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Abstract
In this study, we report the application of a functional dielectric model of scalable
ellipsometric spectroscopy to investigate the optical response of materials in the optical

This work s licensed spectrum modeling of hydrogenated amorphous silicon. ES is used to obtain the dielectric
B e o] constant of the data fitting experimental. Then y and A are obtained from the analysis of
ShareAlike 4.0 the experimental comparison of the valence band and the conduction band state density

International License

with the band structure theory for a-Si: H. The analysis results are that for a-Si: H, the
density of state model for all electronic transitions is obtained, whose results are consistent
with experimental data from ES measurements over the entire photon energy range of 0.5—
6.5 eV. Our results demonstrate the high-energy excitons and plasmons for the
performance of photovoltaic devices in a-Si: H. Overall, we believe our methodology can
study in detail about electron and hole interactions in semiconductors.
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1. Introduction
Amorphous silicon (a-Si) differs from crystalline silicon (c-Si) in terms of the periodic range of its
constituent atoms [1]. The arrangement of the atoms in amorphous matter is not random, but there is
order in the short term. In a-Si, most of the atoms of silicon are four-fold and coordinated with a
tetrahedral bond system similar to crystalline silicon [2]. The randomness of the method is formed due
to variations in bond angles and long bonds, leading to long-term irregularities [3]. Compared to a-Si
materials, hydrogenated amorphous silicon (a-Si: H) material has a lower defect density, making it
easier to doping, and has higher photoconductivity [4]. That is advantageous if used as a solar cell with
a p-i-n structure [5]. A thin layer of a-Si: H is suitable for application as a constituent component of
solar cells [6]. This material has a broad optical energy band gap value (1.7-2 eV), a low growing
temperature (~200 °C), and can be grown above [7]. Besides cheap glass substrates and abundant
supplies, a-Si: H also has a high absorption ability in the visible light spectrum.

The physical phenomenon of solid-state is how the interaction between the optical properties of
a material with the basic properties of the material [8]. Indeed, various models have been proposed over
the years that attempt this [9]. This model is divided into two categories, the first is an empirical model,
namely the relevance of experimental data and the second is physics principles [10]. The weakness of
this empirical model lies in the fact that there is convergence to reach suitability, which is inferior to
the experimental results [11]. Based on several adjustment parameters defined simultaneously, it is
obtained that the physical model is generally complex and requires many parameters and calculations.

Our research is on how to get an accurate calculation model to see the optical response in a-Si
[12]. In the a-Si material structure, the covalent bonds continuously make the four atoms coordinated
in the binding configuration, we performed amorphous ¢(E) data analysis to a dielectric function model
that is based on crystalline silicon [13]. Our findings show a correct fit of the spectroscopic ellipsometry
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measurement spectrum with the calculated critical point in the energy of the crystalline material value
[14]. An analysis is presented for a-Si: H and the important implications of this finding are considered.

2. Method

Thin film a-Si: H was grown on ITO substrate using PECVD with various hydrogen doping [15], as
shown in Figure 1. The total deposition time for each film was kept constant at 30 minutes. The
deposition parameters for the dilution of hydrogen SiH4/H; are 0, 16, and 36, RF power 10 W, substrate
temperature 270 °C, and process pressure (PP) 2000 mTorr. For R-0, no hydrogen dilution was carried
out during precipitation. While for R-16 and R-36, hydrogens were diluted for 30 minutes. The thin
film conductivity was measured using a four-point probe method coupled with a conductive layer of
silver paste on each a-Si: H thin film [16].

The ellipsometry spectroscopy (ES) parameters y and A with measuring angles at 50°, 60°, and
70° of incidence, at the length of the photon energy between 0.6 and 6.5 eV. The results of spectroscopic
ellipsometry measurements are real and imaginary components that explain the condition of the
optically measured material. Because it requires more in-depth information, further analysis is required
with the help of the analysis software Woollam Complete Ease. The parameters correspond to the
surface roughness of the R-0, R-16, and R-36 samples. The parameterization of each that can be
analyzed through the software is the dielectric function of the measurement which aims to determine
the thickness, band gap, and optical constant of the film [17]. This complex dielectric function can be
used for optical properties of a-Si: H materials related to the angular frequency of incident photons.

