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Abstract 

We demonstrate that both the in-plane molecular rotational and the tilting angles of the 

molecular orientation can be determined using the σ* resonance of sulfur (S) K-edge near edge 

X-ray absorption fine structure. We examined dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene 

(DNTT) thin films on silicon dioxide (SiO2) and copper oxide (CuOx) substrates which are 

relevant to the cost-effective organic field-effect transistors. In-plane directed transition moments 

were attributed to the electron excitation from S 1s to largely overlapped σ* orbital related to the 

C-S bonding at the thiophene site. Under the coexistence with a minor component of the 

amorphous region, it turned out that the DNTT domain with the single crystal structure with the 

c-axis normal to the substrates; the DNTT molecules on SiO2 orient at a tilting angle (β) of 85° 

and an in-plane rotational angle (ΦM) of 77° and 103°. In the case of the film on CuOx, values of 

84° for β, 73° and 107° for ΦM are acquired. The amount of amorphous region in the film on 

CuOx was larger than that on SiO2. Our approach is applicable to other sulfur-containing 

molecules with a small population of the lowest unoccupied molecular orbital on the S atoms. 

 

Introduction 

The use of organic semiconductors has been extensively explored for the conductive channel 

layer in organic field-effect transistors (OFETs). Since the carrier mobility of organic solid is 

highly anisotropic, the molecular orientation in the conductive channel greatly affects the 
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performance of OFET. The molecular orientation also affects the energy levels of organic 

semiconductor films due to the electrostatic interaction.1–3 

The molecular orientation has been routinely investigated by means of diffraction techniques 

such as X-ray diffraction (XRD) and low energy electron diffraction (LEED) for long-range 

ordered thin films.4,5 Although the XRD is useful for crystalline films, it is generally not a 

suitable method to analyze detailed molecular orientation in amorphous films due to the lack of 

diffraction spots. LEED gives the lattice constants along the substrate plane. However, the 

radiation damage of molecules may be occurred by the electron beam. Scanning tunneling 

microscopy (STM) examining the outmost molecular orbitals provides information on the 

molecular orientation at extremely low temperatures.5,6 This is not the case for the interest on the 

molecular orientation at room temperature. In contrast, near edge X-ray absorption fine structure 

(NEXAFS) has a great advantage to analyze the molecular orientation of both the crystalline and 

amorphous regions in thin organic layers. NEXAFS acquires signals from an individual molecule 

due to the transition from the core-level to the unoccupied states with high sensitivity.7 The 

molecular orientation can be determined by analyzing the polarization dependence of NEXAFS 

spectra. 

The polarization dependence of carbon (C) K-edge NEXAFS with the C1s to π* transition is 

usually applied to analyze the molecular orientation. The experimental geometry is shown in 

Figure 1a. In this measurement, the transition from the C1s core level to π* unoccupied level is 

examined as a function of the incident angle (α). As the transition dipole is normal to the 

molecular plane, only the tilting angle (β) of the molecular plane with respect to the substrate can 

be determined.8 However, the information about the molecular rotational angle (ΦM) is missing, 
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which is insufficient to discuss the favorable molecular orientations in the conductive channel of 

OFET. In order to fully determine the molecular orientation, additional data to complement ΦM 

is required. For example, DNTT thin films were examined by the C K-edge NEXAFS in 

previous studies where the molecular orientation was confirmed with the aid of XRD.9,10  

So far, ΦM in the molecular plane has never been reported by NEXAFS. If ΦM is determined, 

the molecular orientation can be derived using only NEXAFS, which gives us full advantages of 

the high sensitivity and detection of crystalline/amorphous regions of NEXAFS. This can be 

achieved by observing the σ* resonance whose transition dipole lies along the molecular plane. 

Usually, the σ* state of the organic molecule locates at higher energies and has the shorter 

lifetime than the π* state. Thus, the peak of the σ* resonance in NEXAFS is difficult to analyze 

because of the strong background signal and broadened peak shape. Further, the σ* resonances 

within the molecular plane may consist of transitions in various directions. It is normally difficult 

to determine the molecular orientation solely from the NEXAFS data. 

