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ABSTRACT: The initial stage of organic semiconductor film formation greatly affects the 

properties of films, which are used in organic devices including thin-film transistors and light-

emitting diodes. Organic monolayer islands that are formed on a suitable substrate can be 

observed with a conventional optical microscope. Furthermore, the use of a polarized microscope 

allows to determine the refractive index and crystal orientation of islands. Here, we report 

organic monolayer islands of 2,9-diphenyl-dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (DPh-

DNTT) deposited on a Si substrate with thermally grown SiO2 to investigate the crystal 

orientation of islands by polarized light microscopy. The observation of DPh-DNTT islands 

under polarized quasi-monochromatic light reveals that reflection intensity depends on both the 

crystal orientation and irradiation wavelength. A comparison between experimental and 

calculated reflection intensities provides an estimate of an anisotropic complex refractive index 

in the plane. The crossed-polarized microscopy image of a SiO2/Si substrate with DPh-DNTT 

islands shows that the contrast between the islands and SiO2 surface is sensitive to the angle 

between the polarizer and analyzer and depends on the direction of crystal orientation. The 

dependence of reflection contrast, which can be explained by the anisotropic extinction 

coefficient, is used to confirm crystal orientation. 

KEYWORDS:  DPh-DNTT, 2D island, crystal orientation, polarized light microcopy, 

anisotropic refractive index 
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INTRODUCTION 

The quality of an organic film considerably affects the performance of electronic devices 

in which the organic film is used as a semiconductor layer. Therefore, the characterization of 

organic films is an important issue for the realization of good electronic devices and for the 

preparation of ideal films. In organic films, the anisotropic carrier mobility1–4 and/or the presence 

of grain boundaries5, 6 mainly characterize the carrier transport in the film. Thus, to examine the 

effect on device performance, it is necessary to confirm the crystal orientation of organic films. 

The confirmation of crystal orientation in bulk or thin-films was performed by X-ray diffraction,3, 

7–16 low-energy electron diffraction (LEED),17–19  photoemission electron microscopy,20 optical 

measurements,2, 14–16, 21–38 and atomic force microscopy (AFM).2, 30, 39–43 For small molecule 

organic materials that are soluble in organic solvents, X-ray diffraction measurement and 

absorption spectroscopy2, 15, 16, 21, 22 have been used to investigate crystal orientation in relative 

large single-crystal thin films, which were prepared by the edge-casting method.2, 23, 33 However, 

the preparation of thin films composed of insoluble organic materials is currently limited to 

vacuum deposition, which produces polycrystalline thin films. To investigate these 

polycrystalline organic thin films, a spatially resolved microscopic measurement2, 14, 15, 17–19, 24–43 

is useful to reveal the orientation of individual grains in the polycrystalline film. The crystal 

orientation of organic polycrystalline thin films has been investigated by microbeam LEED17–19 

and atomic force microscopy in transvers shear microscopy (TSM) in AFM measurements,2, 30, 

39–43 which require to perform measurements in vacuum and/or long-time measurements. 

Currently, fast and simple techniques are needed to investigate the microstructure, including 

crystal orientation, of organic thin films over a large area on a substrate surface. 

Polarized light microscopy (PLM) has been used to evaluate the crystallinity of organic 

thin films.2, 15, 27, 30–38, 44, 45 The microscopy can quickly image crystal domains with sub-

micrometer resolution in cross-polarized observation for which two polarizers are used. This 

occurs because the observed color of a crystal domain depends on the crystal orientation. 

However, crystal domains observed in the same color do not always have the same orientation. 

This means that usual observation does not completely identify the crystal axes in the 

polycrystalline film. To overcome this disadvantage, a waveplate or a Nomarski prism is 

additionally inserted into the optical pass of a microscope for identification.31, 46 However, a 
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reduction in the film thickness suppresses the visibility of crystal domains and the color contrast 

among crystal domains with different orientations even when using an additional optical 

component. Thus, few studies have been conducted to evaluate the orientation of organic films 

with a thickness of a few nanometers by PLM. 

In this study, we measure refractive index and determine crystal orientation in 

monolayer-thick organic two-dimensional islands of 2,9-diphenyl-dinaphtho[2,3-b:2′,3′-

f]thieno[3,2-b]thiophene (DPh-DNTT) that are formed on a silicon substrate with thermally 

grown SiO2. DPh-DNTT is a promising material for organic thin-film transistors; it has high 

thermal stability compared with other organic semiconductors. We observed DPh-DNTT islands 

using a standard reflected light microscope with two polarizers without an additional component 

such as a waveplate or a Nomarski prism. The anisotropic optical absorption in DPh-DNTT 

islands allows to confirm crystal orientation. The use of a narrow band-pass filter and adjustment 

of the polarizer angle enhance luminance contrast difference among islands with different 

orientations. When DPh-DNTT with a nominal sub-monolayer thickness is deposited on a 

substrate, monolayer-thick DPh-DNTT islands are randomly formed on the substrate surface. We 

focus on the observation of DPh-DNTT islands under polarized quasi-monochromatic 

illumination. The dependence of reflected light luminance on crystal orientation and wavelength 

are statistically investigated by analyzing many islands. The anisotropic refractive index is 

estimated by comparing measured values with those calculated by an analytical formula. 

Furthermore, we introduce a method to enhance the visibility of crystal orientation using two 

polarizers. 

