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Abstract

The silicon hetero-junction (SHJ) technology holds the current efficiency
record of 25.6% for silicon-based single junction solar cells and shows great
potential to become a future industrial standard for high-efficiency crystalline
silicon (c-Si) cells. One of the main advantages of this concept over other wafer
based silicon technologies are the very high open-circuit voltages that can be
achieved thanks to the passivation of contacts by thin films of hydrogenated
amorphous silicon (a-Si:H). The a-Si:H/c-Si interface, while central to the
technology, is still not fully understood in terms of transport and recombination
across this nanoscale region, especially concerning the role of the different
localized tail and defect states in the a-Si:H and at the a-Si:H/c-Si interface and
of the band offsets and band bending induced by the heterostructure potential
and the large doping, respectively. For instance, a consistent microscopic
picture of transport and recombination processes with treatment of thermal and
tunneling mechanisms on equal footing is lacking. On the other hand, there are
new SHJ device architectures like thin wafers with light trapping structures
[1] or interdigitated back contact (IBC) cells [2], which define additional
requirements for the modelling approach concerning the integration of 3D
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optical and electrical simulations. This paper provides an overview over our
current efforts in the creation of a multi-scale and multi-physics framework
to deal with the challenges encountered in the simulation of SHJ solar cells.
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1 Introduction

Asilicon heterojunction (SHJ) solar cell is defined by a high quality crystalline
silicon wafer being combined with another semiconductor material, usually a
thin film. The crystalline Si (c-Si) enables carrier absorption and transport,
while the thin films form the carrier selective contacts and passivate the
highly recombination-active interface. Consequently, using non – c-Si films
for charge carrier extraction introduces a distinctive interface area between
the two materials characterized by offsets in the conduction and the valence
bands, defect states and the distribution of charges. All of these determine
the electrical transport across the heterojunction and the recombination of
generated charge carriers. This recombination of charge carriers then strongly
affects the open circuit voltage (Voc) of the solar cell. Currently, highly P-
and B-doped films of hydrogenated amorphous silicon (a-Si:H) are used as
the emitter or to induce band bending and thereby provide a front- or back
surface field to ensure an efficient charge carrier extraction. All the while,
the passivation is predominantly provided by intrinsic a-Si:H films. These
enable Voc values up to 750 mV [3] accompanied by a low temperature
coefficient. Generally, the passivation mechanism of a-Si:H layers is attributed
to hydrogen (H) passivating dangling bonds at the c-Si surface. Nevertheless,
the detailed impact of these defect states and the band structure at the hetero-
interface on the transport and the recombination mechanisms are still poorly
understood. Especially, nowadays more sophisticated device structures like
bifacial SHJ solar cells or high performance IBC solar cells [4] necessitate an
optical and electrical 3D modeling of these devices in a multi-scale approach.
Additionally, new device concepts with novel, particularly dopant-free, thin
films for charge carrier extraction [4, 5] would strongly benefit from a deeper
understanding of the processes defining the properties of the heterojunction.

In general, the opto-electronic simulation of solar cell devices can be
divided in an optical part, where the propagation and attenuation of the
light inside the solar cell is computed, and an electronic part covering the
photogeneration and transport of charge carriers for extraction at the contacts
as well as the injection and recombination of charge carriers at finite splitting
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of contact Fermi levels. Under standard conditions, the intensity of the
electromagnetic field is used to determine the local photogeneration rate via the
local absorption rate, implicitly assuming unit generation efficiency. If photon
recycling can be neglected, which is usually the case for non-radiatively
limited solar cells under one sun illumination, no feedback to the optical
model is required, and the two problems can thus be solved sequentially by
independent approaches. On the other hand, in a comprehensive modelling
approach suitable for the description of the devices in Figure 1, both electronic
and optical simulations represent individual multiscale modelling challenges.
This difficulty originates from the simultaneous presence of electronically or
optically thin components, such as the passivation layers or anti-reflection
coatings, which require a rigorous treatment of either the electronic structure
(quantum mechanics) or the optical properties (wave optics) with very high
spatial resolution, and of extended bulk components, such as the micron-
sized wafer and the front side texture, which have to be treated by effective
macroscopic semiconductor equations and ray optical approaches. The main
challenge thus resides in combining these methods into a comprehensive
approach that allows one to project the effects of the local micro- or nanos-
tructure onto the global device characteristics. The aim of this paper is to
provide an overview of our current work on the different steps towards such
a multi-scale and multi-physics simulation framework for SHJ solar cells.

