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Abstract. We report on the structural and optical properties of the nanorods 
available in thermally evaporated thin films of thioindigo (TI). The structural 
features are investigated using X-ray diffraction, transmission electron microscopy 
and Fourier-transform infrared spectroscopy techniques. The optical constants of as-
deposited thin TI films are determined in the wavelength region 200–2500 nm, using 
spectrophotometric measurements for the nearly normal light incidence. The type of 
optical transitions for the TI films is ascertained from the dispersion of their 
absorption coefficient. The real part of the refractive index in the region of optical 
transparency is analyzed basing on single-oscillator and Drude models. The third-
order nonlinear susceptibility is obtained from the single-oscillator model and the 
Miller’s rule.  
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1. Introduction 
Studies of the phenomena of ambipolar charge transport in organic semiconductor materials are 
crucial for the progress of integrated microelectronic circuits and optoelectronic devices based on 
organic materials. Ambipolar charge-transporting organic semiconductor materials are of great 
interest for many applications associated with organic light-emitting diodes [1]. Indigo is an 
intrinsically ambipolar organic semiconductor with the bandgap 1.7 eV, high and well-balanced 
electron and hole mobilities (~ 1×10–2 cm2V–1s−1), and a good stability with respect to degradation 
in air [2]. Indigo is ascribed to a group of so-called ‘vat dyes’, which can be reduced to compounds 
soluble in aqueous alkaline media. The remarkable stability of indigo and its ring-substituted 
derivatives has been attributed to intramolecular hydrogen bonding between the two adjacent 
carbonyl and N–H groups. This keeps the molecule in a planar trans configuration, preventing a 
photochemical cis-to-trans isomerization [3].  

It is well known that photochromic materials have great potentials for sensor and indicator 
devices [4]. Fig. 1 shows that the molecular structure of thioindigo (TI) can be obtained by 
replacing N-H groups of indigo with sulphur atoms. This substitution leads to a hypsochromic shift 
of the absorption wavelength maxima and allows for trans–cis isomerism. TI is a recognized 
photochromic dye with a reversible photochemical cis–trans isomerization [5, 6]. The cis form 
typically reveals a very low, nearly immeasurable intrinsic fluorescence [7–11]. The photochromic 
organic materials like TI are of great interest due to their potential applications for information 
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storage or switching in molecular electronics. Notice also that TI and its derivatives reveal a higher 
quantum-conversion yield from the cis-to-trans transition than from the trans-to-cis transition, and 
a concomitant high fluorescence quantum yield for the trans form.  

 

Fig. 1. Molecular structure of TI. 

Early works aimed at implementing thioindigoid optical elements have been mired by 
overlap of the absorption bands for the cis and trans forms occurring in nearly all of thioindigoid 
organic dyes. As a result, even with monochromatic light incident on a sample under the condition 
of maximum absorption for either of the form, only photostationary states containing a mixture of 
the two isomers, cis and trans, could be prepared [9]. The stability of PMMA-doped TI used as a 
solar collector has been studied by irradiating it with a light of 1600 W xenon lamp through a 
daylight filter for 24 h [12]. The optical efficiency (10.7%) has been measured before irradiation, 
and a slight decrease (0.052) in the efficiency has been observed after irradiation.  

The optical properties of organic films, in particular thin TI films (TTIF), are significant 
since they are directly linked to their structural and electronic properties. Moreover, elucidation of 
the relations between the structure and the optical properties of thin films has both fundamental 
and technological impacts (see, e.g., Ref. [13]).  In the present work we study the structural and 
optical properties of thermally evaporated TTIFs, analyze spectral dependences of their refractive 
index and absorption coefficient, and estimate their third-order nonlinear optical susceptibility. 

2. Experimental techniques 
TI with the chemical formula C16H8O2S2 was obtained from Sigma-Aldrich Chem. Co. TTIFs were 
deposited using a high-vacuum coating unit “Edward E306A, England” under the vacuum of 
4×10–5 Pa. The films were deposited on optically flat fused quartz substrates for further 
spectrophotometric measurements and on glass substrates for structural characterizations. 
Sublimation of TI was done using a quartz crucible heated by a tungsten coil. The sublimation rate 
(2.5 nm/sec) and the film thickness were controlled with a quartz crystal monitor FTM6. The film 
thicknesses were determined after deposition, using multiple-beam Fizeau fringes in the reflection 
geometry [14]. X-ray diffraction patterns were studied with a Philips X-ray diffractometer (a 
model X' Pert, CuKα radiation, 1.5406 Å, 40 kV, and 25 mA). Crystallite shapes of our TTIFs were 
determined on a transmission electron microscope JEOL JEM-1230. TTIFs deposited on glass 
substrates were immersed in an inclined manner in a glass dish containing a mixture of distilled 
water and one or two drops of a concentrated nitric acid. The TTIFs floating on the surface of the 
solution were fished by  copper-coated carbon grid and left to dry before the measurements. 

