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Abstract: Particle layers employing conductive transition metal nitrides have been proposed as
possible alternative plasmonic materials for photovoltaic applications due to their reduced losses
compared to metal nanostructures. We critically compare the potential photocurrent gain from an
additional layer made of nanopillars of nitrides with other material classes obtained in an optimized
c-Si baseline solar cell, considering an experimental doping profile. A relative photocurrent gain
enhancement of on average 5% to 10% is observed, achieving for a few scenarios around 30% gain.
The local field enhancement is moderate around the resonances for nitrides which spread over the
whole ultraviolet and visible range. We can characterize two types of nitrides: nitrides for which
the shading effect remains a problem similar to for metals, and others which behave like dielectric
scatterers with high photocurrent gain.

Keywords: theory and simulation; conductive transition metal nitrides; nanostructures; solar cells

1. Introduction

Exploiting plasmonic effects for solar cells [1,2] has not led to the substantial im-
provement of photovoltaic (PV) technologies that the scientific community developing
regenerative energy devices once believed. Layers of nanosized particles and nanostruc-
tured surfaces such as one-dimensional gratings [3] and two-dimensional particle layers [4]
enable efficient forward scattering of incident light, increasing the optical path length and
thus the exposure of an underlying photo-active region to photons [5]. Thus, research
efforts have concentrated on additional nanostructured layers to further optimize the light
trapping and management [6] either as front layers [7,8], back reflectors [9,10] or dispersed
within the antireflection coating [11]. Moreover, metal nanoparticles can yield high local
fields close to the resonant oscillation of their free conduction band electrons, the plas-
mon excitation. This has, in particular, raised interest for plasmon-assisted enhancement
of processes within the solar cell device [12], either via a direct increase in the charge
carrier generation or indirectly through energy conversion effects such as photolumines-
cence [13,14] with either quantum dots [15] or embedded nanoparticles [16,17]. However,
metals struggle with high Ohmic losses that their supportive effects cannot sufficiently
counteract and the directivity of the scattered light depends strongly on the control over the
particle shape [18-20]. In recent years, conductive transition metal nitrides have been pro-
posed as alternative plasmonic materials, allowing for resonant field enhancement effects
while at the same time being less absorptive over a broad range of the spectrum [21-23].
Fabrication processes and studies to integrate these materials for PV applications are in
place [24].

Nanostructured layers as extra components to photovoltaic devices face another
difficulty. Even commercially available baseline solar cells are already highly optimized.
The Solar cell efficiency tables Ref. [25] record the highest photocurrent Js. measured for n-
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type c-Si integrated back contact (IBC) systems at 42.65 mA /cm? (efficiency of 26.7 + 0.5%),
while thin-film modules achieve Js. = 38.5 mA /cm? (efficiency of 21.2 = 0.4%). With this
in mind, nanostructured layers need to add a convincing amount to the photocurrent or
overall efficiency. The main challenges in modeling complex solar cells are the (i) integrated
electro-optical modeling [26] and the (ii) impact of localized quantum effects at nanoscale
features [27,28].

(i) Commercially available software for photovoltaic devices concentrates on electronic
properties of the device structure and cannot fully address optically induced effects stem-
ming from light-matter interaction with nanoparticles (NPs). Scattering of light, plasmonic
and coupling effects cannot be fully captured when optical phenomena are reduced to
raytracing instead of wave propagation and quasistatic fields neglecting thus retardation
effects over the large-scale device. Within computational nanophotonics, a wealth of
analytic and numerical tools are available to describe the optical properties of nanopar-
ticles, including arbitrary shapes [29-32], particle clusters [33], two-dimensional particle
arrays [34,35], including random distributions [4], rough surface morphologies [36,37], as
well as three-dimensional photonic crystal structures [38].

(ii) Standard optical modeling, on the other hand, does neglect mesoscopic electron
dynamics in highly doped semiconductors and metal nanostructures and the relevance of
quantum corrections in PV devices was shown in our previous works [35,39—-42]. Though
such effects are highly localized and short-ranged, optical coupling can lead to mediating
their impact on the overall device performance via retardation effects [43,44] in a large-scale,
patterned structure. In particular, the strong optical coupling of metal nanofeatures with
Si substrates needs to be considered beyond classical electrodynamics [45]. The advan-
tage of employing semi-classical theories is their mostly analytic formulation and thus
compatibility with existing numerical procedures for improved electro-optical simulations.