3. Result and Discussion
Measurement of the surface morphology of a-Si: H was carried out using an AFM instrument which
was used to see the surface texture and roughness of the deposited a-Si: H thin film. During the AFM
measurement process, the tip will move along the surface of the test material causing the cantilever
slope to vary. The slope of the cantilever will be detected by the photodetector. The laser beam given
to the cantilever will be received by the detector which will be detected as the cantilever slope.
Measurement or scanning is taken at the boundary of the layer and substrate (no coating). This slope
change will provide depth information. Scanning in this border area will get information on the
difference in height or depth which states the thickness of the thin layer formed [18]. Figure 2 shows
the line profiles and surface topographies of the R-0, R-16, and R-36 samples with roughness values of
8.95, 6.20, and 3.50 nm, respectively. Here it is seen that the increase in deposition rate is caused by
the increase in electron density in the plasma so that the radical density near the substrate also increases.
The parameters of the model's dielectric function specified a-Si are listed in Table 1. The data
shows that there are characteristics between c-Si and a-Si. This gap is not the result of a critical point
energy gap but is thought to arise from a sequence of short distances defined by covalent bonds. The
clearly observed term between the optical spectrum of amorphous silicon, which is an electronic lattice
and a vibrational lattice, can generally be interpreted in terms of symmetrical arguments based on
measurements from low to high energy [19]. If the short-range arrangement in the amorphous state is
similar to the arrangement in the corresponding of crystal, one would expect the density of state (DOS)
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Figure 1. Schematic of amorphous silicon sample preparation. (a) Multiple chamber RF-PECVD system, (b) amorphous
silicon sample (10 x 10) cm? is integrated with a conductive film, and (c) schematic diagram of a-Si: H.
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electronics and phonons to show some similarity to the crystal [20] Basically, the density of the
amorphous material is the parent function of the crystalline material as in Figure 3. From the results
obtained, it is shown that the crystal structure can also be applied to amorphous materials without special
precautions.
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Figure 2. Line profiles and AFM topography images on the samples with (a) R-0, (b) R-16, and (c) R-36.

Table 1. Critical-point indicator in the calculation of ¢(E) for a-Si [21].

Parameters a-Si
Ei (eV) 2.90
B1 5.36

Bix (eV?) 1.74
E; (eV) 4.14
Eo’ (eV) 2.61
Ei’ (eV) 5.0

Figure 3. (a) Electronic structure of the band structure, and (b) the density of state a-Si [22].
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Figure 4. Imaginary part <e2> of the dielectric function for (a) R-0, (b) R-16, and (c) R-36.

For samples R-0, the peak of the &, shift graph or the excitons shift is £, =3.34 eV and £, = 3.82
eV. In the ¢-Si to R-0, the second excitons pushed into spectral weight at low energy and visible
presence &, broadening on the magnitude of the shift of 0.48 eV. So, it is said that the c-Si condition to
R-0 is called the quantum confinement effect, as in Figure 4a. Namely the coupling between excitons.
It proves that quantum confinement occurs in both excitons. It is consistent with the & and band
structure [23], where the transmission changes from high energy crossing zero to low energy with a
significant energy shift of 1.84 eV. There must be a spectral weight transfer at &, R-0, whereas the c-Si
does not exist. It turns out that on the & c-Si graph at high energy, namely at 3.09 eV, there is a transfer
of energy to the low energy of 3.34 eV, which causes a spectral weight transfer of 3.82 eV, which is
often called electronic signature correlations.