In the far infrared range, the spectra for the TI powders mixed with KBr and the TI films 
deposited onto optically flat single-crystalline substrates of KBr were investigated in the region 
500–4000 cm–1, using an infrared spectrophotometer Bruker Vector 22. In this case the spectral 
resolution was ±1 cm–1 throughout the experiments. In the ultraviolet, visible and near infrared 
spectral ranges, optical characterizations of the deposited films were performed at the nearly 
normal light incidence in the wavelength region 200–2500 nm, using a double-beam 
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spectrophotometer JASCO (the model V-570 UV-Vis-NIR). We transformed the relative spectral 
data of the optical transmittance T and the reflectance R obtained directly from the 
spectrophotometer into the corresponding absolute values T and R by making corrections to 
eliminate the absorbance and reflectance of the substrate. Then the absolute T value is given by 
[15–17] 
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where ftI  and qI  denote the intensities of light passed respectively through the film-quartz 

system and the reference quartz, and qR  is the reflectance of the quartz substrate. The true 

reflectance R reads as [15–17] 
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where mI  implies the intensity of light reflected from the reference mirror, frI  the intensity of 

light reflected from the sample and mR  the mirror reflectance. Assuming a case of smooth, dense 

and homogeneous films, we derived their optical constants as [18, 19] 
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where   is the absorption coefficient, k the absorption index, n the refractive index, and d the film 
thickness. The resultant errors for the n and k parameters were less than ±4% (see Ref. [20]), 
whereas the errors in determination of the film thickness and the T (or R) parameter were 
estimated as ±2% and ±1%, respectively. 

3. Results and discussion 
Fig. 2 displays the X-ray diffraction patterns obtained for TI in its powder form and for the 
179 nm-thick TTIF. The diffraction pattern of the powder involves several peaks of different 
intensities, thus testifying that the powder is polycrystalline in its nature. The Crysfire&Checkcell 
computing programs [21, 22] have been used to index all the diffraction lines, calculate the Miller 
indices (hkl) and the interplanar spacing (dhkl) for each diffraction peak and, finally, calculate the 
lattice parameters. The analysis has demonstrated that the TI powder has a monoclinic structure 
and crystallizes in the space group Pc. The lattice constants are a = 7.735 Å, b = 20.585 Å and 
c = 7.411 Å, and the monoclinic angle equals to β = 90.26o. The structural experiments for the 
deposited TTIF of the thickness mentioned above have confirmed a crystalline structure, with a 
preferred orientation along the (020) plane.  

The transmission electron microscopy technique has been used to analyze crystallographic 
structure and orientation of the constituents of the TTIFs. From the transmission-electron 
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micrograph of our TTIF (see Fig. 3a) one concludes that the film reveals a uniform distribution of 
nanoparticles with rod-like shapes. These rods have the average length 90 nm and the average 
width 20 nm. Fig. 3b displays the electron-diffraction pattern for the same TTIF. This pattern 
consists of a series of sharp concentric rings, which have to be ascribed essentially to a crystalline 
nature of the film, in accordance with the X-ray diffraction data. 

 

 

Fig. 2. X-ray diffraction patterns obtained for TI in its powder and thin-film forms. 

Fig. 4 shows profiles of the Fourier-transform infrared spectra obtained for both the powder 
and thin-film forms of TI in the region 500–4000 cm–1. The shape of the spectrum for the TTIF 
implies availability of characteristic bonds, which also appear in the powder. In other words, 
thermal evaporation represents an adequate technique that provides deposition of undissociated 
and stoichiometric TI films. Note that the spectral bands observed for TI molecules in the Fourier-
transform infrared spectra have already been discussed and assigned by Ibrahim et al. [5]. 

 

 (a) (b) 

Fig. 3. Transmission-electron micrograph (a) and diffraction electron microscope pattern (b) 
obtained for the TTIF. 
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Fig. 4. Fourier-transform infrared spectra for TI in its powder and thin-film forms. 

