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We develop a method for interpolating the optical properties of
silicon nitride formed with different deposition parameters.
Published refractive index measurements for eight silicon
nitride films formed by in-line microwave plasma-enhanced
chemical-vapour deposition with a range of ammonia to silane
gas-flow ratios are modelled and interpolated. The
measurements are fitted by a physical model for the optical
properties of silicon nitride. The model considers 16 different
silicon-centred, silicon, nitrogen, hydrogen tetrahedron bond
configurations in an effective medium with vacuum. An
average root mean squared error (RMSE) of 0.36, was
calculated when using the physical model, which is high when

compared to a simple semi-physical model which achieves an
average RMSE of 0.06. The semi-physical model is similar to
the tetrahedron model. However, the scale and shifts variables
are used as fit parameters compared to being calculated for a
physical tetrahedron configuration. The poor fitting of the
tetrahedron model empirically suggests that additional bond
arrangements need be considered, in particular tetrahedra with
vacant bonds. Our global interpolation over the optical
properties measured for multiple films mitigates measurement
and modelling error. It leads to a smooth optical function with
changing gas ratio which aides in optimisation of multi-layer
and graded anti-reflection coatings.
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1 Introduction Silicon nitride (SiNx) is a typical anti-
reflection coating (ARC) on silicon solar cells. The
extensive use of SiNx as an ARC are due to its optical
properties and its passivating effects on silicon surfaces and
bulk defects [1–4]. The impact of SiNx on crystalline silicon
(c-Si) varies significantly with composition and deposition
method [5]. SiNx deposited by plasma-enhanced chemical-
vapour deposition (PECVD) is an amorphous material,
with tuneable refractive index N and dielectric constant
e ðe ¼ NÞ adjusted by altering the SiNx composition [5–9].
The real component of the N at wavelength l at 633 nm
n633 nm can be readily varied continuously from 1.8 to 3.2 by
altering the deposition conditions [5, 7, 8]. Characterisation
of such a variable material poses significant challenges
when producing c-Si solar cells and microelectronic
devices.

We investigate methods for modelling and interpolating
the optical properties of SiNx deposited by in-line micro-
wave PECVD. We model the optical data from Duttagupta
et al. [7], reproduced in Fig. 1, hereafter referred to as the
target optical data. The N of the target optical data was
varied by altering the deposition gas-flow ratios—the ratio

of the flow rate of ammonia to silane (NH3:SiH4) deposition
gasses, varying the composition of reactants for film
formation.

The target optical data is representative of films used in
the production of c-Si solar cells and is used by the solar cell
modelling software OPAL2 [10]. Practical interpolation of
the target optical data enables the optimisation of both film
thickness and refractive index. We note that the modelling
and interpolation process can be applied to other data
sets [5, 9, 11].

In this paper, we

(i) Propose a variant on an established optical model of
SiNx films [12–14]. Our modelling performs as well as
the commonly used Tauc–Lorentz (TL) model [15, 16]
achieving equivalent root mean square error (RMSE).
Further, the fitting of the target optical data with our
model requires three fit parameters compared to five for
the TL model.

(ii) Use our SiNx optical model to interpolate the target
optical data by performing regressions of the model
parameters, giving a smooth function for N which
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depends on wavelength l and flow ratio, within the
ranges of that used to generate the target optical data.

(iii) Use the optical model to demonstrate the impact of
flow ratio and film thickness tarc on current generated in
a c-Si solar cell in air and encapsulated in ethylene-
vinyl acetate (EVA) and glass. The optimums for
n633 nm are 1.90 and 2.18 and tarc are 79.4 and 70.4 nm
for cells in air and encapsulated, respectively.

We compare two approaches for modelling the target
optical data. The first, a physical model based on the
optical properties of silicon-centred tetrahedra [12–14, 17].
Referred to as the complete-tetrahedron model. The
complete-tetrahedron model combines the dielectric func-
tion for 16 Si, N and H tetrahedron bonding configurations
(SixNyHz). The second is a semi-physical model, which is
similar to the complete-tetrahedron model. The semi-
physical model, referred to as the simple-tetrahedron model,
shifts and scales the dielectric function of amorphous silicon
(a-Si) in combination with the dielectric function of low-
pressure CVD-deposited stoichiometric silicon nitride
Si3N4.

We make two observations:

(i) The complete-tetrahedron model cannot accurately
model the target optical data for films with an n633 nm
greater than 2.15. Fitting the high-index measurements
results in an RMSE that is 3–10 times larger than the TL
model.

(ii) The simple-tetrahedron model provides a good fit to the
target data, with an average RMSE (RMSEg¼ 0.06)
equivalent to the TL model (RMSEg¼ 0.07).