In the study, we demonstrate that the molecular orientation of 

dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT; Figure 1b) films can be derived using the 

incident angle dependence of sulfur (S) K-edge NEXAFS spectra. DNTT has an enlarged π 

molecular orbital owing to the S atoms at the center of the molecule,11–13 exhibiting the high 

carrier mobility in DNTT-based OFETs.14–22 The larger ionization energy (5.4eV) provides an 

improved air-stability of OFET compared with that of typical OFT material, e.g. pentacene 

(5.0eV).21 We observe sharp doublet peaks in the spectra which can be decomposed into the 

transition along with the molecular short (x’) and long (y’) axes based on a density functional 

theory (DFT) calculation including the anisotropic components of transition moment. From the 



5 

 

analysis, we successfully determine both the tilting β and rotational ΦM angles using only the S 

K-edge NEXAFS. The present results are further confirmed by 2D-grazing incidence X-ray 

diffraction (XRD) measurements. 

NEXAFS spectra of DNTT were acquired on silicon dioxide (SiO2) and copper oxide (CuOx) 

substrates. These substrates were chosen, aiming at the future application to a cost-effective and 

solution-processed OFET with the bottom-contact type structure fabricated in the air. Fine pitch 

patterning of source/drain contacts based on the established silicon semiconductor processes 

such as the copper damascene structure, depicted in Figure 1c, can facilitate large-scale 

integration of small OFETs.23 In view of such a finely structured surface, the molecular 

orientation in organic semiconductor thin films on oxidized metal electrodes such as CuOx 

should be investigated as well as that on an insulating SiO2. 
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Figure 1. Schematic illustrations of (a) the experimental geometry for NEXAFS measurements, 

(b) the chemical structure of DNTT, and (c) a bottom-contact type OFET. The symbols of X, Y, 

and Z denote the laboratory coordinates. Besides, the symbols of x’, y’, and z’ represent the 

molecular coordinates. The dotted line around the molecule shows a guide for the eye. Inorganic 

oxides such as SiO2 and AlOx, and organic insulating films are given as examples of the gate 

dielectric layer. 

 

Experiment 

The SiO2 substrates were prepared by UV-O3 oxidation of the silicon (100) surface. The 

polycrystalline copper films on silicon (100) deposited by immersion in plating solution were 

oxidized by the UV-O3 process to form CuOx substrates. DNTT (sublimed grade, 99% purity) 

without additional purification applied to sample preparation. 1.5-nm-thick DNTT thin films, 

corresponding to the monolayer thickness along the long molecular axis were deposited on the 

SiO2 and CuOx substrates by vacuum evaporation at room temperature. The film thickness was 

measured using a quartz thickness monitor. A 6nm-thick DNTT thin film on SiO2 was prepared 

for the additional sample in the same manner. After deposition, the samples were exposed to the 

air and then introduced to the vacuum chamber for S K-edge NEXAFS measurement. No 

degradation of the thin film was observed by ultraviolet photoelectron spectroscopy (supporting 

information). 

NEXAFS experiments were conducted at beamline 27A of the Photon Factory, the High 

Energy Accelerator Research Organization, Tsukuba. S K-edge NEXAFS spectra of 

1.5-nm-thick DNTT thin films on silicon dioxide (SiO2) and copper oxide (CuOx) substrates 
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were acquired by means of the total electron yield (TEY) mode at a pressure of 8.0×10-7 Pa. All 

measurements were performed at room temperature. 

In the analysis, the molecular orientation was determined from the polarization dependence of 

NEXAFS spectra, in which incident angle dependence of linearly polarized X-ray was analyzed. 

