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of voids. A rough surface was simulated by applying a mathematically defined function to
allow for light scattering that occurs from the surface of the material, considering that scattering
is higher at longer wavelengths than at shorter wavelengths. It is also worth mentioning that
underneath the rough surface a thin silicon oxide layer was defined to account for surface

oxidation effects.
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Figure 4.7: Virtual layer stack consisting of voids and a rough interface correction with the

scattering formula for surface features.

4.13.2 SELECT THE FIT PARAMETERS

After the definition of all optical constants and layer stacks, the spectrum was loaded, and the
fit parameters were defined. The simulation of the spectrum was then executed, and the
software could adjust the fitting parameters by default to reach optimal agreement between
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simulation and measurements. The program calculates the simulated R and T spectra together
with the associated optical constants over the specified energy range. The program then
changes the initial fit parameters and calculates new R and T spectra such that if the comparison
with the measured spectra results in a smaller deviation, then the program replaces the initial
fit parameters. This iterative process was repeated until no further improvement of the
deviation can be achieved. It was also necessary to adjust the parameters manually in a case
where the fit was not good enough in order to bring the simulation ‘closer’ to the data, from
which the automatic fit then proceeded again. The goodness of fit value was expressed as the
deviation of the simulated spectra from the measured spectra and the values of goodness of fit
for various categories are given as indicated in table 4.1. The virtual layers are only used in the
model, the absorption coefficient, film thickness, energy band gap and refractive index values
for the complete real film are extracted from the model using the theoretical equations derived

earlier in this chapter.

Table 4.1 Rating classification levels according to the deviation of the simulation from spectra.

Rating description | Excellent | Good | Acceptable | Bad | Rejected

Value 10° 10" 103 102 10

4,14 RESULTS AND DISCUSSION

4.14.1 MEASURED AND SIMULATED SPECTRA

Figure 4.8 and Figure 4.9 present the measured and simulated transmittance spectra of the two

nanocrystalline thin films deposited at 95% and 81.7% hydrogen dilutions respectively. The
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transmittance intensities in the y-axis are reported in absolute values i.e. T Due to internal

multiple reflections occurring within the film, the interference patterns are observed.

—— Measured (95% H-dilution) 0°

1 Simulated (95% H-dilution) 0°
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Figure 4.8: Measured and simulated transmittance spectra at 95% hydrogen- dilution.
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Figure 4.9: Measured and simulated transmittance spectra for a) 81.7% Hydrogen- dilution.
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From the interference patterns of the two films, one can immediately predict visually whether
the sample is thick or thin. The interference patterns of a thin sample are spread far apart from
each, while for a relatively thick sample are closely spaced. Thus, from visual assessment, the
nanocrystalline film deposited at 95% hydrogen dilution is thinner relative to the film deposited
at 81,7 %. It is also evident that no transmission is observed from the wavelength of <450 nm
and <600 nm in the respective transmittance spectra, which implies that the light is completely
absorbed in these regions. The cut-off for strong light absorption occurs at different wavelength
for the two respective spectra i.e. at A=450 nm and A = 600nm for 95% and 81.7% hydrogen
dilution respectively. The blue shift in absorption with increased hydrogen dilution is related
to the domination by the quantum confinement effect on the optical properties of nc-Si:H
deposited at 95% hydrogen dilution [4.40]. The results from XRD and Raman has confirmed
the increased in crystalline volume fraction and enhanced crystallinity at high hydrogen
dilution. As the number of nanosized crystallites increase, the electronic density of state is

decreased and expected to reduce the absorption coefficient values of the material.

Beyond the cut-off for strong absorption i.e. at approximately A > 450 nm for 95% hydrogen
dilution and A > 600 nm for 81.7% hydrogen dilution, a gradual increase in transmittance is
observed. A very small portion of light is absorbed, and the film is almost transparent. The
absence of absorption in this region is attributed to the fact that photons have insufficient
energy to cause electronic transitions from the valence band to a higher energy state. The
transmittance for the respective films increases gradually to a maximum value of 0.8 and 0.6

respectively.
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Figure 4.10 and figure 4.11 present the measured and simulated specular reflectance spectra of
the two nanocrystalline thin films at 95% and 81.7% hydrogen dilutions respectively. When
the transmittance and reflectance spectra of the respective nanocrystalline thin films are
compared, a drop in both transmittance and specular component is observed. This is attributed
to the surface roughness. AFM has confirmed that the nanocrystalline thin film deposited at

81.7% has a higher (rms) roughness value which is agreeing with the observation.

E Measured (95% H-dilution) 0° E
0.9 4 |—— Simulated (95% H-dilution) 0° 7
1 Measured (95% H-dilution) 270°
Simulated (95% H-dilution) 270°

Reflectance (Abs)
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Figure 4.10: Measured and simulated specular reflectance spectra at 95% Hydrogen-dilution.
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Figure 4.11: Measured and simulated specular reflectance spectra at 81.7% Hydrogen —

dilution.