To confirm this, we tried to fit our measured a-Si &(F) spectrum with a model dielectric function
calculation. Figure 4 shows the results of this fit imaginary part <e> of the dielectric function. The
model dielectric function parameters that were determined accordingly are listed in Table 1. The key
finding for achieving a good fit between the calculated and experimental a-Si &2(E) spectra is using CP
energies that are different from crystal energies. In fact, only an increase in the expansion parameter
corresponds poorly to the experimental data, as shown in Figure 3b with a dashed line.

In the R-0 to R-16 graph, there is not only the quantum confinement effect but the dramatic effect
of hydrogen. At the peak of the second excitons shift to high energy, while the peak of the first excitons
shift is almost the same as the second excitons. As a result, two collabs excitons coincide. The same
thing in the loss function R-16 is a coupling between excitons and plasmons. In Figure 4b and Figure
4c, when there is another addition of hydrogen, spectral weight transfer occurs again on the ¢, R-36
graph with an energy of 4.43 eV. That causes the excitons to return to the original. Where the difference
in the initial conditions of the excitons occurred at 3.38 eV at R-0 to 3.58 eV at R-36. This means that
the function of hydrogen here seems to be returning to its bulk-like properties [24]. So, the hydrogen
function here, although thin, can restore the primary function, or it can also be said to be the hydrogen
function to regulate electronic correlations, along with that in plasmons, it also occurs.

In general, the results of XPS and BIS measurements for c-Si and a-Si have been carried out by
previous researchers [22]. Here we show the density of crystalline and amorphous compare their spectra
with the general theory [22]. Meanwhile, the XPS and BIS measurements that have been obtained are
useful for investigate the valence band and conduction band at density of c-Si and a-Si states. In the
results obtained, it turns out that the results are very consistent with those carried out using a
spectroscopic [25]. These results are combined in Figure 5, The positions of several important electronic
states at the density of states in c-Si and a-Si are also shown in Figure 5. It is clear here that the CP
between the high energy band and the low energy band for a-Si is consistent with measurements using
a spectroscopic ellipsometry, also shown in Figure 5. On the other hand, we find that the characteristic
gap in this amorphous form arises from the short wavelength defined by the covalent bond.

Confirmation of the critical points Ei1 and E, for the c-Si structure, is shown on the dotted line of
the characteristics used for the calculation of the dielectric function model of the a-Si structure. In Figure
5, The first valence band in the a-Si structure consists of two peaks of the ellipsometer spectroscopic
measurement graph, and the conduction band is also analyzed. We can also see in Figure 4b that the
changes that occur are caused by the electronic properties of the c-Si and a-Si structures. The relatively
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Figure 5. Results of XPS and BIS measurements for c-Si and a-Si [21].

stable energy shift from the density peaks in the a-Si structure results from the bond angle interactions.
[26]. The resulting energy value causes a significant change in the a-Si structure (Table 1) probably
mainly due to density variations in this structure. Our analysis shows that the order in the low energy
band conditions is determined by covalent bonds, while the optical spectrum in the crystalline structure
and amorphous structure uses variations at high energy and low energy [27]. It is not surprising given
the fact that short-range orders in amorphous materials produce Raman peaks and x-ray diffraction
(XRD) [28]. Here it is found, if the energy peaks are not correlated with the order of short distances,
then there is no peak that occurs in the amorphous material.

4. Conclusion

Dielectric function and DOS models have been analyzed to model the optical response in a-Si: H. It is
obtained that the a-Si: H results show a specific band structure confirmed by the high-resolution XPS
spectrum. The resulting analysis is consistent and has been applied to other amorphous materials.
Therefore, we can suppose that short-range sequences are essential to discuss the optical properties of
crystalline and amorphous substances. The scattering of electrons from coupling high-energy excitons
and plasmons increases bulk carrier density and, subsequently, a reversible shift in Fermi energy. Our
results demonstrate the high-energy excitons and plasmons for the performance of photovoltaic devices
in a-Si: H. Overall, we believe our methodology can study in detail electron and hole interactions in
semiconductors
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