As depicted in Figure 1a, α is defined as the angle between the incident X-ray and the surface 

normal. β expresses the degree of the inclined molecular plane from the reference substrate 

surface. ΦM shows the degree of in-plane rotation at the molecular plane. Here, ΦM = 0° 

corresponds to a condition in which molecular long axis projection onto the surface is 

perpendicular to the electrical vector of the incident photon (E). ΦM = 90° corresponds to the 

parallel condition. In molecular coordinates, decomposed x’-, y’-, and z’-direction components 

of the electronic transition intensity, which were denoted Ix’, Iy’, and Iz’, respectively, were 

quantitatively described as follows,7 

 

𝐼𝑥′(𝛼, 𝛷𝑀, 𝛽)  ∝  π(cos2 𝛼 𝑐𝑜𝑠2𝛷𝑀 cos2 𝛽  +  cos2 𝛼 𝑠𝑖𝑛2𝛷𝑀  + 2sin2 𝛼 𝑐𝑜𝑠2𝛷𝑀 sin2 𝛽) 

𝐼𝑦′(𝛼, 𝛷𝑀, 𝛽)  ∝  π(cos2 𝛼 𝑠𝑖𝑛2𝛷𝑀 cos2 𝛽  +  cos2 𝛼 𝑐𝑜𝑠2𝛷𝑀  + 2sin2 𝛼 𝑠𝑖𝑛2𝛷𝑀 sin2 𝛽) 

𝐼𝑧′(𝛼, 𝛷𝑀, 𝛽)  ∝  π(cos2 𝛼 sin2 𝛽  + 2sin2 𝛼 cos2 𝛽) 

(1) 

 

We assumed here that there was no azimuthal anisotropy regarding the arrangement of the 

outermost atoms on SiO2 and CuOx substrates. The composition ratio of the components 

contained in a transition peak from S 1s to the unoccupied state was obtained by NEXAFS 

simulation. A spectral simulation of NEXAFS was performed by DFT calculation with the 
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functional of Perdew and Wang (PW86/PW91) on the StoBe-DEMON program24,25. The S 1s 

core-hole state was described by a basis set of the triple zeta (73111/6111/1). 

XRD measurement was carried out at beamline BL46XU of SPring-8. The wavelength of the 

incident X-ray was 0.1 nm. 

 

Results and discussion 

Figure 2 shows S K-edge NEXAFS spectra of DNTT on (a) SiO2 and (b) CuOx substrates at α = 

0 (normal incidence), 10, 20, 30, 40, 50, and 60° (grazing incidence). In Figure 2a and 2b, three 

features at hν = 2473, 2475, and 2479 eV were clearly detected on both the SiO2 and CuOx 

substrate at α = 0°. The feature at hν = 2482eV detected only on CuOx was assigned to CuSO4 

originated from the copper plating solution.26 Energy positions of the features at hν = 2473, 2475, 

and 2479 eV on SiO2 are in good agreement with those on the CuOx substrate. The broad 

features at 2479 eV whose intensity has little dependence on the incident angle were assigned to 

a transition from the S 1s to the σ* quasi-continuous states. The intensities of the first two peaks 

show the angular dependence on the incident photon. As the incident angle increases, the first 

peak at hν = 2473 eV becomes stronger, while the second peak at hν = 2475 eV becomes weaker. 

 



9 

 

 Figure 2. S K-edge NEXAFS of 1.5-nm-thick DNTT films on (a) SiO2 and (b) CuOx substrates. 

Spectra shown with vertical offset were acquired at a range of the incident angles (α) between 0° 

(normal incidence) and 60° (grazing incidence). 

 

To analyze the angular dependence, a relationship between the molecular axes and the 

transition moment in the electron excitation process was firstly considered.7,8 Generally, the 

transition moment from the C K-edge inner shell to the π* state in π-conjugated planar molecules 
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is normal to the molecular plane since the population of lowest unoccupied molecular orbital 

(LUMO) for the π* state is mainly distributed over the delocalized aromatic rings. However, 

LUMO of DNTT is mostly populated on the naphthalene rings while absent on the S atoms.27 A 

small overlap of wave functions between the S 1s inner shell and LUMO should provide almost 

no electronic transition perpendicular to the molecular plane from the S 1s to LUMO. On the 

other hand, the transition moment parallel to the molecular plane can occur in the excitation from 

S 1s to largely overlapped σ* orbital located at the C-S bonding of the tienotiophene site. It 

implies that the peaks at 2473 eV and 2475 eV have the transition moment parallel to the 

molecular plane. 