The paper is organized as follows. In Section 2, the electronic models
are described on micro-, meso- and macroscopic scales. Section 3 covers the
optical simulation of both flat and textured SHJ devices. A brief summary and
the main conclusions are presented in Section 4.

Figure 1 Silicon heterojunction architectures investigated at IEK-5 Photovoltaik in Jülich:
(a) thin SHJ devices with ray optical and nanophotonic light trapping, representing a 3D optical
multiscale problem; (b) SHJ with interdigitated back contact (IBC), requiring 3D electronic
simulations.
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2 Electronic Simulation

The presence of the amorphous phase with the inherent disorder and of the
amorphous-crystalline interface with its own set of interfacial defect states
necessitate an atomistic description at the nanoscale of the amorphous material
and the interface region for a valid picture of the electronic (and vibrational)
states participating in the dominant transport and recombination processes.
The dynamics of the charge carriers at the interface is best captured in a
mesoscopic quantum transport model including both thermionic emission and
defect assisted tunneling under consideration of the actual phonon modes. The
mobilities and recombination rates resulting from the mesoscopic approach
can then be used to project the impact of specific interfacial configurations
from the local charge carrier dynamics to the global device characteristics,
using the standard macroscopic semiconductor transport equations with inter-
band generation and recombination rates. In the case of textured interfaces
used for light trapping purposes, or in the presence of complex contact
geometries such as those required by the IBC concept in Figure 1(b), the
equations may need to be solved in more than one spatial dimension. While
at the early stage of development presented here the problems at different
scales are treated independently, a major focus of future work will lie on
the interfacing of the individual micro-, meso-, and macroscopic models,
integrating them in a comprehensive multiscale approach as shown in Figure 2.

2.1 Microscopic Electronic Structure

The atomic and electronic structure at the amorphous-crystalline interface is
the starting point of any investigation targeting the impact of the interface
properties on the device characteristics. The microscopic picture of the com-
plex interfacial region is best captured by ab initio descriptions of the material
[7, 8], allowing for a comprehensive assessment of the device-relevant states,
from localized mid-gap defects to extended bands for mobile carriers.

2.1.1 Atomic Structure
The ab initio PWscf (Plane-Wave Self-Consistent Field) code of the Quantum
ESPRESSO suite is used [9, 10] to perform Born-Oppenheimer Molecular
Dynamics (BOMD) simulations of the a-Si:H/c-Si interface. PWscf performs
many different kinds of self-consistent calculations of electronic structure
properties within Density-Functional Theory (DFT) [11, 12], using a Plane-
Wave (PW) basis set and pseudopotentials (PP). We use the Si and H ultrasoft
pseudopotentials with Perdew-Burke-Ernzerhof (PBE) [14] approximant
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Figure 2 Multiscale scheme for the electronic simulation of SHJ devices to propagate local
material properties at the interface via meso-scale charge carrier dynamics in the heterojunction
region to performance-relevant features in the global device characteristics.

GGA exchange-correlation potential, available in the Quantum ESPRESSO
library [10].

In view of the large-scale molecular dynamics simulations, a supercell
approach is used to simulate the a-Si:H/c-Si interface with periodic boundary
conditions (PBC) meant to mimic an infinitely extended system. The structure
is infinitely extended in both x and y directions. To suppress the interaction
between the external surfaces due to PBC, a void region of about 10 Å is
considered. This distance was checked by a convergence test with respect to
the size of the void.

