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Numerical Simulation of Solar Cells
and Solar Cell Characterization Methods: the
Open-Source on Demand Program AFORS-HET

Rolf Stangl, Caspar Leendertz and Jan Haschke
Helmbholtz-Zentrum Berlin fiir Materialien und Energie,
Institut fiir Silizium Photovoltaik, Kekule-Str.5, D-12489 Berlin
Germany

1. Introduction

Within this chapter, the principles of numerical solar cell simulation are described, using
AFORS-HET (automat for simulation of heterostructures). AFORS-HET is a one
dimensional numerical computer program for modelling multi layer homo- or
heterojunction solar cells as well as some common solar cell characterization methods.

Solar cell simulation subdivides into two parts: optical and electrical simulation. By optical
simulation the local generation rate G(x,7) within the solar cell is calculated, that is the
number of excess carriers (electrons and holes) that are created per second and per unit
volume at the time ¢ at the position x within the solar cell due to light absorption.
Depending on the optical model chosen for the simulation, effects like external or internal
reflections, coherent superposition of the propagating light or light scattering at internal
surfaces can be considered. By electrical simulation the local electron and hole particle
densities n(x,t), p(x,t) and the local electric potential ¢(x,7) within the solar cell are
calculated, while the solar cell is operated under a specified condition (for example operated
under open-circuit conditions or at a specified external cell voltage). From that, all other
internal cell quantities, such like band diagrams, local recombination rates, local cell
currents and local phase shifts can be calculated. In order to perform an electrical
simulation, (1) the local generation rate G(x,f) has to be specified, that is, an optical
simulation has to be done, (2) the local recombination rate R(x,?) has to be explicitly stated
in terms of the unknown variables n, p, ¢, R(X,t) = f (n D, ¢). This is a recombination model
has to be chosen. Depending on the recombination model chosen for the simulation, effects
like direct band to band recombination (radiative recombination), indirect band to band
recombination (Auger recombination) or recombination via defects (Shockley-Read-Hall
recombination, dangling-bond recombination) can be considered.

In order to simulate a real measurement, the optical and electrical simulations are
repeatedly calculated while changing a boundary condition of the problem, which is specific
to the measurement. For example, the simulation of a i-V characteristic of a solar cell is done
by calculating the internal electron and hole current (the sum of which is the total current) as

a function of the externally applied voltage.

Source: Solar Energy, Book edited by: Radu D. Rugescu,
ISBN 978-953-307-052-0, pp. 432, February 2010, INTECH, Croatia, downloaded from SCIYO.COM
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320 Solar Energy

Most solar cells, which are on the market today, can be described as a one dimensional
sequence of different semiconductor layers. If they are uniformly illuminated, a one
dimensional solar cell modelling is sufficient (the internal electron/hole current can flow
only in one direction). This is the case for most wafer based silicon solar cells as well as for
most thin film solar cells on glass as long as the integrated series connection shall not be
explicitly modelled, see Fig.1 (left).

1D
problems

glass

2D /3D
problems

Fig. 1. solar cell structures which can be treated as a one dimensional problem (left), or
which have to be treated as a two or even three dimensional problem (right).

However, in order to minimize contact recombination, stripe- or point-like metallic contacts
which are embedded within an insulating passivation layer (i.e. silicon nitride, silicon oxide)
are sometimes introduced. These contacts can either be placed on both sides of the solar cell
or favourably only at the rear side of the solar cell, thereby avoiding shadowing due to the
contacts. In these cases, the resulting solar cells have to be modelled as two or even three
dimensional problems (the internal electron/hole current can flow in 2 or even 3 directions),
see Fig.1 (right). In the current version 2.4 of AFORS-HET only 1D simulations are possible;
however, there is a 2D mode under development.

Another possibility to reduce contact recombination is the use of heterojunctions, that is
different semiconductors are used to form the solar cell absorber (photon collecting area),
the electron extracting area and the hole extracting area of the solar cell. Ideally, the excess
carriers of the solar cell absorber (electrons and holes) should be selectively
attracted/repelled towards the contacts, see Fig. 2. These selective contacts can be either
conventionally realized by doping/counter doping of the solar cell absorber, leading to a
formation of an internal electric field by which the selective excess carrier separation is
achieved. In this case, homojunctions will form, i.e. there are no band offsets, as the absorber
and the electron/hole extracting areas of the solar cell consist of the same semiconductor. In
principle, if different semiconductors with appropriately matched work functions are used
to form the electron/hole extracting areas, heterojunctions can be formed having the same
internal electric field as the homojunction, but with additional band offsets that enhance the
repelling character of the contacts, see Fig. 2 (right).