For further examination of the angular distribution of peaks at hν = 2473 and 2475 eV, we 

calculated the electronic transition intensity of the isolated molecule by means of DFT 

calculation using StoBe-DEMON program.24,25 Figure 3a shows a comparison between the 

observed and calculated NEXAFS spectra of DNTT. The calculated NEXAFS spectrum 

reproduces well the two peaks at 2473 eV and 2475 eV in the experiment. It indicated that the 

molecule-substrate interaction was weak. In a system where the molecule-substrate interaction is 

strong, the simulation may be different from that of the isolated molecule. Figure 3b shows the 

transition intensities along the molecular coordinates x’, y’, and z’ (the coordinates are given in 

Figure 1) together with the simulated spectra. It is clear that these two peaks contain only the x’ 

and y’ components (Ix’ and Iy’). These in-plane transition moments can be attributed to the 

electron excitation from S 1s to largely overlapped σ* orbital related to the C-S bonding at the 

tienotiophene site. The transition moment of the first peak is almost along the molecular long 

axis with Ix’:Iy’ = 1:5. On the contrary, the second peak, which consists of two x’ components and 
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one y’ component, is close to the molecular short axis with Ix’:Iy’ = 3.5:1. Based on the ratio of 

Ix’:Iy’ in Figure 3 (b), the transition intensity I1(α, ΦM, β) of the first peak is described as follows: 

 

𝐼1(𝛼, 𝛷M, 𝛽)  =  
1

6
𝐼𝑥′  +  

5

6
𝐼𝑦′ 

(2) 

 

The transition intensity I2(α, ΦM, β) of the second peak is written in the same manner,  

 

𝐼2(𝛼, 𝛷M, 𝛽)  =  
7

9
𝐼𝑥′  +  

2

9
𝐼𝑦′ 

(3) 

 

Multiple combinations of tilting and rotation angles are separately obtained from the 

polarization dependence for either eqs 2 or 3. For a virtual combination of β = 86° and ΦM = 73° 

in the analysis using eq 2 alone, the same polarization dependence is reproduced by other angles 

such as β = 74.3° and ΦM = 90°, widening the range of the solution. Instead, the range can be 

narrowed by the simultaneous analysis using both eqs 2 and 3. the polarization dependence of eq 

3 is distinguishable for the combinations above, since transition moments of the first and second 

peaks point in different directions each other in the molecular plane. 

In addition, the polarization dependence is averaged in the coexistence of both the crystalline 

and amorphous regions, since all molecules in the specimen are reflected in the NEXAFS 

spectrum. To give an exact determination of the molecular orientation, it is effective to 
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incorporate the composition of the amorphous region into the analysis. The flat-lying molecules, 

as well as the randomly oriented molecules, can be assigned to the amorphous region since the 

flat-lying molecules have an isotropic distribution with respect to the in-plane rotation. For the 

flat-lying molecules, the first and second peaks show the same reduced polarization dependence. 

Under the condition of β = 0 in eqs 2 and 3, the transition intensity, 𝐼1 = 𝐼2 ∝ 𝜋 cos2 𝛼, is 

independent of ΦM. It indicates that all molecules in the flat-lying orientation are inspected as 

equivalent. In the case of randomly oriented molecules, ΦM is averaged to be 45° or 135°, so that 

the polarization dependence of the first peak is in perfect agreement with that of the second peak. 

As for the tilting angle, β = 57.3° is derived from the three-dimensional isotropic random 

orientation model, revealing a slightly increasing polarization dependence.28 For instance, a 

virtual configuration in the thin film, consisted of 90% standing (β = 90° and ΦM = 90°) and 10% 

flat-lying (β = 0°) molecules, results in number-average values of β = 72° and ΦM = 90°. In 

addition, the values of β = 80° and ΦM = 79° are derived when coexisting 90% standing 

molecules (β = 90° and ΦM = 90°) and 10% randomly oriented ones (β = 57.3° and ΦM = 45°). 

