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Abstract: Si(bzimpy)2, a fluorescent organic complex, has been demonstrated as a potential
electron transport and electroluminescent layer for organic electronic devices. Despite the
successful synthesis and encouraging electroluminescence at 560 nm, the complex dielectric
function of the water-stable complex has not been reported yet. In this letter, we report on the first
spectroscopic ellipsometry data obtained from a Si(bzimpy)2 thin film in the spectral range from
300 nm to 1900 nm (0.65 eV to 4.1 eV). A parameterized model dielectric function composed of
a Tauc-Lorentz and Gaussian oscillators is employed to analyze the experimental ellipsometry
data. We find a good agreement between the absorption energies observed experimentally here
and density functional theory calculations reported earlier.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Organic light emitting diodes (OLED) based on metal chelates such as tris(8-hydroxyquinoline)
aluminum, Alq3, have been widely studied for several decades since Tang and VanSlyke
demonstrated light emission from the first practical electroluminescent device based on a double-
organic-layer structure of Alq3 and a diamine film in the late 80’s [1]. Despite the widespread use
of Alq3, there has been a broad search for new materials with improved properties, in particular,
with respect to their chemical and electrochemical stability [2–8].

Materials based on tetravalent silicon using a Si(ligand)2 design have emerged as a material
class, which could provide the sought after improved stability, low molecular weights, and
low dipole moments. We have recently reported on the successful synthesis of a neutral,
hexacoordinate silicon-based fluorescent complex Si(bzimpy)2 [9]. Our results indicate that
Si(bzimpy)2 exhibits inherent advantages such as the tunability of the luminescence in the visible
spectrum, greater thermal stability, and a high charge mobility that is comparable to that of Alq3.
In addition to the successful material synthesis, we have fabricated simple, functional OLED
structures consisting exclusively of Si(bzimpy)2 sandwiched between ITO and Al films which
showed a yellow-green emission at λ = 560 nm [9].

Further advances in the design and fabrication of Si(bzimpy)2-based OLED structures require
the accurate knowledge of the optical properties of this material. Although optical absorption,
fluorescent excitation and emission behavior have been studied, the complex dielectric function
of Si(bzimpy)2 has not been reported yet.
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In this paper, we report on the determination of the complex dielectric function of Si(bzimpy)2
in the spectral range from 0.65 eV to 4.1 eV (300 nm to 1900 nm) using spectroscopic ellipsometry.
Optical model calculations using a model dielectric function for the Si(bzimpy)2 thin film which
is composed of a sum of oscillators with Gaussian and Tauc-Lorentz broadening were able to
accurately reproduce the experimental ellipsometry data. The absorption energies identified here
are found to be in good agreement with results from our time-dependent density functional theory
(TD-DFT) calculations and absorption measurements reported earlier [9].

2. Experiment

2.1. Sample preparation

Si(bzimpy)2 was synthesized by adding SiCl4 to a chloroform solution containing two equivalents
of the bzimpy ligand, 2,6-bis(benzimidazol-2´-yl)pyridine, and four equivalents of triethylamine.
A thin-film sample with a nominal thickness of 100 nm was fabricated by thermal deposition of
the synthesized Si(bzimpy)2 on a Si substrate at a pressure of 10−6 mbar. The deposition rate was
adjusted to 0.5-0.8 Å/s using a commercial deposition system (MB-EVAP) with an integrated
deposition controller (SQC-310C). In order to achieve a homogeneous film thickness across the
sample, a rotating substrate holder was employed during the deposition. The rotational speed was
15 rpm throughout the thin film growth. Further details regarding the deposition system are omitted
here for brevity and the interested reader is referred to Ref. [9], which includes a comprehensive
description of the Si(bzimpy)2 synthesis and the deposition of thin Si(bzimpy)2 films using
thermal evaporation. Complementary atomic force microscopy (AFM) characterization was
performed on the investigated sample indicating a root mean square roughness Rrms = 2.09 nm
and a mean roughness of 1.6 nm. These surface properties are very similar to those in our
previous publication Ref. [9]. In addition, X-ray diffraction (XRD) measurements were carried
out in order to confirm that the Si(bzimpy)2 sample investigated here is amorphous.
After the deposition, the Si(bzimpy)2 thin-film sample was investigated using a commercial

spectroscopic ellipsometer (V-VASE, J.A. Woollam Company Inc.). The ellipsometer is equipped
with a HS-190 scanning monochromator and uses a Si and an InGaAs photodiode as detectors to
allow continuous coverage of the spectral range from 0.65 eV to 4.1 eV. The instrument operates
in a classical rotating polarizer - sample - rotating analyzer configuration and has an adjustable
compensator [10,11]. We obtainedΨ - and ∆-spectra at room temperature in the near infrared,
visible, and ultraviolet spectral range with a resolution of 0.05 eV at three different angles of
incidence (65◦, 70◦, and 75◦).