Importantly, the simple-tetrahedron model affords
excellent fits to a range of SiNx films. When modelling a
series of measurements, such as the target optical data, it
provides a practical method for predicting the optical
properties of films with intermediate composition, discussed
further below and exhibited in Fig. 4.

The outline of this paper is as follows. First, method-
ology for modelling the target optical data. Second, results
of the fitting both the complete- and the simple-tetrahedron
model to the target optical data. Third, discussion of the
implications for tetrahedra modelling of SiNx composition
layers and concluding statements on the paper are made.

2 Method and calculation In this section, we
describe the methods for the modelling the N of SiNx

target data. The complex dielectric function of a material e is
equivalent to the square of the N

�
e ¼ �

N
2
; where

�
e ¼ e1 þ ie2 and

�
N ¼ nþ ik: ð1Þ

We employ the root-mean-squared error, defined for the
jth measurement of the target data

RMSEj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XP
i¼1

etargetðlðiÞÞ � emodelðlðiÞÞ
� �2

P

vuuuut ð2Þ

which represents the effectiveness of the modelling
technique. In this case et⁢arget is the discrete measured data
and is given at P discrete wavelengths, emodel is the model’s
predicted dielectric function, evaluated at the same l. To
assess the accuracy of the modelling technique to fit the

Figure 1 Modelled and measured n and k
plotted versus l for SiNx films with varying
flow ratios. We depict the target optical data by
theþmarkers from Ref. [7]. Overlaid on the
target optical data are the fits of the complete-
tetrahedron model (plots (a) and (c)) and the
simple-tetrahedron model (plots (b) and (d)).
Both fits are represented by the solid lines.
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target data the average RMSEj is taken, giving the global
RMSEg denoted by the subscript g.

Spectroscopic ellipsometry (SE) measurements of thin-
SiNx films on silicon formed by the in-line microwave
PECVD, generated the target optical data. SE measures the
ratio of the reflected s and p polarizations as a function of l

r lð Þ ¼ rp lð Þ
rs lð Þ ¼ tan C lð Þð ÞeiD lð Þ ð3Þ

where the C and D response were replicated by modelling
the physical system. Typically the fitting of C and D is
achieved by performing transfer-matrix-method calcula-
tions [18] for an optical stack with a generalised material
represented by the TL optical model atop of silicon. As
described by Jellison andModine [15, 16], the TLmodel has
five fit parameters in order to replicate the C(l) and D(l)
responses. The TL model combines the Tauc absorption
expression for energies above the bandgap [19]. With the
Lorentz model of absorption that represents non-interacting
atoms with electron electromagnetic wave interaction [20].
The combination of these models gives a four parameter
expression for e2. In this case Kramers–Kronig (KK)
integration [21] is applied to e2 yielding e1, with an
additional parameter e1 (1). The expressions for e1 and e2
by the TL model are in Refs. [15, 16].

We refit the TL model n and k to the target optical
data [7], to ascertain the minimum attainable error. If we
employ the same fitting algorithm and initial conditions, the
RMSE should be zero. We replicate the target optical data
with little error (RMSE¼ 0.07). Discretisation is equivalent
to a 0.01 RMSE contribution we assume differences in the
modelling procedure including the initial conditions, which
the authors did not report [7], are responsible for the
remainder of the error.

2.1 The complete-tetrahedron model The
dielectric function of 16 silicon-centred tetrahedra were
combined to fit the target optical data with a physical-
material model [12, 13]. To merge the impact of multiple
species of tetrahedron on the optical properties of SiNx

Bruggemann EMA [22] is applied which infers

XM
m¼1

vm
em � e

em þ 2e
¼ 0 ð4Þ

where em is the dielectric function and vm is the total fraction
of the mth tetrahedron, respectively. The total fraction sums
to 1:

XM
m¼1

vm ¼ 1: ð5Þ

The dielectric function of distinct tetrahedra is not
measurable, as it is impractical to fabricate homogeneous
material of individual tetrahedra. The exceptions are the

materials a-Si and Si3N4 [14]. Aspenes and Theeten
developed a method to estimate tetrahedra bond config-
uration. The process scales and shifts the dielectric function
of the measurable reference materials a-Si and Si3N4 [14].
Aspenes and Theeten describe the tetrahedra dielectric
function as

�
emðEÞ ¼ 1þ c1; mð �

erefðc2; mÞ � 1Þ ð6Þ

where c1 and c2 are the scale and shift parameters. In this
work we use c1 and c2 calculated by Yin and Smith for the
physical tetrahedra arrangements listed in Table 1 [12, 13].
Table 1 summarises the tetrahedron, scaling parameters and
reference dielectric measurements, measured by Phillipp
[23, 24], used to model the optical data in Fig. 1.

