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Abstract: This paper presents a study of optical properties of two series of PECVD deposited
planar a-Si:H/a-SiNy:H multilayers that are differently arranged. The first series design is
symmetric consisting of samples with equidistant a-Si:H and a-SiNy:H sublayers of increasing
thickness. In the second asymmetric series the thickness of a-SiNy:H sublayers remains
constant and the thickness of a-Si:H sublayers changes to represent materials with changing
a-Si:H/a-SiNy:H content ratio. From transmittance measurements refractive indices, absorption
coefficients and optical band gaps were extracted and compared. The importance of the knowledge
of wavelength-dependent refractive indices and absorption coefficients was demonstrated in the
calculations of the absorptance under the Yablonovitch limit and of total relative absorbed solar
energy. The total absorbed solar energy was commented with respect to a specific multilayer
design.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon/silicon nitride and silicon oxide/silicon nitride stacks are generally agreed to provide a
successful optical platform for high index wide band gap photonics used in LEDs, dielectric
Bragg reflectors (DBR), multiplexers, optical filters, optical sensors, grating couplers, solar cells
etc. [1-6]. Complex systems of solar cells with amorphous, polycrystalline or nanoparticles
embedded multilayer structure have been investigated for their ability to control light transmission
and reflection [7-9]. Multilayers composed from amorphous hydrogenated silicon (a-Si:H) and
amorphous hydrogenated silicon nitride (a-SiNy:H) belong to a wide family of silicon based
representatives with variety of photonics applications [10]. Among them all silicon stacked
solar cells with a multilayer as a solar absorber in which a less strongly absorbing material
is accompanied with a stronger absorber [9,11] or surface passivating structures [12] must be
mentioned. This concept enables engineering and optimization of optical properties of the whole
structure, mainly the spectral absorption response, the band gap and the refractive index.

The knowledge of the refractive index of a solar cell absorber is important for the consideration
of the optical path length, the enhancement of which is important for increasing the absorption of
light. Particular progress in this enhancement can be achieved by light trapping structures with
different degrees of randomness or order [ 13—15]. However for such light-trapping schemes there
is an upper limit to increase the optical path length and the absorption known as the Yablonovitch
limit referred to as 4n” (where n is the refractive index) expressing the maximum increase of the
optical path length [16,17]. Although this expression is generally valid for a specific geometry,
it is widely accepted as an appropriate benchmark to compare various solar cell materials and
concepts.
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SiNy is considered a high refractive index (still lower than a-Si:H) and high band gap material
[18-20]. Optical properties, namely refractive indices and optical band gaps are expected to
be engineered when low band gap a-Si:H as a well layer is accompanied with high band gap
a-SiNy:H as a barrier layer in a multilayer structure.

Here we present a study of optical properties of planar intrinsic a-Si:H/a-SiNy:H multilayers
that differ by the thickness of sublayers and by the multilayer design. Two thickness series of
multilayers deposited by two PECVD deposition systems and by slightly different deposition
conditions were available. The main purpose was to investigate optical properties of multilayers
within one series, and to identify possible correlations with the second series. As multilayers of
this kind can play the role of an absorber in a-Si:H solar cells or due to a different optical band gap
the role of a corresponding cell in a tandem cell structure, the overall multilayer thickness should
correspond to a typical thickness of intrinsic a-Si:H in p-i-n thin film solar cells (300-500 nm).
Refractive indices and absorption coefficients were extracted from transmittance measurements,
compared and used for the calculations of the absorptance under the Yablonovitch limit of total
relative absorbed solar energy.

2. Experiment

Two series of differently arranged intrinsic a-Si:H/a-SiNy:H multilayer (ML) structures were
analyzed and compared (Fig. 1). Both series were designed with a specific sublayer thickness
anticipated by the adjustment of the deposition times. The first series labeled as SYM consists of
samples with periodic equal-thickness alternation of a-Si:H and a-SiNy:H, i.e. of symmetric
(equal thickness) bilayers of a-Si:H/ a-SiNy:H. In the second series labeled as ASYM periodically
alternating a-Si:H and a-SiNy:H sublayers are of unequal thickness, i.e. they are composed of
asymmetric (unequal thickness) bilayers of a-Si:H/ a-SiNy:H. The number of bilayers differs
in individual members of the series so that the total thickness is comparable with conventional
thicknesses of a-Si:H single thin film solar absorbers. Therefore the thickness of several
nanometers was selected as the minimal thickness of individual a-Si:H sublayers and the rest of
the series have some additive thicknesses.