2.2. Data acquisition and analysis

The experimentalΨ - and ∆-data were analyzed using stratified-layer optical model calculations
with a commercial ellipsometry data analysis software package (WVASE32, J.A. Woollam Co.).
The optical model required to accurately reproduce the experimental response is composed of
three layers including a Si substrate, a SiO2 layer, and a Si(bzimpy)2 layer. Accounting for
the surface roughness of the Si(bzimpy)2 thin film was found to provide only an insignificant
improvement of the match between the experimental and the best-model calculated ellipsometric
spectra and was therefore omitted in the applied optical model. Ellipsometric data obtained
from the Si substrate prior to the Si(bzimpy)2 thin film deposition was used to determine the
thickness of the native SiO2 layer. The native SiO2 layer thickness was not further varied during
the analysis of the ellipsometric data obtained from the Si(bzimpy)2 sample. Standard model
dielectric functions were used to account for the optical response of the Si substrate and the SiO2
layer [12].
The accurate representation of the experimental ellipsometry data shown in Figs. 1 and 2

required a parameterizedmodel dielectric function for Si(bzimpy)2which allowed the reproduction
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of the optical signatures of the band-gap and higher order electronic transitions. Analyzing
spectroscopic ellipsometry data including such features in the ultraviolet, visible, and near-infrared
region requires mathematical dispersion functions which maintain Kramers-Kronig consistency
while providing sufficient flexibility to reproduce the experimental lineshape adequately. Dielectric
function models composed of mixed oscillators with Gaussian and Tauc-Lorentz broadening
have been demonstrated to allow this [13]. For the Si(bzimpy)2 sample investigated here, the
mixed oscillator model results in a better fit of the experimental Ψ and ∆ data throughout the
investigated spectral range when compared to a dielectric function model based entirely on
oscillators with Lorentz and Tauc-Lorentz broadening, as was used in our previous work [9].
Thus, the parameterized model dielectric function used here to describe the optical response of
Si(bzimpy)2 in the experimentally accessible spectral range is composed of a combination of an
oscillator with Tauc-Lorentz broadening and a set of two oscillators with Gaussian broadening
[13]:

ε(E) = ε1(E) + iε2(E) ,

= 1 +
A

E2
0 − E2

+

2∑
i=1

Gau(E,A,E0, Γ)+

TL(E,A,E0, Γ,Eg),

(1)

Fig. 1. Experimental (green dashed line) and best-model (red solid line)Ψ -spectra for the
Si(bzimpy)2 sample measured at three different angles of incidence Φa = 65◦, 70◦, and 75◦
in spectral range from 0.65 eV to 4.1 eV.

where ε1(E) and ε2(E) denote the real and imaginary parts of the complex dielectric function,
respectively. The functions TL(E,A,E0, Γ,Eg) and Gau(E,A,E0, Γ) represent the oscillators with
Tauc-Lorentz and Gaussian broadening, which account for the contribution of the electronic
band gap and higher order electronic transitions, respectively. Herein, the physical relevant
parameters A, E0, Γ, and Eg indicate the oscillator amplitude, resonant energy, broadening and
band gap energy, respectively. Higher energy contributions to the dielectric function cause
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Fig. 2. Same as Fig. 1 but for the ∆-spectra obtained for the Si(bzimpy)2 sample at three
different angles of incidence.

absorptions outside of the measured spectral range, which contribute to the dispersion of ε1(E).
These contributions are included in the model by a pole, i.e., a Lorentz oscillator with vanishing
broadening A/(E2

0 − E2).
In particular the pole which is used to describe the dispersion of the real part of the dielectric

function ε1 due to absorptions occurring outside of the measured spectral range is now addresses
specifically.
The imaginary part of TL(E,A,E0, Γ,Eg) and Gau(E,A,E0, Γ) is given by εTL2 and εGau2 ,

respectively [13–15]:

εTL2 (E) =


AE0Γ(E−Eg)
2

(E2−E2
0)

2+Γ2E2 ·
1
E E>Eg

0 E ≤ Eg

, (2)

εGau2 (E) = Ae−
(

E−E0
f ·Γ

)2
− Ae−

(
E+E0

f ·Γ

)2
, (3)

where the constant f = 1/2
√
ln(2) in Eqn. (3) defines the full width at half maximum of

broadening denoted by Γ. The real part of the complex dielectric function ε1(ω) is determined
by Kramers-Kronig transformation of εGau2 and εTL2 as part of the data analysis [13].