A heterojunction solar cell will thus have a higher open circuit voltage compared to a
homojunction solar cell. Less excess carriers of the repelled type are transported into the
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ideal homo “%  hetero
contacts contacts 5 contacts

Fig. 2. schematic sketch of selective absorber contacts (band diagrams of a p-type
semiconductor used as an absorber material). Ideal contacts (left), homojunction contacts
(middle) and ideally aligned heterojunction contacts (right). NOTE: The dimensions of the x
axis are schematic and not in scale!

electron/hole collecting regions, and thus the contact recombination at the metallic contacts
is reduced. However, an essential pre-requisite is not to create too many interface defects
during the formation of the heterojunction at the interface between the absorber and the
electron/hole collecting area, which will otherwise act as additional recombination centres.
A realistic computer program for solar cell modelling should therefore be able to handle
homojunctions as well as heterojunctions, and it should be able to consider interface defects
and the corresponding interface recombination R”(r). Depending on the physical
assumption how to describe an electron/hole transport across a heterojunction interface, a
distinct interface model has to be chosen. For example, within the current version of
AFORS-HET 2.4 a drift-diffusion and a thermionic emission interface model can be chosen,
allowing the placement of interface defects but neglecting tunnelling. Tunneling interface
models are under development.

To assure a numerical simulation with reliable results, a good model calibration, ie. a
comparison of simulation results to a variety of different characterisation methods, is
necessary. The solar cell under different operation conditions should be compared to the
simulations. Also different characterisation methods for the solar cell components, i.e. for the
individual semiconductor layers and for any sub stacks should be tested against simulation.
Only then the adequate physical models as well as the corresponding model input parameters
can be satisfactory chosen. Thus a good solar cell simulation program should be able to
simulate the common characterisation methods for solar cells and its components.

In this chapter, we describe AFORS-HET (automat for simulation of heterostructures), a one
dimensional numerical computer program to simulate solar cells as well as typical solar cell
characterisation methods. Thus a variety of different measurements on solar cell
components or on the whole solar cell can be compared to the corresponding simulated
measurements in order to calibrate the parameters used in the simulations.

All optical and electrical models, which can be used in AFORS-HET, are discussed and their
mathematical and physical background is stated. Furthermore, many solar cell
characterisation methods, which can be simulated by AFORS-HET, are sketched. The
difference in modelling thick film (wafer based) or thin film solar cells on glass will be
investigated in order to choose the appropriate model. The basic input parameters of the
corresponding models are described. Some selected results in modelling wafer based
amorphous/crystalline silicon solar cells illustrate the concepts of numerical solar cell
simulation within practical applications.
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2. Brief description of AFORS-HET

The current version 2.4 of AFORS-HET solves the one dimensional semiconductor equations
(Poisson’s equation and the transport and continuity equation for electrons and holes) with
the help of finite differences under different conditions, i.e.: (a) equilibrium mode (b) steady
state mode, (c) steady state mode with small additional sinusoidal perturbations, (d) simple
transient mode, that is switching external quantities instantaneously on/off, (e) general
transient mode, that is allowing for an arbitrary change of external quantities. A multitude
of different physical models has been implemented. The generation of electron/hole pairs
(optical models of AFORS-HET) can be described either by Lambert-Beer absorption
including rough surfaces and using measured reflection and transmission files, or by
calculating the plain surface incoherent/coherent multiple internal reflections, using the
complex indices of reflection for the individual layers. Different recombination models can
be considered within AFORS-HET: radiative recombination, Auger recombination,
Shockley-Read-Hall and/or dangling-bond recombination with arbitrarily distributed defect
states ~ within the bandgap. Super-bandgap as well as  sub-bandgap
generation/recombination can be treated. The following interface models for treating
heterojunctions are implemented: Interface currents can be modelled to be either driven by
drift diffusion or by thermionic emission. A band to trap tunnelling contribution across a
hetero-interface can be considered. The following boundary models can be chosen: The
metallic contacts can be modelled as flatband or Schottky like metal/semiconductor
contacts, or as metal/insulator/semiconductor contacts. Furthermore, insulating boundary
contacts can also be chosen.