 

RESULTS AND DISCUSSION 

Optical analysis model of DPh-DNTT islands 

Organic monolayer islands grown on a substrate can be observed with an optical 

microscope despite their thickness of approximately 2.3 nm.47–49 The justification of the 

thickness is described in the method. Figure 1a shows a dark-field optical microscope image of 

typical DPh-DNTT islands grown on a silicon substrate with a SiO2 layer examined in this study. 
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The color is inverted from the original color to emphasize the boundary of the island. The islands 

with a cruciform shape and long and short axes are randomly arranged on the substrate. Figure 

1b shows a schematic illustration of a DPh-DNTT island. When the horizontal and vertical 

directions of a microscope image are, respectively, defined as x- and y-axes, the direction of an 

island is identified by the angle of the long axis to the x-axis (θ), as shown in Fig. 1b. 

The cruciform shape of the DPh-DNTT island seen in Fig. 1a almost has two lines of 

symmetry, which seems to reflect the crystal axis of the island that DPh-DNTT molecules are 

positioned perpendicular to the substrate and are periodically arranged. An X-ray diffraction 

study has shown that a bulk crystal of DPh-DNTT molecules has a monoclinic structure with 

unit cells consisting of two DPh-DNTT molecules stacked in a herringbone structure.8 Figure 1c 

shows the molecular structure of DPh-DNTT and the top-view illustration of the herringbone 

structure. The a- and b-axes of the plane on which molecules stand form 90 in the monoclinic 

structure. Because the long and short axes of a cruciform DPh-DNTT island are orthogonal, 

these axes may correspond to b- and a-axes of the crystal structure. The correspondence is 

explained in “Assignment of long and short axes” section. 

A bright-field microscope image reflects the thickness and optical properties of organic 

monolayer islands. Although a dark-field observation clearly shows island boundary, the 

observed image hardly contains information of island thickness and optical properties, as seen in 

Fig. 1a. Figure 1d shows the schematic illustration of an optical microscope used in this study. 

The microscope has a polarizer for incident light and an analyzer for reflected light; the polarizer 

is rotatable. The transmission axes for the polarizer and the analyzer are represented by angles α1 

and α2, respectively, which are defined as angles to the x-axis. In this study, the analyzer is fixed 

at α2 = 90°. Narrow band-pass filters with band centers of different wavelengths () were used to 

realize a quasi-monochromatic illumination. The difference between the reflected light intensity 

from an SiO2 surface (Isub) and that from a DPh-DNTT island (IDNTT) allows us to visualize the 

island in the microscope image. To quantitatively evaluate the degree of visualization, the 

luminance contrast of an island (Cexp) in a microscope image is defined as  

DNTT sub
exp

sub

D D
C

D




                      (1) 
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where Dx (x = DNTT or sub) is a digital value calculated from the microscope image captured 

with a digital camera. The subscript DNTT and sub represent digital values obtained from the 

areas of the DPh-DNTT island and SiO2 surface. The digital values of Dx = 0 and 255 correspond 

to black and white colors, respectively. In the definition, an island with Cexp > 0 (−1 ≤ Cexp < 0) 

is brighter (darker) than a substrate. Large |Cexp| provides high island visibility in the image. The 

|Cexp| values depend on θ, α1, α2, , and on whether the analyzer is inserted. The details of the 

image analysis procedure are described in the Supporting Information. 

The luminance contrast Cexp calculated from a microscope image corresponds to the 

intensity contrast (Ccal) represented by the following expression: 

DNTT sub
cal

sub

I I
C

I




                              (2). 

The expression of intensities IDNTT and Isub can be derived from an optical model for a DPh-

DNTT island grown on a SiO2/Si substrate shown in Fig. 1e. Although we assume that light is 

vertically incident in this study, the optical path is represented by an angled arrow to avoid the 

overlap of arrows. By substituting the equations of IDNTT and Isub into Eq. (2), analytical intensity 

contrast (Ccal) can be obtained as a function of θ and α1. The detailed derivation is described in 

the Supporting Information. 

When a DPh-DNTT island is observed by an incident light polarized at α1 = 0° without 

an analyzer, Ccal is written as 

2 2 2 2

S SL L
cal

sub sub sub sub

1 1
cos 2 2

2 2

r rr r
C

r r r r


   
       
   
             (3a) 

1 2cos 2A A 
          (3b) 

where A1 and A2 are defined as real-value functions of reflection coefficients: rL, rS, and rsub. rL 

and rS are the complex-value functions, containing complex refractive indices N1L and N1S. These 

reflection coefficients and complex refractive indices are defined in the optical model. When N1L 

≠ N1S, rL is not equal to rS, and Ccal depends on θ with a period of 180°. 
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When a DPh-DNTT island is observed by an incident light polarized at α1 ≠ 0° through 

an analyzer of α2 = 90°, Ccal is written as 

   
2

1 1SL
cal

sub 1 sub 1

cos sin sin cos
1

sin sin

rr
C

r r

     

 

 
  

        (4a) 

       
2 2

1 1 1 1

1 2 3

1 1 1 1

sin cos cos sin sin cos cos sin
1

sin sin sin sin
B B B

           

   

         
         

      

            (4b), 

where B1, B2, and B3 are real constants. When α1 = 0° and α2 = 90°, Isub = 0 and Ccal is infinite. 

Thus, Cexp is compared with IDNTT. In this case, IDNTT is expressed by 

   
2

2

DNTT L S 1 cos 4 1 cos 4
4

iE
I r r F     

             (5) 

where F is the real constant, which exhibits four periods in 360° rotation. Although the light 

reflected from the SiO2 surface of an incident light of α1 = 0° ideally does not pass through the 

analyzer of α2 = 90°, Dsub experimentally does not equal zero. Because Dsub for α1 = 0° is 

extremely small compared to Dsub for α1 ≠ 0°, the observation at α1 = 0° enhances the color 

contrast of DPh-DNTT islands. Experimental Cexp values are discussed on the basis of Eqs. 