S 4—aSiH

s —

«4—— substrate ——p

Fig. 1. Schematics of SYM (left) and ASYM multilayer structures (right).

Symmetric (SYM) multilayers composed of equidistant sublayers were deposited on quartz
substrates by a capacitively coupled rf (13.56 MHz, 40 W) plasma-enhanced chemical vapor
(PECVD) SAMCO 220 N parallel planar deposition system using SiH, (10% diluted in Ar)
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and N, as precursor gases. Working pressure was of 67 Pa and substrate temperature of 250°C.
By changing the gas flow ratio R = N,/SiH4 and plasma interruption, SYM multilayer structure
of alternating layers of a-Si:H (deposited from pure SiH4 at R =0) and a-SiNyx:H (R =120)
was deposited. The deposition was performed at the University of West Bohemia, Czech
Republic, as a part of an extended study of as-deposited and annealed ML series. The deposited
a-SiNy:H sublayers were non-stoichiometric with slight Si excess content. The stoichiometric
ratio x = [N]/[Si] = 0.9 was determined from the refractive index ~ 1.92 [21] of an a-Si:N,:H
thin film deposited under identical deposition conditions and under the gas flow ratio (R = 120)
and by the empiric formula [22] .

To deposit the sublayers of different thickness, different deposition times were used [23]. SYM
ML structures denoted as SYMS, SYM 10, SYM 15 and SYM20 were composed of alternating
uniformly thick (5, 10, 15 or 20nm) sublayers of a-SiNy:H and a-Si:H followed by a final
a-SiN:H capping sublayer. No post-deposition treatment was applied.

The overall thickness was designed to be approximately constant for different ML samples. The
final SYM structure was further considered as one effective monolayer. To avoid the thickness
effect of this effective monolayer, the total ML thickness of all four structures was approximately
the same with estimated total a-Si:H thickness of ~ 300 nm. Therefore the number of sublayers
must differ (Table 1). The total thickness ratio of a-Si:H/a-SiNy:H remains unchanged. According
to TEM cross-sectional images (Fig. 2), the achieved sublayer thickness was due to PECVD
deposition aspects reduced in comparison with expected (the 2"¢ column, Table 1). Then the
thickness of final ML structures determined by KLLA-Tencor P-6 Surface Profiler is less than
anticipated (Table 1).

Fig. 2. Dark field (left) and bright filed (right) TEM cross-sectional images of SYMI15
sample.

Table 1. Characterization of SYM samples, total thickness by UV Vis is the value from fitting the
transmittance spectrum (Section 3.1).

a-Si:H layer Total number of Total thickness by Total thickness by
Sample thickness (nm) sublayers profiler (nm) UV Vis (nm)
SYMS5 5 121 521 512
SYM10 10 61 520 486
SYMI5 15 41 520 516
SYM20 20 31 534 518

Asymmetric multilayers (ASYM) were deposited on Corning Eagle 2000 glass from
SiH4+NHj3 gas mixture in a capacitively coupled rf deposition system at TU Delft, the Netherlands
[L1]. Sublayers of a-SiNy:H were deposited using 80% NH3 in the total gas mixture. The films
were deposited at an tf power density of 34 mW/cm?, an inter-electrode distance of 14 mm, a
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deposition pressure of 80 Pa and a substrate temperature of 235°C. ML structures were fabricated
by alternating deposition of a-Si:H well and non-stoichiometric a-SiNy:H barrier layers (x = 1
[11]). ML structures were grown in a continuous manner, i.e. the plasma was not switched off in
between the deposition of subsequent sublayers. Individual a-Si:H sublayer thicknesses varied
between 1 and 25 nm. In this way the average composition of the different ML samples and
the number of interfaces do not remain the same. ASYM notification in Table 2 contains the
number that is the rounded thickness of a-Si:H sublayer in the ML structure. No post-deposition
treatment was applied, too. A similar conclusion as in case of SYM series related to the reduced
overall ML thickness in comparison with expected is valid, too.