As shown in Figure 3(a), the interface is built by bringing into close
proximity two free surfaces obtained from cutting both the crystalline silicon
and the hydrogenated amorphous silicon. The relaxed p(2 × 1) symmetric
reconstruction of the Si(001) surface constitutes the c-Si side of the interface. It
is formed by 192 Si atoms: 12 layers of silicon each of them with 16 atoms. The
a-Si:H side of the system is generated using a quench from the melt simulation
protocol, currently used to generate high-quality amorphous samples [7]. It is
composed of 128 Si atoms and 16 H atoms to have a concentration percentage
of about 11% that is the nominal concentration targeted in experimental
materials optimized for PV performance [13]. The total length of the system is
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Figure 3 (a) Snapshot of the initial a-Si:H/c-Si interface in the simulation box. The structure
is infinitely extended in both x and y directions. A void region is considered to suppress the
interaction, due to periodic boundary conditions, between the external surfaces. Free surfaces
and a-Si:H/c-Si interface are perpendicular to the y axis. Hydrogen atoms are in blue, silicon
atoms are in dark yellow in the c-Si side and are in light yellow in the a-Si:H side. (b) Snapshot
of the a-Si:H/c-Si interface in the simulation box at 35 ps of MD simulation.

Lz = 38.70 Å, while in the x and y direction the system has Lx = Ly = 15.48 Å.
Total energy calculations of the interface at different distances between c-Si
and a-Si:H were performed to find the interface configuration corresponding
to the lowest total energy. The configurations were built by moving rigidly by
hand the a-Si:H part and keeping fixed the c-Si one.

The interface shown in Figure 3(a) is used as starting configuration for a
MD simulation on the electronic ground state at constant volume and constant
temperature (NVT). The ionic temperature is fixed at T = 300 K and is
controlled using an Andersen thermostat. The first four layers of c-Si atoms on
the left are kept fixed to impose a bulk-like behaviour on the crystalline silicon
part of the system. The MD simulation is performed for more than 35 ps, the
initial part of the simulation (20 ps) was used to thermalize the system and
reach a stable configuration. Figure 3(b) displays a snapshot of the a-Si:H/c-Si
interface at 35 ps in which thermal displacements are also shown.
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2.1.2 Electronic Structure
We use density functional theory (DFT) [11, 12] to self-consistently calculate
the electronic structure of the interface configurations. The calculations
are done with the PWPP code Quantum ESPRESSO [9, 10] using ultrasoft
pseudopotentials with the PBE-GGA exchange-correlation functional [14].

Subsequent to the electronic structure calculation the wave functions (ψ)
and electronic density of states (DOS) are analyzed to obtain information about
the local microscopic properties of the interface, which are relevant for the
mesoscopic dynamics and macroscopic device characteristics. In particular,
the wave function localization is analyzed qualitatively and quantitatively
to allow for the distinction of localized states and the identification of their
origins. In combination with the local DOS the contribution of dangling bonds
and interfaces to the important mid-gap states can be determined.

As a quantitative measure for the wave function localization we use the
spread S, which is calculated as the variance of |ψ|2 with respect to one unit
cell. Analogously the center of the wave function is given by the center of
mass of |ψ|2. In Figure 4(a) the spread in z-direction (i.e., in growth direction)
Sz is shown as a function of the wave function energy together with the total
density of states around the Fermi energy for the above described interface

Figure 4 (a) DOS and wave function spread (in direction perpendicular to the interface) in
the energy region around the Fermi energy. (b) Local DOS integrated over layers parallel to
the interface as a function of the z-coordinate. (c) Wave function spread in z-direction. Each
dot marks the energy and the position of the center of one wave function, where the color
represents its spread. The dotted line shows the approximate position of the interface.
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configuration. The figure shows that there is a dense distribution of strongly
localized states inside the c-Si band gap, which can be clearly distinguished
from the more extended tail and bulk states. The origin of these states can be
investigated further by looking at the local DOS and the wave function centers
as shown in Figures 4(b) and (c), respectively. In (b), the layer-resolved DOS
is displayed as a function of the z-coordinate, which is obtained by integrating
the local DOS over layers parallel to the interface. In (c), Sz is plotted as
a function of the energy and the z-component of the center of the wave
functions. Each dot marks the energy and the position of one wave function,
i.e., where along the z-direction it is centered. The color of each dot represents
the spread of the wave function. These results indicate that the contribution
to the mid-gap states comes mainly from localized states in the a-Si:H layer,
whereas the interface region hardly contributes at all. More information about
these localized states can still be obtained by looking at the localization in
all three dimensions and relating the wave function centers to the atomic
structure.