(3)−(5) depending on θ. 

 

Refractive index determination by observation without an analyzer 

Figure 2a shows a dark-field microscope image of DPh-DNTT islands grown on a 

SiO2/Si substrate treated with an HF solution. The boundary of the DPh-DNTT island with 

monolayer steps is clearly seen as a bright color. Because the long and short axes of an island 

can be specified, we can define θ for the island. Figure 2b shows a microscope image of the 

same area as in Fig. 2a in the bright field acquired using the polarizer of α1 = 0° without an 

analyzer. The substrate was irradiated through a narrow band-pass filter with a band center at 

498 nm. The double arrow in the image indicates the transmission axis of the polarizer. In Fig. 
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2a, an island labeled with "a" has θ close to 0°. These islands are almost invisible in Fig. 2b. 

However, the island labeled with "b" has θ close to 90°. These islands are darker than the 

surrounding area in Fig. 2b. We calculated Cexp defined in Eq. (1) for islands on the same 

substrate as Fig. 2b to quantitatively evaluate visibility. Figure 2c shows Cexp versus θ as closed 

circles for more than 170 islands. Cexp has a period of θ = 180° and is symmetric at θ = 90°. The 

solid line in Fig. 2c shows a fitting curve to closed circles obtained using Eq. (3) by the least 

squares method. The agreement between the closed circles and the solid line confirms that the 

Cexp versus θ characteristics can be explained by Eq. (3). Because Ccal depends on θ under the 

condition of |rL| ≠ |rS|, the dependence of Cexp on θ indicates that the DPh-DNTT island is an 

optical anisotropic material. The fitting to Cexp determines A1 and A2 in Eq. 3b, i.e., |rL| and |rS| at 

the chosen wavelength, respectively. If the complex refractive index and the thickness of each 

layer are determined, Cexp can be calculated. Conversely, the real and imaginary parts of N1L 

(N1S) cannot be independently determined from the |rL| (|rS|) value obtained at a certain 

wavelength even if other parameters except for N1L (N1S) are known. Therefore, we examined the 

dependence of Cexp on the wavelength. 

The analysis of Cexp at multiple wavelengths allows us to estimate N1L and N1S, which in 

this study are assumed to have no dispersion.50, 51. When θ = 0, Ccal is expressed as 

Ccal = |rL|2/|rsub|
2 – 1         (6a) 

and does not depend on |rS|. When θ = 90, Ccal is expressed as 

Ccal = |rS|2/|rsub|
2 – 1         (6b) 

and does not depend on |rL|. Thus, we can independently estimate N1L in |rL| and N1S in |rS| using 

Eqs. (6a) and (6b), respectively. This is possible because unknown parameters in |rL|/|rsub| and 

|rS|/|rsub| are only N1L and N1S, respectively (see Note S2 of the Supporting Information). The Cexp 

values at some wavelengths are shown as red closed circles for θ = 0° and as blue closed circles 

for θ = 90° in Fig. 2d, which are the values at θ = 0° and θ = 90° of the fitting curves obtained at 

the chosen wavelength. The solid line in Fig. 2d is a curve fitting of red or blue closed circles 

performed using Eqs. (6a) or (6b). We obtained N1L = 1.45(±0.05) + 0.2i(±0.05i) for θ = 0° and 

N1S = 1.45(±0.05) + 0.4i (±0.05i) for θ = 90° by the fitting. Because Ccal is sensitive to n1X and 
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k1X for N1X (X = L or S), both values can be independently determined by the fitting (Fig. S2). 

Although N1L and N1S have the same value, the k1S value is larger than that of k1L, which 

indicates that the island exhibits higher absorption for light polarized to the short axis than to 

long axis. Thus, the dependence on θ in the observation without an analyzer seen in Fig. 2c is 

attributed to the anisotropic absorption of light rather than to the refractive index. 

Not all plots obtained from the dependence of Cexp on θ are close to the fitting curve over 

the entire wavelength range in Fig. 2d. The difference between the plot and the fitting curve 

increases at wavelengths above 600 nm. In addition, the difference is also large at the 

wavelength of 498 nm, which is close to the absorption edge of the DPh-DNTT film predicted 

from the energy band gap of 2.6 eV.52 The difference may be due to the assumption that, in this 

study, the refractive index of DPh-DNTT is independent of the wavelength. When determining 

crystal axis, the anisotropic absorption is more important than the dispersion of the refractive 

index. Therefore, we used the complex refractive index shown above for the determination of 

crystal axis. 

The refractive index of a layer is typically examined by ellipsometry. In fact, the 

refractive indices for a pentacene polycrystalline thin-film have been reported.53–55 Although 

pentacene is a standard material for organic thin-film transistors, the measured dispersion of 

refractive index varies in the reports. This indicates difficulty in measuring the refractive index 

of organic thin films. 