In this article, we compare the relative photocurrent gain obtained with nanopillar
layers made of metals, nitrides and dielectrics. The experimental solar cell parameters
considered in this study have been taken from an n-PERT BiSoN process developed at ISC
Konstanz [46,47]. The BiSoN solar cell process employs a low-cost industrial fabrication
process developed on n-type mono-crystalline wafers with textured front side boron as
an emitter and flat rear-side phosphorous diffusion as a back surface field. The experi-
mental short circuit current Js. with a standard industrial antireflection coating, has been
measured between 39.0-39.2 mA /cm?. The n-PERT BiSoN process at ISC has since been
technologically upgraded further incorporating advanced passivating contacting (Topcon)
layers on the rear-side. This upgraded cell architecture is beyond the scope of the studies
presented in this paper. A schematic representation of n-PERT BiSoN cell with flat front side
is illustrated in Figure 1a. This is combined with an additional front layer of disk-shaped
nanoparticles, see Figure 1b. The nanostructure leads to diffraction of light in forward and
backward direction, as indicated by the red arrows in Figure 1b.

Diffused p+- and n+-doping profiles were measured and are used for the electro-
optical modeling of the flat base structure allowing an improved, multiscale approach
within a rapid and versatile numerical framework, scalable and variable with low compu-
tational effort based on the Rigorous Coupled Wave Analysis (RCWA) or Fourier Modal
Method (FMM). Additionally, to real doping profiles, we focus on integrated electro-optical
effects stemming from the free carrier absorption (FCA) in doped Si [48] and present simu-
lations of nanostructured PV devices achieving a highly realistic description of a highly
efficient and low-cost photovoltaic device with the aim to improve the photocurrent further.
A range of geometrical parameters is investigated in terms of the wavelength-independent
short circuit current [s.. Moreover, the focus is on comparing relative photocurrent gain us-
ing different material classes for the nanostructure. Figure 1c,d show the real and imaginary
part of the permittivities, respectively, of a range of transition metal nitrides in comparison
to gold as a commonly used plasmonic material.
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Figure 1. Illustration of the considered setup and its range. (a) n-PERT BiSoN cell, here with flat passivating layer as

simulated. (b) Cylindrical pillars of height d and radius R made of nitrides and other materials for comparison standing on

the n-PERT device with particle-particle separation a. The nanopillars are placed within the SiNy. Range of measured (c) real

and (d) imaginary part of the permittivity of gold (orange [49]), TiN (blue [50]) and further nitride materials (grey [23]).

2. Materials and Methods
2.1. Properties of Spherical Nanoparticles—Assessment of Scattering and Near-Field Enhancement

In a first step, we consider the optical properties of spherical nanoparticles using three
different material classes. Figure 2a shows the Mie scattering and the maximum near-field
enhancement at the particle surface at the resonance positions of the different materials is
collected in Figure 2b. Metals continue to receive much attention for photonic applications
because they show the strongest field enhancement factor (EF), note the logarithmic scale.
In dye-sensitized solar cells or other systems relying on the field enhancement of added
nanoparticles, metals remain a prime choice. On the other hand, the selected dielectrics and
nitrides show a moderate field enhancement. There are few materials that are close to (TiN,
HIN, Si, VN) or above (ZrN) the (arbitrary) line of separation at EF = 30. Overall, nitrides
show a similar or higher EF than the considered dielectrics. In addition, electrochemical
growth of nitride nanopillars can lead to additional doping of the systems [51,52] and thus
yield overall higher field enhancement factors comparable with metal systems.