Another interesting feature is observed when the sample is rotated from 0° through to 360°,
ensuring that the incident beam is maintained at the same spot. The results (not shown) reveals
that the shape of both reflectance and transmittance spectra (i.e. measured at 90° and 180°) of
nanocrystalline thin film deposited at 81.7% appears distorted and the intensity decrease to a
level where it is difficult to perform the simulation. This behaviour is attributed to the
orientation of the crystallites with respect to the incident light. Thus, rotating the sample places
the crystallites at various positions relative to the incident beam. As a result, the incoming light
interacts differently with the material. Additionally, some of the orientations scatter or transmit
light more relative to the other and in some instances, the spectra appear to be distorted which
makes the fitting of the spectra difficult, more especially for the thicker sample. To avoid this
limitation, transmittance and reflectance spectra at “0°” and “270°” rotations were used for the

fitting to determine the optical constants.
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Contrary to the transmittance spectra, for high energies, where absorption is high the intensity
of the specular reflected light increases. Since light is scattered by particles that are smaller
than the light wavelength, the shorter wavelength is scattered much more than the longer
wavelengths, which result in an increased intensity of the reflectance. In fact, when the
reflectance spectra of nc-H:Si thin films are compared with the c-Si reflectance spectra, it can
be seen that nc-H:Si thin film deposited at 95% hydrogen dilution approximate the c-Si spectra
better that the nc-H:Si thin film deposited at 81.7% in this region confirming that nc-H:Si thin

film deposited at 95% is more crystalline.
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Figure 4.12: Comparison of measured specular reflectance spectra with c-Si.
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Figure 4.13: Comparison of measured specular reflectance spectra with c-Si.

4.14.2 DETERMINATION OF ABSORPTION COEFFICIENT

Light traveling in an absorbing medium is attenuated. The attenuation of the medium is related
to the absorption coefficient (o). A plot of absorption coefficient as a function of energy shows
high values in the high-energy region and low values as it approaches the low-energy region.
The spectral dependence of the absorption coefficients a(v) calculated from the transmittance

spectrum at “0°” and “270°” is depicted in Figure 4.14.
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Figure 4.14: Absorption coefficient curves obtained from transmittance spectrum of nc-Si:H

thin films deposited at 81.7% and 95% hydrogen dilution.

The absorption coefficient was determined directly where the photon energy is 2 eV which is
the useful range of the visible spectrum. This correspond to photons energy of wavelength at
620 nm. Table 4.2 present the determined absorption coefficient of the two nanocrystalline thin
film at different hydrogen dilution revealing that the absorption coefficient decreases with the
increase of the hydrogen dilution. The average absorption coefficient (0° and 270°) for
individual nanocrystalline thin films deposited at 81.7% and 95% hydrogen dilutions amounted
to 1.40 x 10* cm? and 1.36 x 10* cm™ respectively revealing that the light absorption of the
two nc-Si:H is comparable, and the absorption coefficient value is within the expected order of

magnitude i.e. ~ 10%,
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Table 4.2: Absorption coefficient determined from transmittance spectra at 0° and at 270°

sample rotations.

Hydrogen Spectrum 0° 270° Average Absorption
dilution (x10*cmty | (x10%cm?) | coefficient (x10*cm™)
95% T 1.34 1.37 1.36
81.7% T 1.38 1.42 1.40

As it has already been reported in chapter 3, surface roughness, the thickness and amorphous
volume fraction for nc-Si:H with hydrogen dilution 81.7% is relatively higher than nc-Si:H
with hydrogen dilution 95%. This may lead to more light being internally reflected and favour
the diffuse light scattering at the surface, all of which contribute to the increase in absorption

of the light.

4.14.3 DETERMINATION OF FILM THICKNESS

The reflectance spectrum was used to determine the thickness of the film. From the initial
fitting parameters, the program calculates the simulated R spectrum together with the
associated thickness and the optical constants over the specified energy range. The deviation
of the simulated spectra from the measured spectra results were in the ‘good’ to ‘excellent’
categories. The extracted thicknesses from the reflectance spectra at respective hydrogen

dilution is presented in table 4.3.
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Table 4.3: Determined thickness (hm) for the respective sample hydrogen dilution.