 

Orientation determination by observation with an analyzer 

Figure 3 shows the bright-field microscope images of the same area as in Figs. 2a and 

2b, acquired using a polarizer of α1 = 5°, 0°, and −5° and an analyzer. The substrate was 

irradiated through a narrow band-pass filter with a band center of 498 nm. The double arrows 

labeled with "P" and "A" in the images indicate the transmission axes of the polarizer and 

analyzer, respectively. For α1 = 0°, the islands with θ ~ 45° or 135° are imaged as bright color, as 

seen in Fig. 3b. Brightness can be explained using Eq. (5). In this case, α1 = 0° and α2 = 90°, 

IDNTT has a maximum at θ = 45° + 90° j (j : integer). This is a typical characteristic observed in 
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PLM of α2 − α1 = 90° in which the brightness changes with a period of θ = 90°. However, the 

periodicity of brightness for α1 = 5° or −5° differs from that for α1 = 0°. DPh-DNTT islands in 

bright and dark colors are seen in Figs. 3a and 3c. For α1 = 5°, the islands with θ ~ 45° and 135° 

are shown as bright and dark colors, respectively. For α1 = −5°, the island with θ ~ 45° and 135° 

appear as dark and bright colors, respectively. The brightness and darkness change with a period 

of θ = 180° according to Eq. (4). The dependence of brightness and darkness on θ has not been 

observed in the conventional PLM of α2 − α1 = 90° for organic thin films.34, 37 

Figure 4a shows the Cexp values for α1 = 5°, 0°, and −5° depending on θ for Fig. 3. For α1 

= 0°, Cexp is high at approximately θ = 45° and 135°, as a diagonal position, and close to 0 at 

approximately θ = 0°, 90°, and 180°, as an extinction position. For α1 = 5°, Cexp is positive in the 

range of 0° < θ < 90° and high at approximately θ = 45°, negative in the range of 90° < θ < 180°, 

and close to 0 at approximately θ = 0°, 90°, and 180°. For α1 = −5°, the dependence of Cexp on θ 

is symmetric with respect to that for α1 = 5° at θ = 90°. The solid line in Fig. 4a is a curve fitting 

of black, red, or blue closed circles using Eqs. 4 or 5, which are obtained by the least squares 

method. For each α1, the closed circles are close to the fitting curve. The agreement between the 

experimental data and the fitting curve supports that the analytical model expressed by Eqs. 4 

and 5 is valid and can explain the observation of organic molecular islands by PLM. 

Consequently, bright and dark islands are attributed to the anisotropic refractive index of DPh-

DNTT. 

The value of |Cexp| in Figs. 2c or 4a indicates the degree of visibility of islands with 

respect to the SiO2 surface.  On the other hand, Cexp, which depends on θ, provides the visibility 

of islands with different orientations. For Fig. 2c, the difference in Cexp between 0.176 at θ = 0° 

and 0.0212 at θ = 90° is 0.155. The orientation-dependence of luminance is visualized by the 

difference. In Fig. 4a, the difference between Cexp at θ = 45° and that at θ = 135° is 1.12, which 

is more than 7 times larger than that for Fig. 2a. This result suggests that the visibility of 

orientation is enhanced using an analyzer and that we can determine the orientation of island 

from the contrast in the image.  

The difference between maximum and minimum Cexp values depends on α1 and λ. Thus, 

we investigated the dependence in detail. The orange and green plots in Fig. 4b show the 
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experimental contrast as a function of α1 for λ = 498 nm at θ = 45° and 135°, respectively. The 

plot at a certain α1 in Fig. 4b was extracted from a curve fitting of plots of Cexp as a function of θ 

such as Fig. 4a. The contrast at α1 = ±90° ideally corresponds to the observation without an 

analyzer (Fig. S4). |Cexp| increases as α1 approaches zero, which enhances the visibility of the 

islands. While, the visibility of orientation is evaluated by the difference in contrast for θ = 45° 

and 135° in Fig. 4b. Thus, as seen in Fig. 4b, the visibility of orientation is very sensitive to α1 

when α1 is close to zero. The orange and green lines in the figure are drawn on the basis of 

analytical solutions calculated using the obtained N1L and N1S of DPh-DNTT. The fitting line is 

not far from the plots, which confirms the validity of the extracted refractive index of DPh-

DNTT. The line sharply changes at approximately α1 = 0°. Theoretically, the difference in 

contrasts for θ = 45° and 135° is maximum at |α1| = 1.3°. This means that the visibility of 

orientation is maximum at |α1| = 1.3°. Experimentally, we observed the maximum visibility at α1 

= ±5°. Thus, we investigated the wavelength dependence for the visibility at α1 = −5°. 

Figure 4c shows the difference of contrast at θ = 45° and that at θ = 135° depending on 

the wavelength. The plots show an experimental contrast difference, and the solid line shows the 

contrast difference calculated using Eq. 4. The gray arrow in Fig. 4c corresponds to that in Fig. 

4b and indicates a difference in the contract on the basis of two lines in Fig. 4b. Both the 

experimental and calculated results indicate that orientation visibility is large at approximately 

500 nm, which suggests that the wavelength is suitable for orientation imaging. The wavelength 

at which contrast difference is maximum depends on the thickness of SiO2 (Fig. S5a). For 

example, orientation visibility exhibits the maximum at 610 nm when the SiO2 layer has a 

thickness of 110 nm. According to the calculation, the optimal wavelength and the SiO2 

thickness for the observation are close to those for the observation without polarizers, i.e., 

normal bright-field image observation (Fig. S5b). It is useful to predict the optimal condition in 

the cross-polarized observation by calculating contrast using a simple model, which has been 

reported in previous studies.50, 51 

The dependence of Cexp on θ is useful for determining the crystal orientation of DPh-

DNTT islands. The method of orientation determination adopted in this study is explained in 

Figs. S6 and S7. We applied the method for round islands in which long and short axes are 

unclear. Figure 5a shows a dark-field optical microscope image of round DPh-DNTT islands 
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formed on the SiO2 surface treated with UV-O3. The red and blue lines in the figure indicate long 

and short (or b and a) axes determined by this method, respectively. Additional information 

about this method is described in the captions of Figs. S6 and S7. Figure 5b shows the bright-

field cross-polarized image of the same area as that in Fig. 5a captured with α1 = 5° and a narrow 

pass filter with λ = 498 nm. The arrows in Fig. 5a indicate grain boundaries. Compared to Fig. 

