the R2R 
printing equipment installed at Yamagata University with which 
we are carrying out a joint research. The field test verified that 
the crystallinity of organic semiconductors can be detected. We 
were able to achieve the targets for the measurement area and 
speed, but missed the targets for the optical resolution (200 µm 
compared to the target of 50 µm) and polarization azimuth 
angle measurement accuracy (0.4° compared to the target of 
0.2°). We will be able to achieve the targets by reviewing the 
optical design and optical adjustment. Furthermore, we will 
try to clarify the correlation between the crystallinity of the 
organic semiconductor layer and the polarization characteristics 
measured by the polarization imaging sensor. We will also try 
to verify the feasibility of the quality information visualization 
of crystallinity.

Yokogawa has developed the polarization image sensor 
with an eye on the R2R manufacturing process of PE as a target 
market. This market is an emerging market with growth potential 
in the future. Furthermore, the R2R manufacturing process can 
be used not only for PE but also for the optical, packing and other 
functional films, sheets, and paper and pulp markets. We will 
continue the development while keeping an eye on the trends in 
those markets and identifying needs accurately.
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