The spectral dependences T(λ) and R(λ) for the TTIFs of different thicknesses ranging from 
227 to 285 nm are illustrated in Fig. 5. The spectra can be divided into two alternative regions: (i) 
the absorption region, 200–800 nm, where the total sum of T(λ) and R(λ) is essentially less than 
unity, and (ii) the longer-wavelength region, 800–2500 nm, where the films become transparent, so 
that we have T + R ~ 1. The fundamental edge in the absorption region (i) remains almost 
unchanged by varying film thickness, at least in the thickness range under study. Perhaps, the data 
of Fig. 5 imply that the thickness variations are too small to result in detectable changes in the T 
and R parameters. The T(λ) and R(λ) functions in the transparency region (ii) are also very similar 
for all of the films.  

 

Fig. 5. Spectral dependences of optical transmittance T and reflectance R calculated for TTIFs of different 
thicknesses shown in the legend. 

Following from the absolute T and R values, we have calculated the optical constants n and k 
of the TTIF. Panels (a) and (b) in Fig. 6 show the spectral dependences respectively of the mean 
real part of the refractive index, n, and of the mean absorption coefficient, α.  Considering the 
experimental errors estimated above, we conclude that both of the n and k values are independent 
of the film thickness, at least in the thickness range under test. The real part of the refractive index 
exhibits anomalous dispersion in the photon energy region 1.55–6.20 eV (200–800 nm) and 
normal dispersion in the region 0.50–1.55 eV (800–2500 nm).  
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(a) (b) 
Fig. 6. Dependences of real part of the mean refractive index n (a) and mean absorption coefficient α (b) upon 
the photon energy h , as calculated for our TTIF. 

Following from the absorption coefficient, one can obtain the molar extinction coefficient 

molar , which is often used to describe optical absorption in non-solid molecular media. Then we 

have calculated the oscillator strengths f, which are proportional to the area under the absorption 
band profiles, and the electric dipole strength q2 [23–25]: 
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Here M denotes the molecular weight of a solid,   its mass density, ( )molar   the molar 

extinction coefficient corresponding to the wave number
 
  (cm–1), and ∆λ the halfwidth of the 

absorption band. Fig. 7 shows molar  for our TTIF as a function of the wave number  . When 

deriving the oscillator strength and the electric dipole strength, we have assumed four different 
oscillator components and their Gaussian profiles (see Table 1). The blue solid curves in Fig. 7 
represent decomposition of the molar extinction spectrum on the relevant oscillator components.  

 

Fig. 7. Dependence of molar extinction coefficient on the wave number obtained experimentally for the as-
deposited TTIF (black circles) and its theoretical fit (red solid line) that assumes four oscillator components with 
Gaussian profiles. Blue lines correspond to decomposition of the spectrum into these Gaussian components. 
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Table 1. Spectral positions Emax, oscillator strengths f and electric dipole strengths q2 
calculated for the four Gaussian peaks, as obtained for our as-deposited TTIF (see Fig. 7 and 
explanations in the text). 

Peak Emax, cm–1  ƒ q2, Å2 

1 18742 0.08 0.320 
2 29540 0.13 0.322 
3 34303 0.62 0.133 
4 47626 1.77 2.745 

 
The nature of optical transitions and the corresponding bandgap can be estimated using the 

Tauc’s equation given by [26] 

( )r
gh B h E    ,     (9) 

where B and r are constants depending on the probability of transition: r takes the values r = 1/2 
and 3/2 respectively for the direct allowed and direct forbidden transitions, and r = 2 and 3 
respectively for the indirect allowed and indirect forbidden transitions. We have plotted the 
dependence of (αhν)1/r on the photon energy hν for different r values. The best linear fit is obtained 
at r = 2 (see Fig. 8). This implies that we deal with the indirect allowed optical transitions. One can 
indirectly estimate the indirect optical bandgap for our TTIF after extrapolating the straight fitting 
line in the plot of (αhν)1/2 vs. hν towards the abscissa axis ((αhν)1/2 = 0). It has turned out that the 
as-deposited TTIF has two transitions at 1.54 eV and 2.24 eV, which should correspond to the 

optical gap energy opt
gE  and the fundamental bandgap Eg, respectively.  

 
Fig. 8. Relation between (αh )1/2 and photon energy h  calculated for our TTIF. 