5a, the presence of grain boundaries can be easily confirmed in a cross-polarized image with 

high contrast. 

 

CONCLUSIONS 

In conclusion, we address the possibility of applying the method of orientation 

determination to other materials. The key characteristic is anisotropic extinction coefficient. 

Small organic molecules with aromatic rings in planar structures often crystalize in herringbone 

structure, which produces anisotropic optical properties. In fact, the anisotropic optical properties 

of organic molecules developed for organic electronics, such as DNTT, BTBT, dinaphtho[2,3-

b:2′,3′-d]thiophene (DNT),56 dinaphtho[2,3-d:2′,3′-d′]benzo[1,2-b:4,5-b′]dithiophene 

(DNBDT),57 and its derivatives, have been observed by optical measurements.2, 14–16, 21–26 The 

method is probably applicable to organic materials by adequately choosing the wavelength of 

irradiation light. Because organic materials with HOMO–LUMO energy gaps with less than ~2.7 

eV absorb visible light, the crystal orientation might be determined by an optical microscope 

with a normal irradiation lamp. The candidate material includes pentacene, DNTT,58–60 

dianthra[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (DATT),10 6,13-

bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene),22, 25, 31, 32 and bis[1]benzothieno[2,3-

d;2′,3′-d′]naphtho[2,3-b;6,7-b′]dithiophene (BBTNDT).61 Actually, we observed a monolayer 

DNTT island, prepared for the demonstration, by PLM (Fig. S8). The luminance of reflected 

light from DNTT islands was very sensitive to α1, as seen in Fig. S8. The result supports the 

abovementioned expectation. 

Additionally, the orientation determination is probably useful for inorganic materials with 

anisotropic optical properties. For example, black phosphorus, which is a two-dimensional 

semiconductor with layered structure, has an in-plane anisotropic extinction coefficient in the 
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visible regime.27–29 A periodic change in the color contrast similar to Fig. 2d has been observed 

for black phosphorus in PLM only with a polarizer,27 though PLM with an analyzer was not 

applied. 

In principle, the method of orientation determination is applicable to other ultra-thin 

materials (including organic and inorganic) with anisotropic extinction coefficient, as explained 

above. The described technique for quickly and easily imaging crystal axes using a standard 

optical microscope will help to understand the growth mechanism of thin films and the 

relationship between the microstructure and electrical properties in applications. 

 

METHODS 

Assignment of long and short axes The long and short axes of a cruciform DPh-DNTT island 

probably correspond to b and a axes of the crystal structure, respectively. Although few studies 

has been conducted on the anisotropic refractive index of DPh-DNTT, crystal axis determination 

is discussed by comparison with previous studies for other organic materials that have a similar 

molecular and crystal structure such as pentacene and DNTT, benzothieno[3,2-b][1]-

benzothiophene (BTBT), and its derivative.7–11 Previous studies on polarized absorption 

spectroscopy or PLM for a single-crystal film of pentacene, dioctyl-BTBT (C8-BTBT) and 2-

phenyl-7-hexyl-BTBT (Ph-BTBT-C6), have indicated that films absorb light polarized in the a 

direction more than that in the b direction.2, 15, 21 On other hand, pentacene islands with cruciform 

shapes have been formed by vacuum evaporation when the substrate is a single-crystal Si 

substrate, or when nucleation occurs on the first layer that forms on a thermally oxidized Si 

substrate.17–19, 42, 43, 62, 63 In these studies, LEED and TSM micro-measurement revealed that the 

short axis corresponds to the a axis.17, 18, 42 These findings suggest that the short and long axes of 

the monolayer island correspond to a and b axes, respectively. The suggestion is additionally 

supported by our density-functional theory calculations for the DPh-DNTT molecule (Fig. S3). 

 

DPh-DNTT 2D islands Si wafer with a thermally grown SiO2 film with a thickness of 

approximately 90 nm was used as a substrate, which is suitable for the visual detection of thin 

films. Monolayer DPh-DNTT islands were deposited on the substrate with a deposition rate of 
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0.05 Å/s at the pressure on the order of 10−4 Pa. The nominal thickness was monitored with a 

quartz crystal microbalance.  The thickness of an island measured by AFM was ~2.3 nm,49 which, 

is close to the length of DPh-DNTT molecule. DPh-DNTT molecules in a thin film deposited on 

a SiO2/Si substrate stand nearly perpendicular to the substrate surface in herringbone packing 

structure.8 The shape of the monolayer islands can be controlled by the substrate temperature 

during the deposition and the surface treatment of SiO2 surface. Cruciform islands were formed 

on a substrate that was treated by an HF solution at 185°C. While round islands were formed on 

a substrate that was treated by UV-O3 at 175°C. More details regarding the process are presented 

in our previous paper.47, 49 

 

Microscopy observation Figure 1a shows the schematic diagram of the microscope (LV100, 

Nikon) equipped with a digital camera (EOS Kiss X4, Canon). Objective lenses [100×/NA = 0.9 

(LU Plan 100×/0.9, Nikon) and 150×/NA = 0.9 (LU Plan Apo 150×/0.90, Nikon)] were used to 

acquire polarized and dark-field images, respectively. Two linear polarizers and a narrow band-

pass filter were inserted in the optical path. The full width at half maximum of the narrow band-

pass filters was approximately 35 nm. The polarizer for incident light was rotatable, and the 

analyzer for reflected light was fixed for all experiments. The transmission axes for the polarizer 

and the analyzer are represented as angles α1 and α2 with respect to the x-axis, respectively. 