During the data analysis, relevant model parameters (A, E0, Γ, Eg, and layer thickness t of the
Si(bzimpy)2 thin film) were varied using a Levenberg-Marquardt-based algorithm until a best
match between experimental and calculated data was achieved, which is shown in Figs. 1 and 2,
discussed below. The best-model dielectric function of Si(bzimpy)2 is shown in Fig. 3.
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Fig. 3. Real ε1 (solid red line) and imaginary ε2 part (dotted green line) of the model
dielectric function given in Eqn. (1) using the best-fit model parameters summarized in
Table 1. The transition energies for the Tauc-Lorentz and the Gaussian oscillators are
indicated as vertical lines.

Table 1. Summary of the best-model parameters obtained for the dielectric function of Si(bzimpy)2
during the optical model analysis. The error limits correspond to 90% confidence limits.

Oscil. A E0 (eV) Γ (eV) Eg (eV)

Pole (94 ± 5) eV2 8.2 ± 0.2 — —

Gau1 1.12 ± 0.05 3.73 ± 0.01 0.56 ± 0.03 —

Gau2 0.40 ± 0.06 2.86 ± 0.03 0.47 ± 0.02 —

TL (132 ± 13) eV 2.60 ± 0.01 0.30 ± 0.02 2.51 ± 0.01

3. Results and discussion

Figures 1 and 2 show the experimental (green dashed line) and best-model calculated (red solid
line)Ψ - and ∆-spectra for of the Si(bzimpy)2 thin film sample measured at room temperature,
respectively. The experimental data was acquired at three different angles of incidence (65◦, 70◦,
and 75◦). An excellent agreement between the experimental and best-model calculated data can
be observed over the entire spectral range.

The spectrum ofΨ shown in the Fig. 1 is dominated by a Fabry-Pérot oscillation in the range
from 0.61 eV to 2.5 eV where the Si(bzimpy)2 film is transparent. The structures in the spectral
range from 2.5 eV to 4.1 eV are due to the band gap at Eg = (2.51 ± 0.01) eV and higher order
electronic transitions at 2.86 eV and 3.73 eV. The behavior observed in the ellipsometric data
corroborates our previous spectrophotometer-based absorption measurements in the ultraviolet
to visible spectral range of Si(bzimpy)2 in solution [9].

The best-model transition energies, amplitudes, and broadening parameters of the Si(bzimpy)2
model dielectric function are summarized in Table 1. A thickness of the Si(bzimpy)2 thin film
t = 98.6 ± 0.1 nm is determined, which corresponds well with the nominal thickness for this
sample.
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Figure 3 depicts the real and imaginary part of the best-fit model dielectric function for the
Si(bzimpy)2 thin film in the spectral range from 0.65 eV to 4.1 eV. Si(bzimpy)2 is transparent
below the band gap in the spectral range from 0.65 eV to 2.5 eV. The spectral range above 2.5 eV
is dominated by two strong absorption bands at 3.73 eV and 2.86 eV, which are described by two
oscillators with Gaussian broadening.
A good agreement is found between the oscillator energies determined with this mixed

oscillator model and the transition energies we have identified using TD-DFT calculations [9].
In accordance with these earlier observations, we find here that the amplitude of the transition
at 3.73 eV is larger than the amplitude of the transition observed at 2.86 eV (see Table 1). In
addition, the absorption onset marked by the Tauc-Lorentz band gap energy of 2.51 eV is well
reproduced. The Tauc-Lorentz energy E0 corresponds to transitions identified at approximately
2.69 eV in the TD-DFT calculations.

4. Conclusion

A recently synthesized fluorescent organic complex Si(bzimpy)2 has been characterized for the
first time using spectroscopic ellipsometry. We report on a mixed oscillator model dielectric
function composed of Gaussian and Tauc-Lorentz oscillators, which allows the identification of
electronic transitions including quantitative values for physically meaningful oscillator parameters.
This model dielectric function allows the accurate description of the ellipsometric data obtained
from a Si(bzimpy)2 thin film sample in spectral range from 0.65 eV to 4.1 eV at multiple angles
of incidence. A good agreement between the observed transition energies and TD-DFT results
reported earlier is found [9]. The complex dielectric function of Si(bzimpy)2 reported here fills
a critical gap in the knowledge of a new class of materials based on tetravalent silicon using a
Si(ligand)2 design, which has emerged recently. In addition, our model establishes the accurate
optical dispersion of Si(bzimpy)2 which provides further insights into important optical features
of Si(bzimpy)2-based optoelectronic devices such as energy dissipation and phase variation.
Numerical simulations of such devices will substantially benefit from the precisely determined
dielectric function.
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