In order to generate
�
emodel Eq. (4) was solved using the

�
em from Eq. (6) for the 16 bonding configurations listed
in Table 1, with the inclusion of voids with the dielectric
function

�
evoid ¼ 1þ 0i for all l, at a fraction vi in

accordance with Eq. (5). The fraction of each bonding
components vi were used as free parameters to model the
target optical data. To fit the data both non-linear least
squares and genetic algorithms where employed in MatLab
to best fit the data.

2.2 The simple-tetrahedron model A simple
shifting and scaling model is developed analogous to
Aspenes and Theeten [14], where they demonstrated that the
�
e of amorphous silicon a-Si could be used to predict the

�
e

of Si3N4 using Eq. (6) with the scaling factors c1¼ 0.32
and c2¼ 0.37. The

�
e of a-Si and Si3N4 was measured by

Philipp [23, 24]. Instead of computing c1 and c2 based on
the physical properties of tetrahedral configurations, we
use them as fit parameters. We use c1 and c2 to shift and
scale eref(taken to be a-Si), giving e by Eq. (6). We further

Table 1 List of the tetrahedron scaling parameters and reference
dielectric function taken from Tables 1, 2 and 3 of Ref. [13]. We
list the n633 nm calculated from Eq. (6).

tetrahedron c1 c2
�
eref n633 nm

Si-Si4 1 1 a-Si 4.26
Si-Si3N 0.824 0.832 a-Si 4.14
Si-Si2N2 0.610 0.671 a-Si 3.13
Si-SiN3 0.413 0.523 a-Si 1.30
Si-N4 0.257 0.395 a-Si 0.70
Si-N4 1 1 Si3N4 2.02
Si-N3(NH) 0.846 0.949 Si3N4 1.91
Si-N2(NH)2 0.745 0.912 Si3N4 1.84
Si-N1(NH)3 0.677 0.886 Si3N4 1.79
Si-(NH)4 0.630 0.867 Si3N4 1.75
Si-HN(HN)2 0.826 0.912 Si3N4 1.89
Si-HN2(HN) 0.908 0.926 Si3N4 1.95
Si-Si(HN)3 1.171 1.196 Si3N4 2.13
Si-SiN(HN)2 1.274 1.227 Si3N4 2.20
Si-SiN2(HN) 1.428 1.271 Si3N4 2.30
Si-Si2N2 2.539 1.714 Si3N4 2.92
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assume the material as an effective medium of two
components, fraction v1 arises from the scaled and shifted e
of a-Si, the second component f Si3N4

¼ 1� v1 is Si3N4. To
minimise RMSEj, c1, c2 and f Si3N4

are varied for each of
the target optical data measurements. Both non-linear least
squares and genetic algorithms were employed to fit the data.

3 Results We plot the results of fitting the complete-
and simple-tetrahedron models to the target optical data in
Fig. 1a and c and Fig. 1b and d, respectively. The solid lines
depict the modelled n and k, and theþ coloured markers
depict the target optical data.

The complete-tetrahedron model fits the low refractive
index films (n633nm� 2.15) well with RMSE< 0.1. When
observing the complete-tetrahedra data compared to target
optical data we see the tetrahedra determined by Yin and
Smith do not provide a good fit. There are significant
discrepancies in k for l> 500 nm, and in n for l< 500 nm
for the high-index material (n633 nm> 2.15). The simple-
tetrahedron model provides a good fit to the target optical
data RMSEg¼ 0.06 compared to RMSEg¼ 0.07 for the TL
model, fitting all eight measurements well replicating both
the n and k.

To quantitatively compare the fits, Fig. 2 plots the
RMSE as a function of n633 nm, scaled to the deposition flow
ratio, for the associated fitted data for each modelling
method. Included is the fit of the TL model—an indication
of the lowest expected error. Both the fitting of the complete
and simple models perform well for low-index films
(n633 nm� 2.15). However, we see the complete-tetrahedron

model does not sufficiently capture the physics of the
dielectric constants of high-index materials as is indicated
by Fig. 1 plot c. Finally, we summarise the RMSEg for all
approaches in Table 2 along with the number parameters per
fit and the total parameters for all eight fits to the target
optical data. Included in Table 2 are the entries for the
regression of the simple-tetrahedron model which we detail
in the discussion.

The simple-tetrahedron model shows a good fit to the
target optical data, reproducing the data modelled by the TL
and demonstrating the three-parameter model can model a
range of SiNx films. To aid in the interpolation of target
optical data, we plot the fitted parameters c1, c2 and f Si3N4

versus n633 nm of the target optical data scaled to the flow
ratio in Fig. 3. The trends in the parameters are fitted well by
a decaying exponential and two regression lines, respec-
tively. Where the seven regressions parameters—four for
both the linear regressions and three for the exponential
decay regression—can represent an optical model that
interpolates all of the optical data. The RMSEg is included
in Table 2, it is considerably higher than the simple-
tetrahedron model, but better than the complete-tetrahedron
model.