Table 2. Characterization of ASYM samples, total anticipated thickness was calculated from the
number of a-Si:H and a-SiNy:H sublayers and their anticipated thickness (columns 4, 6), total
thickness by UV Vis is the value from fitting the transmittance spectrum (Section 3.1).

Total thickness by UV a-SiNy:H/a-Si:H
Vis/total anticipated Total # of a-Si:H layer # of a-Si:H a-SiNx:H total thickness
Sample thickness (nm) sublayers thickness (nm) layers thickness (nm) ratio
ASYMI1 438/351 137 1.3 68 3.8 2.90
ASYM3 402/349 101 3.1 50 3.8 1.05
ASYMS 359/341 75 5.3 37 3.8 0.73
ASYMI10 323/323 47 10.1 23 3.8 0.39
ASYM25 335/317 23 24.7 11 3.8 0.17

Transmission electron microscopy (TEM) investigations were performed on Jeol JEM 2200FS
for SYM samples. Some internal undulation can be seen in TEM image of SYM15 sample (Fig. 2).
No transition layers were detected in SYM samples by TEM, XRD and AES measurements.
According to TEM studies of ASYM multilayers, transition layers of ~ 1 nm can be expected
[11].

The microstructure of SYM samples deposited on c-Si and ASYM samples on Corning glass
was studied by X-ray diffraction analysis (XRD) using an automatic powder diffractometer X’ Pert
Pro with the thin film configuration (fixed and small incident angle, asymmetric geometry) and
ultra-fast semiconductor detector PixelPIXcel and CuKa characteristic radiation (1 =0.154 nm).
Broad XRD patterns confirm the amorphous structure of all samples of both series (Fig. 3) in the
contrary of c-Si pattern of the substrate (left).

The optical transmittance at nearly normal incidence was recorded by UV-VIS spectrophotome-
ter Specord 210 in the range of 190 — 1100 nm with blank air reference channel. Recorded spectra
are in Fig. 4. For the comparison the transmittance of a single a-Si:H thin film of the comparable
thickness ~ 400 nm deposited under the same conditions as SYM samples is included in Fig. 4
(left) [24] and the one of the thickness ~ 300 nm deposited comparably as ASYM samples (right)
[25]. Apparently there is a shift of the absorption onset at the wavelengths of ~ 400-500 nm.
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Fig. 3. XRD patterns of SYM samples (left) recorded on the identical samples deposited
on c-Si substrate and ASYM samples (right) on Corning glass substrate. Sharp lines (left)
correspond to Laue peaks stemming from the substrate and coincide with XRD pattern of
c-Si.
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Fig. 4. Optical transmittances of SYM (left) and ASYM (right) samples. For the comparison

the transmittance of a single a-Si:H thin films deposited at R =0 (~ 400 nm left [22])) and
(~ 300 nm right [23] included (short dot).
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3. Optical properties

3.1. Theoretical background

Reflection and transmission of light from a ML structure bound on either side by semi-infinite
substrate is usually calculated by transfer matrix or transmission line methods. However in
subwavelength structures where the thicknesses of individual sublayers are much smaller than
the wavelength of light, it is generally agreed that a normally directed light wave interacts with
the multilayer as a whole. Then the structure can be seen as homogeneous characterized by
effective parameters [26-28]. Therefore our model was based on the consideration of a ML as a
homogeneous slab with parallel interfaces and effective optical properties. This approach enables
neglecting the surface and interface internal imperfections if they are much smaller than the total
ML thickness.