 

Optical model In Fig. 1e, Ei is the intensity of the polarized electrical field for incident light. 

The optical model 50, 51 consists of four materials: air, DPh-DNTT, SiO2, and Si, numbered 0, 1, 

2, and 3, respectively. d1 is the thickness of the DPh-DNTT layer and was set to 2.3 nm.8, 49 d2 is 

the thickness of the SiO2 layer, which was experimentally determined by spectroscopic 

ellipsometry and capacitance measurements. Nj (= nj + ikj; j = 0, 1, …, 3, i: imaginary unit) is a 

complex refractive index where the real part nj is the phase velocity, and the imaginary part kj 

indicates the amount of attenuation by absorption. Because Si and SiO2 are optically isotropic 

materials, N2 and N3 are represented by certain values.  On the other hand, N1 for the DPh-DNTT 

layer is represented by N1L for the long axis or N1S for the short axis on the basis of the prediction 

that the DPh-DNTT island exhibits optical anisotropy. This prediction is supported by an earlier 

report that the optical properties of organic single crystals with a molecular structure similar to a 

DPh-DNTT molecule have anisotropy in a- and b-axes. Black arrow represents the optical path 
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for the electric field of light reflected on the SiO2 surface; rsub is the coefficient of reflection from 

the SiO2 surface. Blue (red) arrow represents the optical path for the electric field polarized in 

the long (short) axis direction; rL (rS) is the reflection coefficient from a DPh-DNTT surface for 

the optical path. Reflection coefficient rx (x = sub, L, or S) includes the influence of optical 

interference by multiple reflections illustrated with the arrow. 

 

 

FIGURES 

Figure 1 a, Inverted dark-filed optical microscope image of typical DPh-DNTT islands grown 

on a silicon substrate with a SiO2 layer. b, Schematic illustration of a DPh-DNTT island to show 

the definition of θ, α1, and α2. The vertical and horizontal directions of the image are x and y, 

respectively. θ is the angle of the long axis with respect to the x-axis. α1 and α2 are the angles of 

transmission axes for the polarizer and analyzer. c, Chemical structure of the DPh-DNTT 

molecule and the top-view illustration of the herringbone structure. d, Schematic diagram of 

PLM. e, Schematic diagram of the light path in the cross section of the calculation model. Red 

and blue arrows represent the path of light parallel to long and short axes, respectively. 

 

Figure 2 a, Dark-field optical microscope image of DPh-DNTT islands grown on a SiO2/Si 

substrate treated with an HF solution captured without filters under unpolarized white light. 

Islands labeled with "a" and "b" have θ close to 0° and 90°, respectively. b, Bright-field image of 

the same area as the dark-field image observed under polarized 498-nm illumination without the 

analyzer; this image is obtained without any software modification. The arrow in the image 

indicates the transmission axis of the polarizer. c, Luminance contrast Cexp versus θ. The Cexp 

values for more than 170 islands are shown as closed circles. The solid line is a curve fitting of 

the closed circles obtained using Eq. (3). The fitting curve has the maximum at θ = 0 and 

minimum at θ = 90, which are represented as red and blue plots, respectively. d, Cexp values 

depending on wavelengths for θ = 0° (red closed circles) and 90° (blue closed circles). The solid 

line is a curve fitting of red or blue closed circles; it is obtained using N1L = 1.45(±0.05) + 0.2i 

(±0.05i) or N1S = 1.45(±0.05) + 0.4i (±0.05i), respectively. 
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Figure 3 Bright-field microscope images of DPh-DNTT islands. The images are captured at 

the same area as those in Figs. 2a and 2b and are acquired using the polarizer of α1 = 5° (a), 0° 

(b), and −5° (c) and the analyzer without software modification. The double arrows, labeled with 

"P" and "A" in the images, indicate the transmission axes of the polarizer and the analyzer, 

respectively. 

 

Figure 4 a, Cexp values for α1 = 5° (red), 0° (black), and −5° (blue) depending on θ for Fig. 3. b, 

Experimental contrast as a function of α1 for λ = 498 nm at θ = 45° (green closed circles) and 

135° (orange closed circles). c, Contrast difference between θ = 45° and 135° as a function of λ 

for α1 = −5°. The vertical axis indicates orientation visibility. 

 

Figure 5 Orientation mapping for round islands. a, Dark-field image with crystal axes. The 

red and blue lines indicate a and b axes, respectively. The arrows indicate grain boundaries. b, 

Bright-field cross-polarized image with α1 = 5° observed by the illumination light of λ = 498 nm 

at the same area. The grain boundaries are clearly observed because of the contrast depending on 

the orientation. 

 

 

SUPPORTING INFORMATION 

Analytical solution of luminance contrast, image analysis, luminance contrast for various as a 

function of wavelength N, quantum chemical calculation of DPh-DNTT, color plot of the 

contrast as a function of λ and SiO2 thickness, orientation determination for round monolayer 

islands, optical images change by rotating the sample, and optical images for monolayer islands 

of DNTT. 
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1. Image analysis to determine luminance contrast 

In this study, a microscope image captured using a digital camera is saved as 8-bit standard Red 

Green Blue (sRGB) data, which is used as a standard in monitors, printers, and digital cameras. 