Figure S2a (supporting information) shows 𝐼1(𝛼, 𝛷M, 𝛽)  and 𝐼2(𝛼, 𝛷M, 𝛽) for various 

combinations of β and ΦM (The definitions of α, β, and ΦM are given in Figure 1a). The 

calculated 𝐼1(𝛼, 𝛷M, 𝛽) for any ΦM decreases or shows no change as α increases in the range of 

β = 0–40°. In the range of ΦM = 0–30° (150–180°), 𝐼1(𝛼, 𝛷M, 𝛽) decreases or shows no change 

as α increases for any β. On the other hand, the experimental intensities of the first peak in S 

K-edge NEXAFS of DNTT on SiO2 and CuOx become larger with the increase of α as shown in 

Figure 2a and 2b. It indicated that DNTT on SiO2 and CuOx molecules have a standing 

configuration.  
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Figure 3. (a) Comparison between calculated and observed (α = 30°) S K-edge NEXAFS spectra 

of DNTT thin films. Observed spectra of 1.5-nm-thick DNTT films on SiO2 and CuOx were 

fitted with Gaussian peaks and a step-edge background. Raw (vertical bar diagram) and 

convoluted calculated data were shown in red color. The convolution curve is obtained with the 

Gaussian function (0.8eV-width). Calculated data rigidly shifted by 4.4 eV towards lower photon 

energy. (b) Transition intensity in each direction of the molecular coordinate. A dotted line in 

each panel, the same as the convolution curve in Figure 3a, is a guide for the eye. 
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Based on the above, a comparison between observed and theoretical incidence angle 

dependence of the transition intensity was shown in Figure 4. The observed intensities were 

provided by peak fitting with Gaussian peaks and a step-edge background. In the case of the 

1.5-nm-thick thin film on SiO2 as shown in Figure 4 (a), a combination of β = 79° and ΦM = 77° 

and 103°, suggesting a standing orientation, was obtained by the least-squares method. However, 

the obtained angle of β was slightly smaller than that of the (001) plane in the single crystal.11 To 

explain the difference, flat-lying molecules and randomly oriented ones coexisting in the thin 

film were taken into account for the analysis of the polarization dependence. As the direction of 

the dipole transition is examined in NEXAFS, the averaged angle is obtained if the film contains 

the molecules with various orientations. The smaller β value could be explained by the small 

percentage of molecules with different orientations contained in the thin film. With the 

composition of 3% flat-lying molecules, theoretical values of 85° for β, and 77° and 103° for ΦM 

showed good agreement with the observed polarization dependence of the film on SiO2. 

Assuming random domains coexisting in the thin film, the composition of random domains was 

calculated to be 5%. From the fluctuation of ±5% in the observed intensities, we estimated the 

uncertainty in β and ΦM as a range between minimal and maximal angles, resulting in 85° (84–

87°) for β, and 77° (74–80°) and 103° (100–106°) for ΦM. Thus, β and ΦM of the standing 

molecule on SiO2 were quantitatively determined within the experimental accuracy. It indicated 

that the 1.5-nm-thick thin film on SiO2 was composed of a majority of molecules with standing 

orientation and a small amount of amorphous region. 

Moreover, additional S K-edge NEXAFS spectra of a 6-nm-thick DNTT thin film on SiO2, 

shown in Figure S4 (supporting information), were acquired in order to verify the result of the 
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1.5-nm-thick thin film on SiO2. The first peak at 2473 eV and the second peak at 2475 eV were 

clearly detected in good agreement with the 1.5-nm-thick thin film. Similar to the discussion 

above, in the incidence angle dependence as shown in Figure 4b, the molecular orientation was 

determined to be a combination of 86° (84–90°) for β, and 73° (71–76°) and 107° (104–109°) for 

ΦM under an assumption of the coexistence with the amorphous region consisting of 2% 

flat-lying molecules or 3% randomly oriented ones. Obtained angles were almost the same as the 

result of the 1.5-nm-thick thin film on SiO2 within the experimental accuracy. We concluded that 

DNTT thin film on SiO2 showed a well-ordered orientation at the growth of the monolayer. 