Due to weak absorption of light above the absorption edge at the wavelengths > 500 nm
apparent interference fringes are present in spectra (Fig. 4). As their wavelength position, spacing
and transmittance depend on optical properties of the effective thin film and the film thickness,
transmittance spectra differ. Due to the dispersion, i.e. the dependence of the refractive index
and the extinction coefficient on the wavelength, interference extrema are not equidistant. The
transmittance in interference maxima (positive interference) increases as the absorption of the
thin film material decreases. If the thickness of all ML samples within one series is comparable,
the differences in transmittance spectra of the individual samples are caused by different optical
properties. The change of optical properties is mainly due to the varying amount of a-Si:H and
a-SiNy:H constituents in the final effective slab.

The optical transmittance of a homogeneous thin film with parallel interfaces deposited on
a thick substrate is a nonlinear function of the wavelength, the film thickness and the complex
refractive index N =n + ik of the film and the substrate (the refractive index n and the extinction
coefficient k) [29]. We extracted the wavelength-dependent 7, k from measured transmittance
spectra in Fig. 4 using a global optimization procedure. The optimization was based on genetic
algorithm under considering the ML structure as one effective thin film. The optimization
procedure minimized differences between the experimental and theoretical transmittance in the
broad spectral region including the region in the vicinity of the absorption edge. The theoretical
transmittance was calculated using the theory in [29] and the Tauc-Lorentz dispersion model for
the dependence of n, k on the wavelength [30]. As the transmittance depends also on the total ML
thickness, this value belongs to optimization procedure parameters that can be determined from
fitting the transmittance spectrum (Table 1, Table 2). In Fig. 5 there is comparison of experimental
and theoretical curves of two multilayers as an example. The differences in interference maxima
in the vicinity of ~ 800 nm probably stem from neglecting the surface and interface roughness in
the theoretical model.

3.2.  Absorption coefficients and optical band gaps

Figure 6 shows the absorption coefficients a related to k and the wavelength A as a =4mk/2A
depicted versus the photon energy. High absorption coefficients (> 10° cm™") are achieved at
photon energies > 2.8 eV (1 < 450 nm) for both series of multilayers. Still it is obvious that the
slopes of the characteristics differ what means differences in optical band gaps. The differences
of the absorption coeflicients of ASYM structures at photon energies < 2eV are obviously more
pronounced than those of SYM structures.

As a result of the partial disorder in amorphous a-Si:H and a-SiNy:H, the band edges are
extended and the tail states play important role in optical and electronic properties. Therefore it
is quite puzzling to determine optical bandgaps E;f” " from optical measurements only without
some ambiguities. The widely adopted procedure is the so-called Tauc plot of (@E)'/? versus the

photon energy E. The plot leads to a straight line whose intersection with the E-axis gives E;f” "
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Fig. 5. The comparison of experimental and theoretical transmittances.
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Fig. 6. Absorption coeflicients of SYM (left) and ASYM (right) samples.
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An alternative way to characterize the optical band gap is the iso-absorption gap E4 defining the
photon energy, at which the absorption coefficient achieves the value of 10* cm~'. Although not
reflecting particular differences in optical absorption, Ey4 is tolerable when the linear part of
(a/E)l/ 2 plot versus E is reduced. Here the values of E4 are well distinguished for both series.
ES " and Ey, are listed in Table 3.

Table 3. Comparison of optical properties of SYM and ASYM samples: Tauc optical band gap Eg”',

iso-absorption gap Ey,, refractive index in the long-wavelength limit n.,, the Yablonovitch limit an?
and solar spectrum absorptance Aggj,-

SYM ASYM
E (V) Eps (V) ne A0k Ay E (V) Eps (V) ne A0k Ay
5 2.40 2.18 2.345 22.00 0.549 1 2.11 2.37 2.427 23.51 0.412
10 2.30 2.06 2.565 26.32 0.581 3 2.09 2.15 2.600 27.04 0.508
15 2.29 2.05 2.611 27.27 0.595 5 2.06 2.03 2.843 32.33 0.576
20 2.26 2.03 2.720 29.59 0.582 10 2.04 1.94 3.109 38.66 0.621
25 2.00 1.89 3.382 45.75 0.635

Due to the presence of wide-band-gap a-SiNy:H, optical band gaps of multilayers are higher
than 1.7-1.9 eV that are usually reported for a-Si:H thin film of various hydrogen content and
thickness [28,31,32]. Therefore the multilayers of this kind can conveniently serve as upper high
band gap cell in tandem solar cells in which tuning the band gap is welcome. Moreover we
observe that with decreasing thickness of a-Si:H layers, the Tauc optical band gap increases, i.e.
blueshift occurs. This increment can be attributed to the quantum confinement effect in thinner
sublayers.