Thus, all internal cell quantities, such as band diagrams, quasi Fermi energies, local
generation/recombination rates, carrier densities, cell currents and phase shifts can be
calculated. Furthermore, a variety of solar cell characterisation methods can be simulated, i.e.:
current voltage, quantum efficiency, transient or quasi-steady-state photo conductance,
transient or quasi-steady-state surface photovoltage, spectral resolved steady-state or transient
photo- and electro-luminescence, impedance/admittance, capacitance-voltage, capacitance-
temperature and capacitance-frequency spectroscopy and electrical detected magnetic
resonance. The program allows for arbitrary parameter variations and multidimensional
parameter fitting in order to match simulated measurements to real measurements.
AFORS-HET, version 2.4, is an open source on demand program. If you want to contribute
send an e-mail to AFORS-HET@helmholtz-berlin.de, specifying in detail what you would
like to implement. It is distributed free of charge and it can be downloaded via internet:

http:/ /www .helmholtz-berlin.de/forschung/enma/si-pv/ projekte/asicsi/ afors-het/index_en.html

3. Basic input parameter of AFORS-HET and associated physical models

3.1 Optical parameter (super bandgap generation optical models)

The incoming spectral photon flux ®(4,7), that is the number of incident photons of
wavelength A at the time t, has to be stated. In order to calculate the local super-bandgap
generation rate G(x,t) within the semiconductor stack, that is the number electrons and
holes that are created per second and per unit volume at the time ¢ at the position x due to
super-bandgap light absorption, there are two optical models available: (1) Lambert-Beer
absorption and (2) coherent/incoherent internal multiple reflections. For both models, the
thicknesses L, and the dielectric properties of the semiconductor layers have to be specified,
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i.e. the complex refractive indices, 7;(1)=n;(1)-ik;(1) with refractive index n(4) and
extinction coefficient k(). If the model Lambert-Beer absorption is chosen, a measured
reflectivity R(1) of the semiconductor stack can be specified, and the resulting absorption
A(2,x,1) within the semiconductor stack will be calculated, assuming Lambert Beer
absorption by using the specified values for k;(4) only and performing a ray tracing in
order to account for textured surfaces and multiple bouncing of the radiation within the
stack. If the model coherent/incoherent internal multiple reflections is chosen, the
reflectivity R(ﬂ) , the transmisivity T(ﬂ) and the absorption A(/i,x,t) of the semiconductor
stack is calculated from the specified values n,(1), k;(1), assuming plain surfaces within the
stack but taking coherent internal multiple reflections into account, if desired. For both
models, G(x,t) is calculated from A(/l,x,t) by integration over all wavelengths of the
incident spectrum. In order to model optical sub-bandgap generation, optical electron/hole
capture cross sections o,,, #0, o,,, #0 for the Shockley-Read-Hall defects have to be
specified.

n,opt p.opt

3.2 Layer parameter (semiconductor bulk models)

For each semiconductor layer, the thickness L, the electron/hole mobilities ,, u,, the
effective valence/conduction band densities N, , N, the electron/hole thermal velocities
v,, v, , the electron affinity y, the relative dielectric constant & , the doping profile N (x),
N, (x§ and the bandgap E, of the semiconductor has to be specified. In order to describe
recombination within the semiconductor, up to four different recombination models can be
chosen, (1) radiative recombination, (2) Auger recombination, (3) Shockley-Read-Hall
recombination, (4) dangling bond recombination. For radiative recombination, the radiative
band to band rate constant r”” has to be specified (Sze & Kwok, 2007). For Auger
recombination, the electron/hole Auger rate constants 7., r;"g have to be specified (Sze
& Kwok, 2007). For Shockley-Read-Hall recombination, the defect density distribution
within the bandgap of the semiconductor N,,, (E) and two capture cross sections o, o,
and if needed also two optical capture cross sections o,”, o for the electron/hole
capture have to be specified (Sze & Kwok, 2007). For dangling bond recombination, the
defect distribution within the bandgap of the semiconductor N, (E ), four capture cross
sections o, , 0'2, 0',? , O, and the correlation energy U have to be specified (Sah &
Shockley, 1958). Optical capture is not yet implemented in case of dangling bond
recombination.