Because luminance is nonlinearly converted to digital data in sRGB color, sRGB values at the 

pixel are converted to linear RGB values. Then, linear RGB values are transferred to (X, Y, Z) 

values in the XYZ color space with a reference to white illumination of D65/2°. The Y value is 

adopted as a value for the grayscale image. The contrast of an island with the SiO2 surface, Cexp, 

is defined by Eq. (1), which enables appropriate comparison even when contrast values are 

obtained at different irradiation intensities. The DDNTT value for an island is the average at some 

pixels in the area of the island, and the Dsub value is the average at some pixels corresponding to 

the SiO2 surface area surrounding the island.  

Figure S1 shows polarized images in the same area obtained under illumination through 

band-pass filters of 454 nm (a), 498 nm (b), 597 nm (c), and 635 nm (d). The dotted lines in (b) 

represent long axes for cruciform islands with θ = 65 and 134. Figures S1 (e–h) are grayscale 

images converted from Figs. S1 (a–d). The yellow and blue bold lines in Figs. S1 (e–h) indicate 

areas that are adopted for the calculation of DDNTT and Dsub, respectively. The values placed near 

the lines show DDNTT and Dsub values used for the calculation of Cexp in Eq. (1). 
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Figure S1: Original polarized images of DPh-DNTT islands and grayscale images obtained 

under illumination through band-pass filters of 454 nm (a), 498 nm (b), 597 nm (c), and 635 nm 

(d). (e–h) are grayscale images converted from (a–d).  
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2. Analytical solution of luminance contrast 

2.1 Expression of light intensity 

The luminance contrast of the image, Ccal, for islands is analytically derived on the basis of the 

Fresnel equation using Jones matrices. When light travels in the z direction, the intensity of light 

with electric field E = Ex ex + Ey ey is expressed as  

 
22

x yI E E   (S1) 

where ex and ey denote unit vectors in x and y directions, respectively. In this study, the electric 

fields for light reflected by the island and SiO2 surfaces are respectively expressed as 

 EDNTT = Ex,DNTT ex + Ey,DNTT ey, (S2a) 

 Esub = Ex,sub ex + Ey,sub ey. (S2b) 

Light intensities detected by an image sensor mounted on a microscope are denoted by IDNTT for 

the island surface and Isub for the SiO2 surface. 

 

2.2. Luminance contrast under polarized illumination 

In this section, we derive the expression of luminance contrast under polarized illumination. 

Using Jones matrices 

 
cos sin

( )
sin cos

 


 

 
  

 
R ,  

 
L

DNTT

S

0

0

r

r

 
  
 

S , 

 
1 0

0 0

 
  
 

P ,  

EDNTT is written as 

 DNTT DNTT 1 i( ) ( ) ( )    E R S R R PE  (S3) 

where Ei is the electric field of incident light and given by Ei ex + Ei ey. R(θ), SDNTT, and P serve 

as the rotation of angle θ, reflection by the island surface, and polarization in the x direction, 

respectively. For the elements of SDNTT, rL is the reflection coefficient for light for which the 

polarization is parallel to the long axis, and rS is that for the short axis. Thus, R(−α1)PEi in Eq. 

(S3) represents light polarized in the direction of angle α1. Similarly, R(−θ)SDNTTR(θ) serves as a 

reflection by island for which the long axis is in the direction of θ. This occurs because SDNTT is 
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defined as the reflection by island for which the long axis is in the x direction. Reflection 

coefficient rX (X = S or L) by the island surface is written as 

 
01X 123X 1X

X

01X 123X 1X

exp( 2 )

1 exp( 2 )

r r i
r

r r i









, (S4a) 

 
12X 23 2

123X

12X 23 2

exp( 2 )

1 exp( 2 )

r r i
r

r r i









, (S4b) 

 
3 2

23

3 2

N N
r

N N





, (S4c) 

 
2 1X

12X

2 1X

N N
r

N N





, (S4d)

 
1X 0

01X

1X 0

N N
r

N N





, (S4e) 

 1 1X
1X

2 d N



 , (S4f) 

 2 2
2

2 d N



  (S4g) 

where λ is the wavelength of incident light. N0, N1X, N2, and N3 are refractive indices, as 

explained in main text. 

On the other hand, using Jones matrices R(−α1), P, and 

 
sub

sub

sub

0

0

r

r

 
  
 

S , 

Esub is written as 

 sub sub 1 i( ) E S R PE , (S5) 

where rsub is the isotropic reflection coefficient by the SiO2 surface. The expression of rsub is 

obtained by substituting d1 = 0 in Eq. (S4f).  

Using Eqs. (S3) and (S5), IDNTT and Isub are written as 

       
2

2 2 2 2i
DNTT L S 1 L Scos 2 2

2

E
I r r r r      , (S6) 

and 

 
22

sub i subI E r , (S7) 
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respectively. By substituting Eqs. (S6) and (S7) into Eq. (2), we obtain 

  cal 1 1 2cos 2 2C A A     (S8) 

as luminance contrast under polarized illumination, where 

2 2

SL
1

sub sub

1

2

rr
A

r r

 
  
 
 

 and 

2 2

SL
2

sub sub

1
2

2

rr
A

r r

 
   
 
 

 are real constants. Of note, Ccal does not depend on θ when an organic 

island has an isotropic reflection coefficient so that rL = rS. In this case, the islands have the same 

contrast independent of θ. 