3.3. Refractive indices

Refractive index spectra are in Fig. 7 for SYM samples (left) and ASYM samples (right).

45
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Fig. 7. Refractive indices of SYM (left) and ASYM samples (right).

Due to mixing with a-SiNy:H, the refractive indices n of all multilayers are lower than those for
standard undiluted a-Si:H [32-34]. The changes are more pronounced in case of ASYM samples,
in which the increasing amount of high-index a-Si:H in the structure induces the increase of
the refractive index. In SYM samples the amount of a-Si:H and a-SiNy:H differs only by one
capping a-SiNy:H sublayer. Here the differences in the refractive indices must be caused by
additional agent, most probably by the presence of voids or vacancies in the amorphous structure.
As we found out in the past, the porosity of a-Si:H deposited from (SiH4+H>) mixture using
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Ar is higher than that deposited from (SiH4+H,) without Ar [24]. This must be the reason of
a lower refractive index. However a good message is the possibility to engineer the refractive
index, i.e. the reflection loss of solar light impinging the stack and the Yablonovitch limit 4n> by
a specific design of a multilayer as can be seen in Table 3.

Extrapolating n to the non-absorbing region (extinction coefficients k — 0), the so-called
refractive indices no in the long-wavelength limit were resolved as important optical parameters
related to the mass density (Table 3). For both series they obviously increase with increasing
thickness of a-Si:H sublayers indicating increasing material density.

3.4. Solar absorptance under the Yablonovitch limit

The knowledge of the wavelength-dependent absorption coefficient (1) (Fig. 6) and the refractive
index n(A) (Fig. 7) is important for the structure optical characterization. However for the photon
harvesting they must be considered complex. It is known that absorption enhancement can be
achieved by the increase of optical path in an absorbing material via proper light-trapping schemes
such as surface/interface texturization. The Yablonovitch absorptance serves as a benchmark that
can be theoretically achieved by an absorbing material. The absorptance in the Yablonovitch
limit assumes perfect antireflection and perfect Lambertian light trapping with a limiting path
length enhancement of 4rn?[35-38]. It can be used to consider the light trapping limit, e.g. in
sensing, photodecting or photovoltaic applications.

Multiple interfaces in an ML structure can act as light trapping agents due to multiple reflections.
Knowing a(1), n(1) of an ML structure regarded as an effective single homogeneous thin film
with parallel and smooth interfaces, we can calculate the absorptance A(2) in the Yablonovitch
limit as

a(d  ad)d
ad++ 1+

A = 1 (1)
4n2(A)d
where d is the overall ML thickness and F = 4n? is the absorption enhancement factor. This
approximation is often used to consider maximization of light absorption in optoelectronic
devices, e.g. solar cell or photodiodes.

The Yablonovitch absorptance A(A) predicted for ML as effective thin films can be seen in
Fig. 8. In calculations we use the values of d from the experimental transmittance analysis
(Tables 1 and 2). The achieved differences can be clearly seen. The absorbed light increases with
the number of layers (SYM) or with the thickness of a-Si:H layers corresponding to the amount
of a-Si:H. However the absorptance achieved with a ML structure is higher than that for a single
a-Si:H thin film deposited under comparable conditions and of similar thickness (Fig. 8).

In spite of the fact that the Yablonovitch absorptance is calculated as an ideal theoretical limit,
the obtained values confirm its ability to reflect differences in individual members of the series
SYM and ASYM and their absorbing strengths. We conclude that a specific design of a ML
structure has potential to increase the solar absorptance and therefore to improve the solar cell
efficiency only via absorber concept and without special texturization similarly as in [39]. Here
the solar absorptance enhancement is obvious and can be tuned by adjusting the a-Si:H layer
thickness. Similar improvements were reported for Si/SiO, multilayers using annealing and
adjusting the Si layer thickness [40].