3.3 Interface parameter (semiconductor/semiconductor interface models)

The electron/hole current transport across a semiconductor/semiconductor interface can be
described by three different interface models, (1) no interface, (2) drift diffusion interface, (3)
thermionic emission interface. If no interface is chosen, no additional interface defects can be
specified. Otherwise, an interface defect distribution N,"r’ap (E) can be specified. If the drift
diffusion interface is chosen, an interface thickness L, and interface capture cross sections
" O'z have to be specified. For both models (1) and (2), transport across the
semiconductor/semiconductor interface is treated according to the drift-diffusion
approximation like in the bulk of the semiconductor layers (Sze & Kwok, 2007). If the

thermionic emission interface is chosen, the interface is regarded to be infinitively thin and

o
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: it it it it . :
four capture cross sections o, , G,u, Oprs Opu and if needed also four optical capture
cross sections o, 7", o7, o, ", o, for electron/hole capture from both sides of the
interface have to be specified. Transport across the interface is then treated according to the

theory of thermionic emission (Sze & Kwok, 2007).

3.4 Boundary parameter (back/front contact to semiconductor boundary models)

The boundaries of the semiconductor stack may either be metallic (usually constituting the
contacts of the solar cell) or they may be insulating in order to simulate some specific
measurements requiring insulator contacts. Four different boundary models can be chosen:
(1) flatband metal/semiconductor contact, (2) Schottky metal/semiconductor contact, (3)
insulator contact, (4) metal/insulator/semiconductor contact. If choosing the flatband
metal/semiconductor contact, there will be no band banding induced within the
semiconductor due to the contact (flatband contact). The electron/hole surface
recombination velocities §/"/** g l{”’"’ !backof the metallic contact have to be specified
(Sze & Kwok, 2007). If choosing the Schottky metal/semiconductor contact, an additional
work function ¢””"/*** of the metal contact has to be specified. A depletion or
accumulation layer within the semiconductor due to the contact will then form according to
Schottky theory (Sze & Kwok, 2007). If choosing the insulator/semiconductor or the
metal/insulator/semiconductor contact, interface states between the insulator and the
semiconductor can be stated, that is an interface defect distribution N (E) and interface

. . trap
capture cross sections o, , o, have to be specified (Kronik & Shapira, 1999). In case of the

7

n’

metal/insulator/semiconductor contact an additional interface capacity C/"/*** has to be
specified (Kronik & Shapira, 1999). Due to the interface defects a band bending within the
semiconductor can form.

3.5 Circuit elements

A series resistance R; , a parallel resistance R, a parallel capacitance C, and in case of an
metal/insulator/semiconductor contact also a series capacitance C, can be specified. If
circuit elements are specified, the internal cell voltage V;,, and the internal cell current 7,

of the semiconductor stack will differ from the external cell voltage V,, and external cell
current /,,, of the modeled device.

ext

3.6 External parameters

External parameters are defined to be parameters which are externally applied to the device
under consideration and which can also be easily varied in a real experiment. These are the
temperature 7' of the device, a spectral and a monochromatic illumination source leading to
the spectral photon flux <D0(/1,I) required for the optical simulations, and the external cell
voltage V,, (t) or the external cell current 7,, (t) which is applied to the device. The
remaining quantity, i.e. the external cell current I, (t) or the external cell voltage V,,, (t)
respectively, will be calculated.

4. Mathematical description of the DGL system solved by AFORS-HET

In the following, the differential equations and corresponding boundary conditions, which
are solved by AFORS-HET under the various conditions, are stated.
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An arbitrary stack of semiconductor layers can be modeled. Within each semiconductor
layer the Poisson equation and the transport and continuity equations for electrons and
holes have to be solved. At each semiconductor/semiconductor interface and at the front
and back side boundary of the stack the current transport through these
interfaces/boundaries can be described by different physical models. It results a highly non-
linear coupled system of three differential equations with respect to time and space
derivatives. The electron density n(x,z), the hole density p(x,z), and the electric potential

¢(x,1) are the independent variables, for which this system of differential equations is

solved. It is solved according to the numerical discretisation scheme as outlined by
Selberherr (Selberherr, 1984) in order to linearize the problem and using the linear SparLin
solver which is available in the internet (Kundert et. al., 1988).

It can be solved for different calculation modes: (1) EQ calculation mode, describing
thermodynamic equilibrium at a given temperature, (2) DC calculation mode, describing
steady-state conditions under an external applied voltage or current and/or illumination, (3)
AC calculation mode, describing small additional sinusoidal modulations of the external
applied voltage/illumination, and (4) TR calculation mode, describing transient changes of
the system, due to general time dependent changes of the external applied voltage or
current and/or illumination.