The obtained β and ΦM in this study were summarized with previous results reported by other 

groups in Table 1.9,10,12 The result of the 1.5-nm-thick thin film on CuOx was discussed later. In 

previous reports, the standing configuration of DNTT on SiO2 was determined by means of C 

K-edge NEXAFS without any consideration of the rotation in the molecular plane.9,10 Our results 

are consistent with the standing orientation of DNTT on SiO2 and provide further information on 

ΦM. 

 

 

 Figure 4. Comparison between observed and theoretical incidence angle (α) dependence of the 

transition intensity, (a) 1.5-nm-thick DNTT/SiO2, (b) 6-nm-thick DNTT/SiO2, and (c) 
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1.5-nm-thick DNTT/CuOx. The observed data for 1.5-nm-thick DNTT/SiO2, 6-nm-thick 

DNTT/SiO2, and 1.5-nm-thick DNTT/CuOx were plotted by closed circles, rectangles, and 

triangles, respectively. The theoretical data based on eqs 1, 2, and 3 were shown by solid lines. 

 

Table 1. summary of β and ΦM for DNTT thin films compared with previous works 

Experimental technique Sample β [°] Φ
M

 [°]  

S K-edge NEXAFS
c

 

DNTT(1.5 nm)/SiO
2
 

85 

(84–87) 

77 (74–80), 

103 (100–106) 

This work DNTT(6 nm)/SiO
2
 

86 

(84–90) 

73 (71–76), 

107 (104–109) 

DNTT(1.5 nm)/CuOx 
84 

(83–85) 

73 (71–75), 

107 (105–109) 

C K-edge NEXAFS 
DNTT(30 nm)/SiO

2

a

 70–80 n/a Ref. 9 

DNTT(0.3–5 nm)/SiO
2
 85 n/a Ref. 10 

XRD DNTT single crystal 85
b

 70, 110
b

 Ref. 12 

a Deposited at 200–400 K.; b Values estimated from the CIF file in Supporting Information with 

assuming an arrangement of putting the (001) plane parallel to the substrate.; c Under an 

assumption of the coexistence with the minor component of amorphous region. 
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In a previous XRD analysis of DNTT single crystal,12 the monoclinic unit cell of single crystal 

was composed of two nonequivalent molecules, forming a herringbone structure in the (001) 

plane and stacking layer by layer. DNTT molecules in the single crystal were arranged with β = 

85° and ΦM = 70° (110° for the other nonequivalent molecule) in the (001) plane. The molecular 

orientation in our result is consistent with this arrangement in the single crystal. From the 

resemblance in molecular orientation, the herringbone structure in the (001) plane parallel to the 

substrate can be similarly formed in the 1.5-nm-thick thin film on SiO2. If a herringbone 

structure in the (001) plane of the film is formed, in-plane diffraction patterns can at least be 

detectable by XRD. Indeed, the XRD pattern of the 1.5-nm-thick thin film on SiO2 revealed 

evidence for the herringbone structure as shown in Figure 5. Observed diffraction spots were 

marked by circles and indexed based on the reported single crystal structure.12 No ring pattern 

originated from randomly oriented grains was observed. In parallel direction to the substrate, 110, 

020, and 120 diffractions were observed. On the other hand, 100 and 010 diffractions marked by 

x-marks were not observed, which supports the herringbone arrangement (the projection of the 

structure along the molecular long axis belongs to the p2gg space group29). The lattice constants 

along the substrate plane were obtained as a = 0.62 nm and b = 0.78 nm, being in good 

agreement with that of the single crystal.12 It indicated that DNTT molecules in the 1.5-nm-thick 

thin film formed the herringbone structure in (001) plane. Therefore, we concluded that the 

π-overlapped arrangement of the molecules could be optimized by the angles of both β and ΦM. 

The crystalline-like molecular orientation formed in the 1.5-nm-thick thin film on SiO2 could 

contribute to high carrier mobility in DNTT-based OFETs. Additionally, 001 diffraction detected 

along the substrate normal direction suggested a partially layered composition in the film, 
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revealing c = 1.61 nm and γ= 92.0±0.6°. The domain size was estimated to be 21.6 nm from the 

width of 001 diffraction spot. 