 

 

2.3. Analysis of the observation with crossed polarizers 

In this section, we derive expressions of Ccal and IDNTT for the observation with crossed 

polarizers. Because light reflected by the substrate surface passes through an analyzer, EDNTT and 

Esub are expressed as 

 DNTT 2 2 DNTT 1 i( ) ( ) ( ) ( ) ( )       E R PR R S R R PE  (S9) 

and 

 sub 2 2 sub 1 i( ) ( ) ( )    E R PR S R PE , (S10) 

respectively. R(−α2)PR(α2) serves as an analyzer of angle α2. In this study, α2 was fixed at 90°. 

Thus, by substituting α2 = 90° in Eqs. (S9) and (S10), IDNTT and Isub are, respectively, written as 

    
22

DNTT i L 1 S 1sin cos cos sinI E r r         , (S11) 

 
22 2

sub i sub 1sin ( )I E r  . (S12). 

When α1 is zero, Isub is equal to zero, and Eq. (2) for Ccal cannot be used to evaluate color 

contrast. Therefore, light reflection is evaluated in the following cases. 

 

(i) α1 ≠ 0° 

In this case, Eq. (2) for Ccal can be used to evaluate luminance contrast. By substituting Eqs. 

(S11) and (S12) into Eq. (2), Ccal is written as  
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       
2 2

1 1 1 1

cal 1 2 3

1 1 1 1

sin cos cos sin sin cos cos sin
1

sin sin sin sin
C B B B

           

   

         
         

      

  

(S13), 

where B1 = |rL|2, B2 = |rS|2, and B3 = rLrS
*+rL

*rS are real constants. Ccal is a function of θ with a 

period of 180. When N1S and N1L are known, Ccal can be calculated using the geometric and 

experimental parameters. 

 

(ii) α1 = 0° 

In this case, Eq. (S11) for IDNTT is used to evaluate light reflected by the island surface. By 

substituting α1 = 0° into Eq. (S11), IDNTT is written as 

  DNTT 1 cos 4I F    (S14) 

where 
2

2i
L S

8

E
F r r   is the real constant. IDNTT is a function of θ with a period of 90. The 

period for IDNTT is consistent with the dependence of contrast on θ for α1 = 0° shown in Fig. 4a. 
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3. Supporting figures 

 

 
 

Figure S2: Luminance contrast Ccal calculated as a function of wavelength for different N (= N1L 

= N1S) using Eq. (3a) under θ = 0 or 90. The change in Ccal is sensitive to n and k. Thus, n and k 

can be independently determined by fitting a curve obtained from Eq. (3a) to experimental Cexp 

values as a function of wavelength.  

 

 

 
Figure S3: Molecular orbitals of HOMO (a) and LUMO (b) for DPh-DNTT obtained by the 

quantum chemical calculation. The molecular orbital of HOMO has low symmetry in the x’ 

direction, high asymmetry in the y’ direction, and low symmetry in the z’ direction. While the 

molecular orbital of LUMO has low symmetry in the x’ direction, high asymmetry in the y’ 

direction, and low asymmetry in the z’ direction. The consideration of transition probability 

suggests that the DPh-DNTT molecule absorbs more light polarized in the x’ direction than in 

the y’ direction. The consideration is consistent with the experiment.  
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Figure S4: a, Bright-filed microscope image observed in the same area as those in Figs. 2a and 

2b under unpolarized white illumination. b, Bright-field image observed under illumination 

through band-pass filters of 498 nm with two polarizers at α1 = α2 = 90°. In this case, islands that 

have θ close to 0° appear darker than the surrounding area. This result corresponds to the 

polarized optical image captured using only polarizer for α1 = 90°, which is comparable to Fig. 

2b.  

 

 

 
Figure S5: a, Color plot of the contrast difference between θ = 45° and 135° as a function of λ 

and SiO2 thickness (d2) in crossed-polarized observation at α1 = −5°. The color scale at the 

bottom shows the calculated contrast. The dotted line in the figure corresponds to Fig. 4c. The 

combination of λ and d2 for the red region is suitable for domain orientation imaging. b, Color 

plot of the contrast as a function of λ and SiO2 thickness in the observation without polarizers. 

The dotted line in the figure corresponds to Fig. 2d. The combination of λ and d2 for the blue 

region is suitable for imaging thin films on SiO2. 
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Figure S6: Orientation determination by changing α1 in the observation by polarized 

illumination without an analyzer. Multiple photos are acquired by rotating the polarizer. a, 

Grayscale image obtained by polarized 597 nm illumination at α1 = 0°. The angle dependence of 

the polarizer is examined. b, The angle dependence of the island in a indicated by an arrow. The 

dependence is a trigonometric function in the double periodic change. It is expected from Eq. 

(3b). From the top and bottom peak, the crystal axes are determined, which are indicated in a by 

red and blue lines.  

 

 

 
 

Figure S7: Optical images change by rotating the sample during cross-polarized observation at 

α1 = −5°. a, Dark-field image. The arrows indicate the grain boundaries. b–j, Cross-polarized 

images at the same area obtained by rotating the sample stage. The color change in the double 

periodic change is observed. The change allows to determine the grain orientation. 
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Figure S8: Optical images for sub-monolayer DNTT on a thermally grown Si substrate with a 

thickness of 90 nm. DNTT thin films were deposited at the pressure on the order of 10−4 Pa with 

a deposition rate of 0.05 Å/s at the substrate temperature of 70°C. a, Bright-field image observed 

by 597-nm illumination without polarizers. b, Crossed-polarized image at α1 = 0°. c, Crossed-

polarized image at α1 = −5°. Color split is observed, which suggests that DNTT islands have an 

anisotropic extinction coefficient. 
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