In case of using the EQ or the DC calculation mode, all time derivatives vanish, resulting in
a simplified system of differential equations. The system of differential equations is then

solved for the time independent, but position dependent functions, n??'"(x), p'P¢(x),
EQIDC (1)

?
nlx.t)=n"(x), n(x,1)=n"(x)
plx.1)= p*(x) plx.t)= p"(x)
olx.1)= 9™ (x) olx.1)= 9" (x)

In case of using the AC calculation mode, it is assumed that all time dependencies can be
described by small additional sinusoidal modulations of the steady-state solutions. All time
dependent quantities are then modelled with complex numbers (marked by a dash ~),
which allows to determine the amplitudes and the phase shifts between them. IL.e., for the
independent variables of the system of differential equations, one gets:

n(x,) = nPC(x) + 74(x) &'
) =00+ 7)o

o(x1) =9 (x) + € (x) e
In case of using the TR calculation mode, the description of the system starts with a steady-
state (DC-mode) simulation, specifying an external applied voltage or current and/or
illumination. An arbitrary evolution in time of the external applied voltage or current
and/or illumination can then be specified by loading an appropriate file. Then, the time
evolution of the system, ie. the functions n(x,r), p(x.t), ¢(x,r) during and after the
externally applied changes are calculated.
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4.1 Optical calculation: super bandgap generation models

In order to describe the generation rate G,(x,z), Gp(x,t) of electrons and holes due to
photon absorption within the bulk of the semiconductor layers, a distinction between super-
bandgap generation (for photons with an energy E,,,, =hc/A>E,) and sub-bandgap
generation (for photons with an energy E ,,, =hc/A<E,)is made (4 : photon wavelength
h : Planck’s constant, c : velocity of light, E, : bandgap of the semiconductor layer in which
the photon absorption takes place). Only the super-bandgap generation rate is calculated by
optical modelling as it is independent of the local particle densities n(x,z), p(x,z). Sub-
bandgap generation depends on the local particle densities and must therefore be calculated
within the electrical modeling part.

The optical super-bandgap generation rate is equal for electrons and holes
G(x,1)=G,(x,1)= G, (x.2). It can either be imported by loading an appropriate file (using
external programs for its calculation) or it can be calculated within AFORS-HET.

So far, two optical models are implemented in AFORS-HET, i.e. the optical model Lambert-
Beer absorption and the optical model coherent/incoherent internal multiple reflections.
The first one takes textured surfaces and multiple internal boundary reflections into account
(due to simple geometrical optics) but neglects coherence effects. It is especially suited to
treat wafer based crystalline silicon solar cells. The second takes coherence effects into
account, but this is done only for plain surfaces. If coherence effects in thin film solar cells
are observable it may be used.

4.1.1 Optical model: Lambert-Beer absorption

Using this model, the absorption within the semiconductor stack will be calculated
assuming simple Lambert-Beer absorption, allowing for multiple for and backward
traveling of the incoming light, however disregarding coherent interference. A (measured)
reflectance and absorptance file of the illuminated contact R(/i), A(l) can be loaded or
constant values can be used. The incoming spectral photon flux ®(4,z) is weighted with
the contact reflection and absorption, ie. the photon flux impinging on the first
semiconductor layer is given by ®,(4,t)R(1)A(4). To simulate the extended path length
caused by a textured surface, the angle of incidence ¢ of the incoming light can be adjusted.
On a textured Si wafer with <111> pyramids, this angle is 6=54.74°, whereas 6=0° equals
normal incidence. The angle y in which the light travels through the layer stack depends on
the wavelength of the incoming light and is calculated according to Snellius” law:

N 1
y(A)y=0—- arcsm{sm(ﬁ)- n(l)} ,

whereas n(1) is the wavelength dependent refraction index of the first semiconductor layer
at the illuminated side. Note, that within this model, the change in )/(/1) is neglected, when
the light passes a semiconductor/semiconductor layer interface with two different refraction
indices. Thus it is assumed that all photons with a specified wavelength cross the layer stack
under a distinct angle y.

Photon absorption is then calculated from the spectral absorption coefficient
a . (A)=47k(A) /A of the semiconductor layer corresponding to the position x within the
stack, which is calculated from the provided extinction coefficient k(ﬁ) of the layer. The
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super bandgap electron/hole generation rate for one single run trough the layer stack (no
multiple passes) is then given by:
Ao —a,(4) x
G(x.t)= [di @o(A.1)R(A)A(4) a,(2) e
2

‘min

The minimum and maximum wavelengths 4;,, 4., for the integration are generally
provided by the loaded spectral range of the incoming spectral photon flux, ®(4,z).
However, if necessary, A, is modified in order to ensure that only super-bandgap

generation is considered: A, <hc/E,.