2.2 Mesoscopic Carrier Dynamics

Transport and recombination across the c-Si/a-Si:H interface has been inves-
tigated so far mostly in the framework of the semiclassical approximation,
where simplified models for the local electronic structure are combined
with conventional macroscopic semiconductor transport equations [6]. In our
simulation effort presented here, we complement this approach by quantum
transport calculations that are able to capture non-classical phenomena such
as direct and phonon-assisted tunneling, which are likely to play an important
role in the transport and recombination processes at the interface.

The simulations are performed using the in-house code PVnegf that
is based on an implementation of the non-equilibrium Green’s function
formalism (NEGF) customized for photovoltaic device applications [15].
In a first approach, a simple effective mass model is used to describe the
electronic structure of valence and conduction bands [16]. The implementation
includes coupling to photons as well as to acoustic and non-polar optical
phonons, which provide intraband relaxation as well as indirect optical
transitions [17].

Here, we show the application of the formalism to the simulation of hole
currents over abrupt a-Si:H/c-Si interfaces at the p-contact of a-Si:H/c-Si
solar cells grown on p-type wafers. At this stage, defects are neglected in
the transport across the interface, i.e., transport is restricted to direct and
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phonon assisted tunneling as well as thermionic emission over the interfacial
barrier.Also, the ITO layer is not included in the simulation beyond providing a
Schottky contact boundary condition. Figure 5(a) displays the energy resolved
photocurrent flow in an ultra-thinp-i-nSHJ architecture under monochromatic
illumination with Ephot = 1.2 eV and Iphot = 0.1 kW/m2 and forward bias
Vbias = 0.5 V. The a-Si:H component is composed of a p/i layer stack,
similar to the configuration described in [23]. While realistic SHJ exhibit an
essentially field-free absorber region, the situation at the p-interface in terms
of band bending and offsets is very similar to the one described here. As can
be verified in Figures 5(b) and (c), there is a strong impact of built-in fields
and of the discretization of the local density of states on the current spectrum
in the interface region.

For a more realistic mesoscopic picture of charge carrier transport and
recombination across the a-Si:H/c-Si interface, the present approach needs to
be extended in several directions. In terms of the transport channels, defect-
assisted tunneling needs to be added. On a phenomenological level, this can
be achieved via coupling to an independent set of defect states, similar to
the phenomenological treatment of defect assisted recombination [18]. For a
consistent treatment of transport via localized and extended states, one needs
to resort to an atomistic description of the electronic structure [19]. Finally,
the mesoscopic approach needs to be embedded in a macroscopic description
of the extended device via coupling to the drift-diffusion transport picture in
a concurrent multiscale framework [20].

Figure 5 (a) Spectral photocurrent flow in an ultra-thin p-i-n SHJ device under monochro-
matic illumination (Ephot = 1.2 eV, Iphot = 0.1 kW/m2) at a forward bias voltage of
Vbias = 0.5 V, exhibiting current contributions from tunneling and emission over the barrier.
(b) Photocurrent flow across the interface region, revealing the strong impact of (c) the local
DOS (1D) with discretization from the doping-induced potential well.
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2.3 Macroscopic Device Characteristics

The macroscopic level is where most simulation studies of SHJ devices have
been performed so far. WithAFORS−HET [21], there is even a dedicated
device simulation tool for this device type. However, its restrictions to 1D
geometries limit its applicability to the structures with 3D features under
investigation here. Among similar device simulators, ASA [22] provides a
more advanced description of defect-related properties, but has similar limi-
tations in terms of dimensionality and tunneling models. The most advanced
1D device simulation performed so far for the SHJ structure was based on
the commercial 3D TCAD tool Sentaurus from Synopsys, which features a
Wentzel-Kramers-Brillouin tunneling model that is able to capture some of
the qualitative effects of tunneling on the device characteristics [23].