The considered materials cover a broad range of resonance positions, see Figure 2b,
and careful selection for specific applications beyond PV applications, e.g., the enhancement
of a photoluminescence process, enables optimal results. The distinctive plasmonic peaks
of metals are typically rather narrow and associated with high losses, reflected in the
peaks of the corresponding extinction in Figure 2a. This graph reveals another potential
problem of transition metal nitrides. Although their plasmonic peaks are not as strong as for
typically employed metals and they improve solar cell performance at wavelengths where
metals strongly absorb, their long wavelength absorption is stronger than for all the other
materials investigated. This could already have been guessed from the imaginary part of the
illustrated permittivities in Figure 1c. Compared to metals, photon absorption in the blue
spectral regions can be improved with transition metal nitrides, but the absorption at larger
wavelengths indicates that overall losses for solar applications might be accumulating too
much. Thus, dielectric Mie resonators, in particular from Si, remain the most efficient light
scatterers over a broad spectral range.
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Figure 2. Potential enhancement of absorption and local fields of various material classes. For spherical nanoparticles of
radius R = 25 nm of the depicted materials placed in a SiNy host matrix the (a) normalized extinction and (b) maximum
field enhancement factor (EF) and its the spectral position are given. The vertical lines separate the different material classes.
The horizontal line lies at EF = 30.

From this, particle clusters can be studied with multiple scattering techniques [33]
with a particular interest in self-assembled and chemically synthesized layers where the
particles are distributed randomly in a cluster [34]. The scattering matrix for nanoparticles
of arbitrary shapes can be obtained with, e.g., BEM (Boundary Element Method), DDA
(Discrete Dipole Approximation) or FEM (Finite Element Method) [30,32] allowing the
study of a wealth of nanoparticle shapes in such additional layers.

The considered solar cell device, a complex nanostructured and layered system, is
modeled with a scattering matrix approach employing the RCWA /FMM to a regular
array of nanopillars as depicted in Figure 1b. For dielectric particles, this is a fast and
reliable computational approach [4,53,54] that casts the electromagnetic wave equation into
an eigenvalue problem via expansion in plane waves and Fourier transform of material
parameters. This Fourier transform is analytical for cylindrical particle shapes (or, vice
versa, holes) allowing for easy extensions towards multi-type particle distributions [4] or
multi-walled systems such as nanotubes [51,55]. In these calculations, metal nanostructures
pose limitations due to the high refractive index contrast with their environment. Transition
metal nitrides show similar permittivity values as metals, see Figure 1c,d, and are, thus,
facing the same challenges in plane-wave expansion approaches where many plane waves
must be considered to arrive at a converged result, yielding longer computational times. In
the next section, we introduce in detail the procedure to adiabatically include the measured
doping profiles of n+- and p+—doped regions, see Figure 3a, into the central n—doped c-Si
wafer.
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Figure 3. Si doping profiles as input for device modeling. (a) Electron doping as a function of the depth of the cell obtained
from experimental measurements. (b) Calculated free carrier absorption across the cell. The inset shows the adiabatic

connection in the n-doped center of width 150 um. (¢) Comparing the achieved absorption using an intrinsic, an n-doped

Si layer, an effective three-layer approach using average doping levels in front, back, and central region and an adiabatic
approach using the full doping profile with effectively hundreds of layers in the scattering matrix scheme.
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2.1.1. Doped Baseline Solar Cell—Free Carrier Absorption in Doped Si

Light propagates in free space according to its wavenumber ky = w/c = 271/ (Ac)
depending on its frequency w or wavelength A, resp., with velocity c. When propagating
within a device, refraction and losses occur, effects which are captured in the frequency-
dependent refractive index n of a medium, such that k = nw/c = nkg = /€kg. The real
and imaginary part of the permittivity e(w) = €’ +ie” of a material are related to the
wavenumber through Maxwell’s equations, in particular D = eyE + P = eyeE, where ¢ is
the constant permittivity of free space. This relates to the wavenumber

k* — k% = (w/c)?e and 2kk = (w/c)%e”, 1)

where the imaginary contribution x gives the absorption coefficient a (w) = 2k = (w/c)?€" /
k = we’ / (cn). Finally, the real valued refractive index yields

n(w) = J (@) + /(@) + (€ (@) ) @

This is typically approximated to n(w) ~ /€’(w) for low absorptivity or even to a
constant value where material parameters vary slowly in the spectral window of interest.
Here, tabulated, i.e., frequency-dependent data [56] is used for the permittivity of Si
without restricting to such approximations due to the large spectral region of interest for
photovoltaic devices. Therefore, we obtain the absorption coefficient of Si from