Hydrogen dilution (%) | Spectrum 0° 270° Average
95 R 460.3 453.2 456.8
81.7 R 19109 | 1905.4 1908.2

The determined thickness of nanocrystalline thin film deposited at 95% hydrogen dilution was
456.8 nm compared to 1905.4 nm determined at 81.7% hydrogen dilution. These results agree
with the absorption coefficient reported in section 4.11.2 which shows that thicker sample
exhibits stronger absorption. It is also observed that the optical thickness of nc-Si:H sample
with 95% hydrogen compares well with the physical thickness determined from SEM on the
silicon substrate i.e. 455 + 10 nm. However, this was not the case for sample deposited at
81.7% hydrogen dilution. A physical thickness of 1464 + 10 nm and a chemical thickness of
1550 nm was reported from SEM and TOF-SIMS respectively which is in the same order of
magnitude to the determined optical thickness. This observation may be attributed to variation
in surface roughness of the two films. It has been confirmed from AFM that surface roughness
on the nanocrystalline thin film deposited at 81.7% is relatively higher than nanocrystalline
thin film deposited at 95%. As a result, the incident light is diffusely reflected off the surface
in many directions and influencing the measured specular reflectance component and distorts

the spectrum compared to the other sample.
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4.14.4 DETERMINATION OF ENERGY BAND GAP AND REFRACTIVE
INDEX

The determination of energy band gap and refractive index was obtained from the specular
reflectance spectrum measurements. Detailed analysis was performed using the model
suggested by Wemple and Didomenico [4.29]. The value of dispersion parameters i.e. Ey, E;
and static refractive index n, were determined from the linear fitting parameters of the graphs
in figure 4.15. Summarized values of the dispersion parameters calculated from equation 4 are

depicted in table 4.4.
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Figure 4.15: Extrapolation of refractive index data obtained from specular reflectance

spectrum.
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Table 4.4: Calculated values of dispersion parameters and static refractive index.

Hydrogen dilution (%) | Orientation | Eo (eV) | Eo/2 (eV) Ed No Ave (no)
95 0° 3.87 1.94 31.89 3.04
3.07
95 270° 3.97 1.98 34.01 | 3.09
81.7 0° 3.71 1.86 27.78 2.92 2.92
81.7 270° 3.72 1.86 27.99 2.92

The obtained values of E, measured at 0° increases from 3.71 to 3.87 with increasing hydrogen
dilution and the values measured at 270° increases from 3.72 to 3.97 with the increase in
hydrogen dilution. As explained by Tanaka [4.43], the oscillator energy (E,) is an average

energy gap and to a good approximation, scales with the optical band gap (Ej) i.e. E, = 2E,.
The calculated values of band gap energy (E,) using this argument are given in table 4.6. The

approximated values calculated from the modelling of the spectra measured at 0° are 1.86 and
1.94 eV at 81.7% and 95% hydrogen dilutions respectively. The values obtained at 270° are

1.86 and 1.98 eV for 81.7% and 95% dilutions respectively.

Depending on the process parameters, the typical band gap values of a-Si:H are expected to lie
between 1.6 and 1.7 eV, whereas 1.1 eV is reported for crystalline silicon [4.44]. In the case of
hydrogenated nanocrystalline silicon which is a mixed phase of crystalline and amorphous the
band gap value lies normally at 2 eV or much higher. Nevertheless, the calculated energy gap
values are consistent with the predicted Tauc energy gap values for amorphous and
nanocrystalline material. These values confirm that the sample deposited at 95% hydrogen
dilution exhibit the optical properties of a nanocrystalline thin film. The bandgap > 1.7 eV for

sample deposited at 81.7% dilution indicates that the material is in transition to the
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nanocrystalline phase. Also shown in Table 4.4 is the average refractive index at different
hydrogen dilutions. Comparison of the two nc-Si:H shows that the refractive index ng increases
on average from 2.92 to 3.07 with the increase in the hydrogen dilution ratio. The refractive
index n(m) of a material is directly related to the density [4.45]. Theoretically, the light wave
bends more when travelling through the material with high density. Thus, dense material
exhibits relatively higher refractive index (no) values. The results obtained from XRD, Raman
and HRTEM analysis have already confirmed that the nc-Si:H deposited at 95% hydrogen
dilution has a high crystalline volume fraction, hence denser than the nc-Si-H deposited at
81.7%. The increased refractive index due to the increase in crystallite size and coalescence of
smaller nano-crystallites have also been reported in the work done by Arendse et.al [4.46]. The
low refractive index observed at nc-Si-H deposited at 81.7 % is due to the more disordered and

porous material.