To demonstrate the interpolation of the simple-
tetrahedron model, we predict the optical properties of
films with intermediate composition, which can routinely be
generated by altering the gas flows of ammonia and silane.
A contour plot of the optical properties is given in Fig. 4 as a
function of n633 nm and scaled to the reported flow ratio.
The surface was produced by utilising the regressions of
the data in Fig. 3 evaluated at l from 200–1200 nm, relevant
to silicon solar cells.

4 Discussion and conclusion In this study, we find
the complete-tetrahedron model does not match the target
optical data. As the complete-tetrahedral model considers
the bonding configuration determined by Yin and Smith [12,
13]. We suggest the discrepancy is due to the presence
of hydrogenated silicon nitride tetrahedra not previously
considered or indeed tetrahedra with a vacancy. Studies

Figure 2 RMSE as a function of n633nm for model fits to the
target optical data. The error was computed by Eq. (1) for four
methods: the simple- and complete-tetrahedron models, the
regression of the simple-tetrahedron model and the fit of the TL
model.

Table 2 Summary of the average RMSE for the fits of the simple-
and complete-tetrahedron models to the target optical data. Also,
included is the regression fit of the simple-tetrahedron model
described in the discussion. For comparison, the TL fit is include
giving an indication of the minimum error. We list the number of
parameters for each method for both the individual fit, and the total
number of parameters to describe the modelling of all eight
measurements of the target optical data.

parameters

fitting method per fit total RMSEg

complete-tetrahedra 16 134 0.36
simple-tetrahedra 3 48 0.06
simple-tetra. regres. n/a 7 0.12
TL refit. 5 80 0.07
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have shown that vacancies in SiNx create K-centres [25, 26]
—a defect that can have its charge state altered. Charge
modification of K-centres is an effect exploited in the
fabrication of solid-state memory [27] and the passivation of
solar cells [28]. The scaling of the optical properties of a-Si
can achieve excellent fits to the target optical data where c1
and c2 are varied freely, exhibited by the simple-tetrahedron
model. While our fitting results are not proof that additional
tetrahedra dominate the optical properties of silicon-rich
films, they empirically suggest that the tetrahedra modelling
could be extended.

The simple-tetrahedron model was fitted to all eight
optical measurements. By performing a regression of the
three model parameters, as seen in Fig. 3, we create an
optical model for SiNx that globally interpolates all of the
films. The surfaces in Fig. 4a and b have a smoothing effect
on the optical parameters, compared to the piecewise linear
interpolations that were implemented by Nagel et al. in
their optimisation directly of the

�
N data [9]. Assuming

the optical properties of SiNx vary continuously with
varying stoichiometry, as is the case with the Bruggemann
EMA [22]. The smoothing from the regression mitigates
errors in the individual optical measurements and fits. Hence
a global fit to multiple films of varied stoichiometry may
better reflect the underlying impact of the physical changes
in the films on the optics. Confirmation of this assertion
requires detailed study.

Nevertheless, the smooth optical function is useful for
optimisation, for ARC, stack ARC and indeed graded
ARC [29, 30]. Indeed if using the parameters appended in

Table 3, following the procedure outlined in Ref. [10]
for determination of Jgen. The calculations accounted
for planar cells in air and encapsulated in 3.2mm glass a
400mmof EVA.We observed the clear optimums in Jgen for
n633 nm of 1.90 and 2.18 with thicknesses of 79.4 and
70.4 nm, for a cell in air and EVA and glass, respectively.
The calculated optimums of 36.5 and 34.9mA/cm2 are
similar to those calculated by Nagel et al. [9]. These
calculations employed the optical model represented in
Fig. 4, computed from the regression of the fit parameters
in Fig. 3.

Figure 4 Refractive index contour plots for SiNx generated by
globally fitting the optical properties of SiNx films produced by
Duttaguptta et al. [7], formed by using the regressions to the
parameters in Fig. 3.

Figure 3 Plot of the simple-tetrahedron model’s parameters
resulting from non-linear optimisation to the target optical data.
The lines are regressions, linear for c2 and f Si3N4

, and a single-
order exponential decay for c1. The regression parameters are
used to generate the surface in Fig. 4.
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In conclusion, we have developed and tested a method
for fitting the optical properties of varied composition SiNx

films and compared it to the tetrahedron and TL optical
models. The simple-tetrahedron model has one-quarter of
the RMSE of the tetrahedron physical model and
comparable error to a free TL model for the target optical
data. We suggest this modelling technique, or variants of it
are applied to other SiNx data sets. Ultimately improved
modelling of SiNx optics, formed via a range of deposition
methods, will lead to an enhanced understanding of the
materials and device optimisation, including the develop-
ment of graded and multi-layer ARC.
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