w 6.//

a(w) = g’ ®)
This coefficient is a measure of the exponential absorption inside the considered
material with intensity dropping as Z ~ e~**. The inverse of Equation (3) can be used to
reconstruct the related permittivity €’ = acng;/w. With this approach the effect of free
carrier absorption in highly doped Si is added to the experimentally available permittivity
of undoped Si [56]. Using measured data for the electron density N(z) in c-Si wafers, we
calculate the FCA and resulting modified permittivity following the empirical relation
a(z) = CN(z)A? discussed in depth in Ref. [48]. Hereby, we use their results on p+—doping
(6 =2.18and C = 1.8 x 107%) and n+-doping (6 = 2.88 and C = 1.68 x 10~°). The range
of validity is given for A € {1,...,1.5um} and N € {108,...,5 x 10?°} due to available
data in their study. The calculations presented here are within the VIS (visible) spectrum.
Moreover, we use measured doping profiles to add this absorption effect to the optical
simulations. This allows a realistic description of the baseline cell design. To evaluate the
performance of solar cells, we integrate the calculated absorption A(A) over the visible
spectrum to obtain the short circuit photocurrent Js

q ')\max

Jsc AA(A)AM 56(A)dA, 4)

he Jag,
where g is the electric charge, & is the Planck constant, and AM; 55(A) is the solar spectrum.
The total device absorption A(A) is directly related to the external quantum efficiency
accounting for reflection losses and calculated with the aforementioned RCWA /FMM
method as A = 1 — R — T after evaluating the reflected and transmitted energy flux R
and T, respectively. However, when considering particle arrays in the simulation, we can
concentrate on the absorption occurring in the Si solar cell only Ain¢(A), excluding parasitic
absorption in the particle array and thus taking only scattering and field enhancement
effects into account that impact the Si solar cell. Finally, the relative photocurrent gain is
calculated from

Atfse = 1 — Jse/ Jiet
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comparing the photocurrent of the baseline cell with the one decorated with nanopillars.

2.1.2. Adding Nanoparticle Layers

The iterative scattering matrix approach for multilayered systems can cope with
nanostructured layers within the RCWA /FMM and allows the integration of particle dis-
tributions based on the Fourier transform of a unit cell [53,54]. Here, cylindrical disks or
nanopillars are used in a regular square lattice on top of the active c-Si layer within the
SiNy passivation layer. Then, for fixed geometrical parameters such as the disk height
and distance, the solar device performance for different materials is compared. Typically,
convergence is sufficiently fast for dielectric particle layers and complex particle distri-
butions within the unit cell can be studied [4], while large contrasts in permittivity make
convergence tedious for metals and transition metal nitrides where a higher number of
diffracted light beams needs to be taken into account. The material data of nitrides has
been gathered from a wide range of measurements in the reviews of Refs. [21-23] and is
the basis for the calculations.

3. Results and Discussion

For each subdivision of the c-5i layer, the free carrier absorption is calculated and from
this the modified permittivity e(w) of doped Si which results in capturing the absorption
effects, see Figure 3b, beyond the usage of available data [56] for undoped bulk material.
These multilayered systems typically converge for ~10% subdivisions. The total width of
this ¢-Si region is dg; = 155 um and the additional doping profiles affect about 0.4 pm at
the front and back of the structure, respectively.

We study the impact of the FCA effect in Figure 3c. The absorption for a standalone,
undoped Si layer is compared to an n—doped Si layer sandwiched between ultrathin SiNy
layers. This improves the absorption at short wavelengths to over 98% in the 500-550 nm
region reaching 100% in a narrow spectral range as compared to a maximum of 97% in
the case of an n-doped Si layer. The latter reaches an absorption above 90% between
450-650 nm while the former has an extended high absorption region between 425-770 nm.
We used also a three-layer model with effective charge carrier densities for p+—, n—, and
n+-doped layers derived from the measured doping profile as

Neff =/ dZN(Z)/f dz, (5)

integrating over the three regions depicted in Figure 3a. This shows Fabry-Pérot oscillations
with large amplitudes, improving the absorption further only at specific wavelengths.
Hence, using the adiabatic scheme of multilayers as outlined above, we obtain the optical
response of the system to much accuracy which is also reflected in the calculated JI¢f which
is discussed next.