Here, we show basic 1D simulations of a silicon oxide based SHJ [24]
using the Sentaurus TCAD tool. At this stage, tunneling is not included in
the description. The material data is taken from the literature (electronic
properties) or measured-inhouse (optical data). The simulated band profile
corresponding to the layer stack of an all-oxide SHJ with flat interfaces as
shown in Figure 6(a) at short circuit conditions and under AM1.5 illumination
is displayed in Figure 6(b). The current-voltage characteristics under AM1.5
illumination are given in Figure 7. For comparison, the JV-curve of the same
structure, but without the thin a-SiOx:H layers is shown as well. In the

Figure 6 (a) Schematic layer stack of an all-oxide SHJ device architecture as experimentally
investigated at IEK-5. (b) Corresponding band profile and quasi-Fermi levels EFn,p (for
majorities) as computed with the Synopsys Sentaurus TCAD tool (the ITO-Ag is treated as an
ohmic contact) at short circuit conditions and under AM1.5 illumination.



Multi-scale Simulation of SHJ Solar Cells 21

Figure 7 Current-voltage characteristics of the all-oxide SHJ device with (solid line with
symbols) and without (dashed line) a-SiOx:H passivation layers. At the absence of tunneling
contributions to carrier extraction, the introduction of the a-SiOx:H barriers leads to a decrease
of both short-circuit current and fill-factor at slightly increased open-circuit voltage.

simulation, the presence of the a-SiOx:H layers leads to a reduction of both
short circuit current and fill factor at slightly increased open circuit voltage.
This points at an insufficient carrier extraction efficiency, which is expected
to be partially mitigated by the introduction of efficient tunneling processes.
Experimentally, the absence of passivation layers results in a strong reduction
of Voc to values below 600 mV. Hence, the models for loss processes and
passivation are not yet satisfactory at this stage of the implementation.

Two-dimensional electrical simulations of SHJ solar cells are in principle
feasible with a TCAD tool such as Sentaurus Device [25, 26] or Silvaco Atlas
[27, 28], as long as the contacting scheme does not lead to an extensively
large domain size. In general, simulations of IBC solar cells with contact
sizes and/or distances in the millimeter range are challenging due to the large
mesh resulting from the thin amorphous silicon layer in combination with
the large lateral sizes over which a fine discretisation has to be performed.
The same challenge arises when looking at 3-dimensional systems, even for
much smaller domains than those exhibited for optical simulation (see 3.2)
since a larger portion of the system (especially the silicon wafer) has to be
considered in electrical simulations. Currently, one limitation lies in the lack
of a memory parallel (via MPI) meshing software since the memory demand
exceeds the memory available in a single system. The computational demand
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can be slightly reduced by using the shared memory parallelisation present
in the meshing tool of Sentaurus Device. The same memory limitation holds
when looking at the electrical part of the Sentaurus Device simulation.

3 Optical Simulation

The optical behavior of a SHJ solar cell is determined by a combination of
different effects. The thin layers at the top of the devices (e.g. front contact
layer, passivation layer) have a strong impact on the primary reflectance due to
the coherent light coupling and thereby influence the amount of light that enters
the solar cell.At the back side of the device, the reflectance is defined by similar
coherent effects. Additionally, the metal back reflector exhibits plasmonic
effects that have a strong impact on the optical device performance. In the
case of textured solar cells, the situation becomes even more complex, since
light deflection plays a significant role and needs to be described by rigorous
optical approaches due to the small thicknesses of a couple of nanometers
and the relevant surface feature sizes in the range of micrometers. This is
particularly true in the case of nanophotonic light trapping structures which
are one promising approach for very thin c-Si absorbers [29]. Besides these
effects, the c-Si absorber needs to be treated in a different way due to the
comparably large thickness which would make a fully rigorous description
too challenging and no longer necessary. Here, a ray-tracing approach is
typically applied. Therefore, a full description of the whole device demands for
a combination of these different approaches. As rigorous approaches, transfer
matrix method (TMM) and finite-difference time-domain (FDTD) method are
used together with the ray tracer solver in the commercially available software
Synopsys Sentaurus TCAD. In our case, the three-dimensional structure is
divided into a mesh where each mesh cell contains only one material. The
position of the intersection of light rays with the boundary of each mesh cell
is calculated by ray-tracing. The thin coherent layers are taken into account
as boundary conditions for the reflected and transmitted light intensity which
are determined by TMM.