 

  

Figure 5. (a) Reciprocal space map from XRD measurement for a 1.5-nm-thick DNTT thin film 

on SiO2. Observed diffraction spots were marked by red circles and indexed. 010 and 100 

diffractions marked by x-marks were not observed. (b) and (c) show extracted line profiles along 

qxy- and qz-axis, respectively. (d) schematic image of the herringbone structure in (001) plane. 

 

In the case of the 1.5-nm-thick DNTT thin film on CuOx, the incidence angle dependence of 

the transition intensity was shown in Figure 4 (c). A combination of β = 74° and ΦM = 73° and 

107° was obtained for an averaged molecular orientation. The DNTT molecules on CuOx 

revealed a smaller β angle and a similar ΦM angle compared with those on SiO2. Similar to the 

analysis of the film on SiO2, the coexisting of flat-lying molecules in the thin film was assumed. 

As a result, 84° (83–85°) for β, and 73° (71–75°) and 107° (105–109°) for ΦM were obtained for 

the 1.5-nm-thick thin film on CuOx. The standing orientation was observed for the 1.5-nm-thick 

thin film on CuOx similar to the film on SiO2, suggesting a formation of the crystalline-like 
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molecular orientation. The composition of the flat-lying molecules on CuOx was estimated to be 

7%. Furthermore, the composition of random domains was calculated to be 12% of the thin film. 

These larger compositions on CuOx than those on SiO2 may be due to a larger surface roughness 

of the CuOx substrate than that of the SiO2 substrate. We concluded that the majority of DNTT 

molecules on CuOx is in a standing orientation similar to the film on SiO2. As discussed above, S 

K-edge NEXAFS has successfully provided the full information on the molecular orientation 

including ΦM as well as β, which are important elements for the origin of the large transfer 

integral in DNTT thin film. 

The application of our S K-edge NEXAFS approach is not limited to DNTT. As already 

discussed, the lack of LUMO population on the S atoms in DNTT27 provided the large overlap of 

the wave functions between the S 1s inner shell and σ* molecular orbital involved in the C-S 

bond, revealing the anisotropic electron transition in the molecular plane. It enables us to 

evaluate the full information on the molecular orientation of DNTT. We can discuss the 

applicability of our approach based on the calculated LUMO population on the S atoms. For 

example, other thienothiophene-based molecules such as 

2,7-dipheneyl[1]benzothieno[3,2-b]benzothiophene (DPh-BTBT) and 

dianthra[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DATT) has a small LUMO population on the S 

atoms similar to DNTT.13,30 The molecular orientations of these molecules can be fully 

determined only by S K-edge NEXAFS. On the other hand, the present method may not be 

applicable to [1]benzothineno[3,2-b]benzothiophene (BTBT)30 and alkyl-substituted 

2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT)31 because of a significant 

population of the LUMO on the S atoms. The energy position of π* transition perpendicular to 
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the molecular plane may overlap with that of the σ* transition which makes it difficult to resolve 

the feature into the π* and σ* transitions. Indeed, the overlapped feature, which consists of π* 

and σ* transitions was observed in polycrystalline polythiophene32 whose LUMO has a large 

population on the S atom. 

 

 

Conclusion 

In conclusion, we have demonstrated that S K-edge NEXAFS is suitable to analyze the full 

information of molecular orientation, the angles of tilting β and rotational ΦM, in the DNTT thin 

films. Under the coexistence with a minor component of the amorphous region, molecular 

orientations of DNTT thin films on both SiO2 and CuOx substrates were evaluated using S 

K-edge NEXAFS. The angles of β and ΦM in DNTT thin film on SiO2 were similar to those in 

the (001) plane of the single crystal, revealing the herringbone structure. In the case of DNTT 

thin film on CuOx, the majority of DNTT molecules were arranged in the standing orientation 

similar to that on SiO2. Well-ordered orientations of DNTT are possible to enhance an optimized 

π-overlapped arrangement of the molecules in organic semiconductor devices. The present 

method is also applicable to S-containing molecules with a small LUMO population on the S 

atoms. Our results indicate feasibility to analyze the molecular orientation in detail in the actual 

device structure as thick as even one monolayer, contributing toward the optimization of the 

device fabrication. 
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