The outlined procedure is powerful because it allows the rapid investigation of several
nanostructures on top of a highly accurate, highly optimized baseline cell made of hun-
dreds of layers following the doping profile. The photocurrent for the baseline cell before
introducing the front side emitter and back surface field is Ji¢f = 28.33 mA/cm?. Adding
the free carrier absorption through the doping profiles increases the photocurrent for the
completed baseline cell to J¢f = 36.29 mA/cm?. In comparison, the measured photocur-
rent for the n-PERT BiSoN cell including an antireflection coating is JoP =39.2 mA/cm?.
In the least, we expect the additional nanoparticle layer to boost the efficiency of the
flat baseline cell to that of the finished industrial cell. In all the discussed cases, we are
integrating over the spectral window of 300 to 1200 nm.

We compare in Figure 4a different device structures including the free carrier absorp-
tion effect of the measured doping profiles. The total width of the photo-active Si region is
dsi = 155 um. The absorption for the baseline cell without nanopillar array, an n-doped
Si layer sandwiched between ultrathin SiNy layers is compared to cases with added Si
nanopillars placed within the SiNy layer on top of the solar cell such that their height adds
to the thickness of the front SiN, layer. This improves the absorption at shorter and longer
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wavelengths while reducing the efficiency around the highly optimized region. However,
we believe that calculating the total device absorption overestimates the benefits for the
solar cell, as absorption occurring within the nanostructure itself cannot easily lead to the
generation of carriers useful for the photovoltaic effect. Hence, we perform calculations of
the portion of the absorption within the photo-active Si layer only, following its doping
profile. The benefits of the nanostructure on top of this region stems then from scattering
and near-field effects directly at the interface to the active Si layer. Excluding, thus, the
parasitic absorption occurring in the nanoparticles and accounting for internal device
absorption only, it can be seen that this benefit is at long wavelengths while light with short
wavelengths is absorbed already in the particle layer and will in most cases not contribute
to the photovoltaic effect.
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Figure 4. Combined effects of a nanoparticle layer and free carrier absorption with and without parasitic absorption. (a)
Absorption spectra for the baseline cell, with a Si nanopillar array and partial absorption only within the photo-active
region. (b) The wavelength-independent short circuit current Js. as a function of nanodisk radius showing results for both
the total device absorption (green) and excluding absorption in the nanoparticles (blue). The untextured baseline cell is
given as a reference. (c) Contour of the Js for a range of lattice parameters and particle sizes excluding parasitic absorption.

In Figure 4b, the wavelength-independent short circuit current is shown as a function
of particle size, nanopillar height fixed at # = 25 nm, and three particle separations.
Here, the absorption of the whole device (green curves) and the absorption of only the
photo-active Si wafer (blue curves) are considered separately thus excluding parasitic
absorption effects in the particle layer itself. Since the baseline cell is already highly
optimized, the nanoparticle layer adds only a few percent to the photocurrent gain. For
the different geometries, distinct optimum particle sizes are found. Although all cases
show an increase in the photocurrent, the calculation considering the total absorptance
in the system overestimates the benefits of employing nanoparticles. Finally, Figure 4c
shows the dependence on the nanopillar radius size and distance for a fixed height for
the case of excluding parasitic absorption in the nanostructure. The relative change in
the photocurrent can be both positive or negative. For the range shown, dielectric Si
nanopillars mostly enhance the photocurrent, though excluding absorption in the particle
layer rarely results in a relative photocurrent gain above 2.5%. In particular, the region for
large particle separations at low size-to-distance ratios shows strong enhancement of the
photocurrent. This is the condition for Black Silicon structures [57].

A similar analysis for nitride nanopillar arrays yields the results presented in Figure 5.
For WN as a representative of this material class, Figure 5a shows the relative photocurrent
gain Ay for many combinations of nanopillar radius and distance (lattice parameter)
yielding over 30% relative gain with respect to the untextured baseline cell in several cases.
A competitive overview of results for Az is given in Figure 5b for three geometric sets of
nanopillar layers with varying r/s-ratio. To each material */a = 0.125, 7/a = 0.25 , and
r/a = 0.5 are shown side-by-side. The colors are meant as a guide to the eye: yellow for
moderate, orange or red for high losses often due to parasitic material absorption in the
nanostructure itself. The different shades of blue indicate positive photocurrent gain from
minor (light blue) to moderate (dim blue) to large (bright blue) gains. Metals show strong