According to the classical dispersion theory, the photon-energy dependence of the real part of 
the refractive index in the transparency region, where oscillator damping is negligible, is given by 
a single-oscillator model [27–29]:  
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where oE  implies the oscillator energy and Ed the dispersion energy which is a measure of the 

strength of interband optical transitions [28]. The dispersion parameters and the static dielectric 
constant (ε∞ = n2 at hν → 0) for our as-deposited TTIF can be calculated by plotting (n2 – 1)–1 
versus (hν)2, as displayed in Fig. 9a. Then the Eo and Ed values are found from the slope (EoEd)–1 
and from the intercept (Eo/Ed) with the ordinate axis. The ε∞, Ed and Eo values are equal to 2.26, 5.8 
and 4.6 eV, respectively. 
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(a) (b) 

Fig. 9. Relations between (n2 − 1)–1 and (h )2 (a) and between n2 and λ2 (b), as calculated for our TTIF. 

 
Finally, the generalized Miller’s rule [30–32],  
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enables one to estimate the third-order nonlinear susceptibility χ(3) in the limit of very long 
wavelengths (i.e., at hν → 0 when the refractive index is equal to no). In Eq. (11), A denotes  
a parameter which is assumed to be frequency independent and nearly the same for all  
materials (A  1.710−10 esu [30–32]). Issuing from our experimental data, we have obtained 
χ(3)  1.73×10–14 esu. 

According to the Drude model for the absorption of free charge carriers, which takes into 
account the contributions of free carriers and lattice vibration modes to the dispersion, the spectral 
dependence of n2 on λ2 can be used to estimate the lattice  dielectric constant L . The relationship 

between the real dielectric constant 1  and λ2 in the optical transparency region is as follows [33]: 
2
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where e is the electron charge, εo the permittivity of free space, and N/m* the ratio of the 
concentration of free carriers to their effective mass. Fig. 9b shows the plot n2 versus λ2 calculated 
for the TTIF. This dependence is linear at long enough wavelengths. Extrapolating the linear part 
of the dependence towards ‘zero wavelength’ gives the εL value, whereas the slope of this part 
yields N/m*. As a result, we have obtained εL  2.37 and N/m*  3.772×1055 kg–1m–3. Notice that 
the difference between the εL value derived from the Drude model for the absorption of free 
carriers and the ε∞ value derived from the single-oscillator model for bounded charges may be due 
to contribution of free carriers. 

4. Conclusions 
We have performed structural and optical characterizations of the nanorods available in thermally 
evaporated TTIFs. The Fourier-transform infrared spectra for the TI powder and the TTIF confirm 
that the chemical composition of TI does not change after the thermal evaporation technique is 
applied. The crystal structure studies carried out for the TI powder and the corresponding thin 
films using the X-ray technique indicated that the both systems crystallize in the monoclinic 
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system. According to the transmission electron microscopy data, the nanorods have the average 
length of 90 nm and the average width of 20 nm.  

We have used the Tauc’s equation for the analysis of optical transitions occurring in the TI 
nanorods and found that there are two indirect transitions with the energies 1.54 and 2.24 eV, 
which correspond to the optical gap and the fundamental bandgap, respectively. The classical 
single-oscillator model and the Drude model for the absorption of free carriers have been used 
while analyzing the refractive dispersion in its normal region. Using the single-oscillator model, 
we have derived the third-order nonlinear susceptibility, which is equal to 1.73×10–14 esu, and the 
closely related model parameters, the oscillator energy Eo = 4.6 eV and the dispersion energy 
Ed = 5.8 eV. Finally, we have calculated the ratio of the concentration of free carriers to their 
effective mass, which amounts to 3.772×1055 kg–1m–3. 
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Анотація. В цій роботі представлені результати досліджень структурних і оптичних 
властивостей нано-стержнів присутніх в тонких плівках тіоіндиго (ТІ) виготовлених 
термічним випаровуванням. Структурні характеристики досліджені з використанням X-
променевої дифракції, трансмісійної електронної спектроскопії і інфрачервоної Фур’є 
спектроскопії. Визначені оптичні константи нанесених плівок ТІ в області довжин хвиль 
200–2500 нм за допомогою спектрофотометричних вимірювань при майже нормальному 
падінні випромінювання. Встановлено тип оптичних переходів на основі дисперсії 
коефіцієнта поглинання. Проаналізована дисперсія дійсної частини показника заломлення в 
області прозорості на основі одно-осциляторної моделі Друде. Коефіцієнт кубічної 
нелінійної сприйнятливості отримано на основі одно-осциляторної моделі і правила 
Міллера.  

 