415 CONCLUSION

The reflectance and transmittance spectra of the nc-SiH thin films has been successfully
measured using distinct double beam UV-VIS spectrophotometers. Through traceability, the
respective spectra could be compared and used in the modelling of the optical functions. This
was possible by using a traceable calibrated reflectance standard to perform the baseline
measurements of the instruments. The study has proven that the UV-VIS technique, could be
used as a fast and inexpensive method of characterising nc-Si:H thin films. Interference
patterns maybe used to predict the thickness of the sample. Fewer interference fringes indicate
a thin sample whilst more interference implies thicker sample. A prior attempt to use a virtual
film made up of 3 layers with varying features (i.e. voids, crystals, a-Si) could not allow

accurate fitting of the spectra. Thus, the accuracy of the fitting was improved by using 6 layers
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in the virtual film. The optical thickness of the nanocrystalline thin film deposited at 95%
hydrogen dilution (457 nm) corresponds well with SEM (455 nm) and HRTEM (466 nm).
However, the optical thickness for nanocrystalline thin film deposited at 81.7 % (1908 nm) is
higher than that predicted in chapter 3. Although the thickness is in the same order of
magnitude, it is slightly higher than what is predicted by SEM (1461 nm), HRTEM (1467 nm)
and TOF-SIMS (1450nm). Surface roughness and the non-uniformities at the sampling area
distorting the spectra were attributed to be the cause this observation. The evolving structural
features due to the variation in hydrogen dilution influences the optical properties of the
nanocrystalline thin film material. The transmittance spectra reveal a blue shift of absorption
edge with increasing hydrogen dilution. This shift was attributed to the quantum confinement
effects. The increased number of nanosized crystallites with hydrogen dilution which lead to

guantum confinement effect was confirmed by Raman spectroscopy and XRD results.

Specular reflectance spectrum shows an increased reflectance intensity at high photon energies
and the effect is more with hydrogen dilution confirming that nanocrystalline thin film
deposited at 95% has more crystalline components. The absorption coefficient decreases with
the increase in hydrogen dilution confirming that nanocrystalline deposited at 81.7 % hydrogen
dilution is relatively amorphous. The static refractive index no increases with hydrogen
dilution, revealing that 95% has a high crystalline volume fraction as confirmed by the results
from XRD, Raman and HRTEM and denser relative to the 81.7% hydrogen dilution sample.
The density of material affects the refractive index. The determined energy gap value confirms
that 81.7% is amorphous and 95% is nanocrystalline. These values are consistent with the
predicted Tauc values. The nano-sized crystallites lead to the widening of the band gap at the

beginning growth stages of the film due to the quantum confinement effect.
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CHAPTER 5

A SUMMARY

The modelling of the nc-Si:H transmittance and reflectance spectra was successfully achieved
by using SCOUT® software. This work extends the built-in capabilities of the Scout® software
such that material description in the software program correlates more clearly with the actual
physical material under investigation. The relationship between the nano-structural and the
chemical, electronic and optical properties of an nc-Si:H thin film synthesised by hot-wire
CVD was investigated. Secondary ion mass spectrometry depth profiling was used to track the
presence of porosity and the incubation layer. HRTEM analysis reveals a film with porosity
that decrease in extent moving from the incubation layer to the film surface. The nanocrystals
formed within micron-sized crystalline cone regions and their size increased moving along the
growth direction. The electronic structure of the nc-Si:H varies along the growth direction of
the film and was influenced by the crystallinity, porosity and the chemical composition (H- and
O-content). An optical model was developed based on the nano-structural and chemical

properties of the nc-Si:H film to extract an optical thickness based on UV-Vis measurements.

Analysis of optical thickness for the nanocrystalline thin film deposited at 95% hydrogen
dilution correspond well with the physical and chemical thickness obtained from SEM and
HRTEM respectively. However, the optical thickness derived from nanocrystalline thin film
deposited at 81.7% nanocrystalline thin film agrees to an order of magnitude to the thickness
determined from TOF-SIMS, SEM and HRTEM, but was not as closely in agreement compared

to the 95% dilution sample. This was attributed to surface roughness and non-uniformity on
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the area where the thin film sample was obtained. The optical band gap agrees with the
theoretical Tauc band gap revealing that thin film deposited at 95% hydrogen dilution is more
nanocrystalline. The refractive index increases with the hydrogen dilution revealing increased
density of the material with hydrogen dilution. The light scattering due to a rough surface and
bulk inhomogeneity is of crucial importance for solar cell thin films. Scattering effects leads to
an improved absorption of light. In this study, it has been shown that complex nanostructured
materials such as nc-Si:H can be accurately characterised by considering a combination of
techniques probing the material from the atomic to the micron scale. The careful correlation
between independent techniques provides a better understanding of the growth and properties
of the nanomaterial. This shows that there is yet opportunity to improve on the analysis of well-

established research materials.

Suggested further work is the determination of (rms) roughness and Haze factor from the
reflectance spectra using scalar scattering theory suggested by Bennet and Porteus [5.1]. This
approach requires accurate determination of beam’s angle of incident. The possibility of using
reflectance spectra to determine the (rms) roughness value of the nc-Si:H thin film could be
validated by AFM. The determined (rms) roughness may also be used to correlate surface
features such as crystallinity and density as obtained from XRD and Raman spectroscopy. On
the other hand, haze meter for measuring haze factor of nc-Si:H thin film need to be considered

as this could provide a solution for rapid determination of (rms) roughness.
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