Although the SYM and ASYM series were not deposited under exactly identical PECVD
deposition conditions, a general conclusion concerning A(1) could be accepted. The absorptance
A(A) enhancements are better pronounced in case of ASYM samples with thinner (and constant
for all member of the series) barrier sublayer of a-SiNy:H. The increase of the Yablonovitch
absorptance with increasing the thickness of a-Si:H sublayer up to 10 nm is remarkable. The
difference of A(1) of ASYM10 and ASYM25 sample seems to be less apparent. Therefore
we deduce that ASYM multilayers with a thin and constant a-SiN:H sublayer and optimized
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Fig. 8. Yablonovitch absorptance of SYM (left) and ASYM (right) samples. Yablonovitch
absorptance (short dot line) calculated for undiluted a-Si:H thin film of the thickness of 340
nm similar to overall thickness of ASYM25 sample added for the comparison (data of a(A1),
n(A) from [32]).

of a-Si:H sublayer thickness are more suitable for absorption related applications, such as
photovoltaics, light sensors, photodetectors etc.

A merit of the suitability of a-Si:H/a-SiN:H multilayers as solar cell absorbers is the total
relative integrated absorptance

s 12 AQ)Sam15(A)dA @
solar =
f,ﬁz Sami.sg(A)da

In this equation Sam1.s¢ is the AM1.5 reference solar global spectral irradiance from ASTM
G173-03 [41]. Figure 9 illustrates the influence of specific ASYM design on the spectrum of
A()SAm1.5¢(A) that is related to the spectral solar global irradiance absorbed by the sample.
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Fig. 9. The absorptance of solar global spectral irradiance by ASYM samples. AM 1.5
solar global irradiance is included for comparison.

Ajolqr declares the relative solar irradiance absorbed by the sample. This figure is proportional
to the photogenerated current density of a solar cell and therefore could directly affect the solar
cell efficiency. The values of Ay, in Table 3 calculated according to Eq. (2) show the increase
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with increasing thickness of a-Si:H sublayers. The wavelength range of interest in the integration
in Eq. (2) is limited to the optical properties analysis (4; = 300 nm, A, = 1100 nm). The growth
of Asorar in ASYM samples clearly corresponds to the increasing amount of a-Si:H although the
increase of Ay, between ASYM10 and ASYM?25 is less apparent. In SYM samples a certain
growth attributed to the thickness effect can be seen, too.

It is obvious, that when using such absorbers is solar cells, additional studies related to
the thickness of a-SiNy:H barrier sublayers and the carrier transport through interfaces of ML
structures are necessary. As reported in [11] a-SiNy:H barrier layers thicker than several nm may
prevent charge carrier transport to electrodes in solar cells.

4. Conclusions

In this paper a study of effective optical properties of two series of differently arranged PECVD
deposited planar a-Si:H/a-SiNy:H multilayers was presented. Layers arranged in symmetric
or asymmetric design resulted in changes of the transmittance spectra, from which effective
refractive indices, absorption coefficients and optical band gaps were extracted and compared.
With increasing thickness of a-Si:H layer the refractive index increases representing denser
effective material. Optical band gaps are found to be decreasing function of the thickness of
a-Si:H layer. In general, observed differences in optical properties are more pronounced for
ASYM samples. The importance of knowledge of wavelength-dependent refractive indices and
absorption coefficients was demonstrated in the calculations of the spectral absorptance under
the Yablonovitch limit and the total relative absorbed solar irradiance that can be related to the
solar cell performance. The results indicate that a specific a-Si:H/a-SiNy:H multilayer design can
influence significantly the absorptance of solar light and improve an a-Si:H/a-SiN:H multilayer
solar absorber in comparison with a single a-Si:H thin film absorber of a comparable thickness.
We recommend ASYM concept with thin a-SiNy:H sublayers of the constant thickness that offers
more pronounced effect on optical properties (refractive index, absorption coeflicient, optical
band gap) and solar absorptance. Within ASYM concept the thickness of a-Si:H sublayers should
be optimized.
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