Energies 2021, 14, 4236

8of11

losses for the case of touching nanopillars (@ = 2R). The same is true for those nitrides
whose plasmonic resonance is most comparable to gold, i.e., ZrN and HfN and, thus, have
an overlap with the optimized spectral region of the baseline solar cell. In these cases, the
absorption in the nanoparticle layer strongly hinders the absorption within the baseline
cell. Overall, this case is connected to the shading effect. If too much additional material is
placed on top of the solar cell device, the incident light will be either reflected or absorbed
in the particle layer itself, which strongly reduces the photocurrent yield.
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Figure 5. Relative photocurrent gain for an n-doped Si solar cell with particle layers of different materials. (a) For WN as a

representative of the class of nitrides, the relative photocurrent gain Ay is given for a range of geometrical parameters. The

data pairs show the lattice parameter a together with the radius r of the WN disks at heights & = 25 and & = 50 nm. (b)

Comparing the different material classes for three geometrical setups with varying r/a-ratio showing r/a = 0.125,7/a = 0.25,

and 7/a = 0.5 side-by-side for each material.

Typically, most materials have their largest photocurrent gain for the medium sized
nanopillar structure, i.e., there is not too much nor too little scattering material. In contrast,
some materials show strongest photocurrent gain for the largest particle to lattice parameter
ratio. This includes the dielectric Si and the nitrides WN, MoN and TaN with relative
gain of over 10% in these particular cases, which is one of the reasons to select WN for
the more detailed analysis of Figure 5a. From all the nitrides studied, these materials look
most promising combining the best of the two other worlds: their field enhancement is
moderate and their associated plasmon resonance is far away from the wavelength region
where the baseline cell is highly optimized, hence, contributing to improve the device at
other wavelengths. At the same time, they exhibit strongest photocurrent gains for further
increasing the nanopillar particle size.

4. Conclusions

We presented a comparative study of the relative photocurrent gain in solar cells
employing nanopillar arrays made of three major material classes—dielectrics, metals
and nitrides. The outlined numerical framework allows rapid and versatile modeling
of realistic PV devices with arbitrary nanoparticle layers including the investigation of
optimized doping profiles. This study is scalable and allows the inclusion of quantum
correction schemes for metal nanoparticles or highly doped systems as outlined in the
introduction. To simulate the baseline cell to much accuracy, we used doping profiles of
an industry-level c¢-Si n-PERT solar cell to incorporate the effect of free carrier absorption
into the optical simulations. With this, we yield a photocurrent of J'¢f = 36.29 mA/cm? in
comparison to our simulated baseline cell without the FCA of J&¢f = 28.33 mA/cm?. The
measured photocurrent for the n-PERT BiSoN cell including an antireflection coating is
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Jso¥ =39.2 mA/cm?. The effect of FCA is, thus, very important for a realistic description
of the solar cell device.

The configurations studied here readily show an increase in the short circuit current
for all materials studied to a degree, where they reach or go beyond the short circuit current
of the finished industrial device including an antireflection coating, but no nanoparticles.
Excluding absorption in the particle layer for Si nanopillars typically results in a relative
photocurrent gain above 2.5%. Considering a c-Si baseline structure, this could be a setup
where absorption in the nanostructure does not have to be considered parasitic, as there
is no chemical (leading to carrier diffusion) or mechanical (leading to strain) difference
between the layers.

However, employing nanostructures at too low or too high coverage reduces beneficial
absorption in most setups. In particular, metals show a strong shading effect, absorbing
themselves or backscattering the incident light strongly if the surface coverage becomes
too large. Transition metal nitrides can exhibit the same problem, especially when their
own plasmon-type resonance is around the band gap or at its double frequency of the
photo-active region (Si in this study), but overall the shading effect is strongly reduced
compared to metals. On the bright side, some nitrides were identified with moderate field
enhancement and highest photocurrent gain for largest nanopillar radius-to-distance ratios,
i.e., no shading effect. These materials show low absorption and mostly favorable forward
scattering similar to the commonly used dielectric materials. Black silicon could, hence,
be substituted by Black nitrides such as WN, MoN and TaN. For the case of WN studied
to much detail here, some combinations of nanopillar radius and distance were found
yielding over 30% relative gain with respect to the untextured baseline cell. On average a
relative gain of over 10% in these particular cases was found.
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