3.1 Flat Structure

In this section, the results for flat SHJ solar cells are shown. In Figure 8,
the simulated external quantum efficiency (EQE) is plotted together with
experimental results. In order to achieve a good agreement, all optical material
properties (refraction index and extinction coefficient) from each layer were
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Figure 8 External quantum efficiency and absorptance (1-R) of the flat SHJ solar cell
determined from experiment (dashed) and by combining TMM and ray tracing (solid).

determined experimentally and taken as input for the simulation. It can be
seen that the experimental data can be well described by the optical model.
The slight deviations in the short wavelength range are probably explained
by a small surface roughness that occurs due to the deposition of the layers
on top of the c-Si wafer. This roughness improves the light in-coupling in
a broader spectral range which would explain the broader maximum in the
measured EQE.

3.2 Textured Structure

The next step is the implementation of a front side texture. Here, the c-Si
interface is textured by a periodic arrangement of pyramids with a lateral size of
1 μm. The heights of the pyramids are assumed to be randomly distributed. All
thin layers on top are assumed to be coated conformally on top of this texture.
In this case, the back side is assumed to be flat. This front side texture is a good
test-bed which includes various surface angles and closed packed structural
elements. The combination of the different optical approaches requires a mesh-
ing of the whole structure with a much finer resolution at the textured interfaces
compared to the c-Si bulk. A typical mesh is illustrated in Figures 9(a)
and (b). The different colors indicate the individual layers.

Figure 9(a) shows the whole structure at the front side of the SHJ solar
cell. Due to the much larger thickness of the c-Si absorber, the structure is
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Figure 9 (a) A typical mesh of a textured front side of a SHJ solar cell. As front side texture,
a periodic arrangement of pyramids with a lateral size of 1 μm is assumed. The heights of
the pyramids are assumed to be randomly distributed. (b) shows a cut through one particular
pyramid to illustrate the refined mesh at the textured interfaces. The red color represents the
c-Si, the ITO front contact layer is shown in grey. The SiOx:H and a-Si:H layers are too thin
to be resolved in this illustration. (c) External quantum efficiency and absorptance (1-R) of the
textured SHJ solar cell (solid) and the flat reference cell (dashed).

not shown down to the back side of the device for better clarity. In order to
illustrate the refined mesh at the textured front contact, a detailed cut through
one particular pyramid is shown in Figure 9(b). The red color represents the
c-Si, the ITO front contact layer is shown in grey. The SiOx:H and a-Si:H
layers are too thin to be resolved in this illustration. This textured structure
is applied to simulate the EQE and absorptance of a SHJ solar cell with a
textured front side. The results are shown in Figure 9(c) in comparison to
the flat reference device. It can be seen that the front side pyramids shift the
effective absorption edge towards larger wavelengths due to the light path
enhancement induced by light scattering. Furthermore, the EQE in the short
wavelength range (λ < 0.6 μm) is improved due to a reduced reflectance at
the front interface.

4 Conclusions

We present an overview and some elements of our current efforts to establish
a comprehensive multiscale-multiphysics simulation approach for the theo-
retical investigation of silicon heterojunction solar cells. In the electronic part
of the simulation framework, progress is reported on the ab initio description
of the structure and states at the hetero-interface, the mesoscopic quantum
kinetic picture of photocarrier tunneling across barriers with complex doping
induced potentials, and the full macroscopic device simulation. In the optical
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part, the combination of coherent-wave optics and ray-tracing is shown to
provide a viable multiscale approach for the simulation of light in-coupling
and propagation in textured SHJ devices.

While many of the above ingredients are still in need of refinement, an
important focus of future work will be the integration of the descriptions on
different scales into a comprehensive approach, especially for the electronic
part, where the interfacing remains a major challenge in multi-scale device
simulation.
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