To simulate the influence of light trapping mechanisms, internal reflections at both contacts
can be additionally specified. They can either be set as a constant value or wavelength
dependant (a measured or calculated file can be loaded). The light then passes through the
layer stack several times as defined by the user, thereby enhancing the absorptivity of the
layer stack (the local generation rate). The residual flux after the defined number of passes is
added to the transmitted flux at the contact, at which the calculation ended (illuminated or
not-illuminated contact), disregarding the internal reflection definitions at this contact.

This model was designed to estimate the influence of light trapping of crystalline silicon
solar cells and to adapt the simulation to real measurements. However, it neglects the

internal multiple reflections and refractions within the layer stack.

4.1.2 Optical model: coherent/incoherent internal multiple reflections
Using this model, the absorption within the semiconductor stack will be calculated by

modelling coherent or incoherent internal multiple reflections within the semiconductor
stack. Additional non-conducting optical layers in front of the front contact/behind the back
contact of the solar cell can be assumed, for example in order to model the effect of anti-
reflection coatings. Normal incidence of the incoming illumination is assumed.

The reflectance, transmittance and absorptance of all layers (optical layers and the
semiconductor layers) is calculated, using the concepts of complex Fresnel amplitudes. Each
layer can be specified to be optically coherent or optically incoherent for a particular light
beam (incident illumination). A layer is considered to be coherent if its thickness is smaller
than the coherence length of the light beam that is incident on the system.

In order to be able to consider coherent effects, the specified incoming illumination @, (/1,1?)
is modeled by an incoming electromagnetic wave, with a complex electric field component
E;(4,t) (front side illumination, electromagnetic wave traveling in positive direction

~ 2 ~
towards the back contact, with d)o(/I,t):Const‘Eg (i,tj ), or Ey.(4.t) respectively (back
side illumination, electromagnetic wave traveling in negative direction towards the front
~ 2
contact, with (I)O(/l,t)zConst‘E;,H(/I,tX ). The complex electric field components of the

travelling wave are raytraced according to the Fresnel formulas, and thus the resulting
electromagnetic wave E(x,A,r) at any position x within the layer stack is calculated. An
incoherent layer is modeled by a coherent calculation of several electromagnetic waves
within that layer (specified by the integer N ), assuming some phase shift

incoherentlterations

between them, and averaging over the resulting electric field components.
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4.2 Electrical calculation - bulk layers: semiconductor bulk models

Within the bulk of each semiconductor layer, Poisson’s equation and the transport equations
for electrons and holes are to be solved in one dimension. So far, there are two
semiconductor bulk models available, i.e. the bulk model “standard semiconductor” and the
bulk model “crystalline silicon”. If using the standard semiconductor model, all bulk layer
input parameters as specified in Chapter 3.2 can be individually adjusted. If using the
crystalline silicon bulk model, most input parameters for crystalline silicon are calculated
from few remaining input parameters, i.e. from the doping and defect densities N, (x),
N,(x), N,,, of crystalline silicon. Thus effects like band gap narrowing or the doping
dependence of the mobility or of the Auger recombination of crystalline silicon are explicitly
modeled.

Within each layer, a functional dependence in space can be specified for the doping
densities N, (x), N,(x). These input parameters can be chosen to be (1) constant, (2) linear,
(3) exponential, (4) Gaussian like, (5) error function like decreasing or increasing as a
function of the space coordinate x.

4.2.1 Bulk model: standard semiconductor

The doping densities N, (x), N,(x) of fixed donator/acceptor states at apposition x within
the cell are assumed to be always completely ionized. Contrary, defects N, (E ) located at
a specific energy E within the bandgap of the semiconductor can be locally
charged/uncharged within the system. Defects can be chosen to be either (1) acceptor-like
Shockley-Read-Hall defects, (2) donor-like Shockley-Read-Hall defects or (3) dangling bond
defects. Depending on the defect-type chosen, these defects can either be empty, singly
occupied with electrons or even doubly occupied with electrons (in case of the dangling
bond defect). Acceptor-like Shockley-Read-Hall defects are negatively charged, if occupied
and neutral, if empty. Donor-like Shockley-Read-Hall defects are positively charged, if
empty, and neutral, if occupied. Dangling bond defects are positively charged, if empty,
neutral, if singly occupied and negatively charged, if doubly occupied.

Poisson’s equation, which is to be solved within each layer, reads:

R I AC RIS W
q Ox irap
g being the electron charge and ¢,, &, being the absolute/relative dielectric constant. The
defect density of charged defects p,,, (x.z) will depend on the defect-type of the defect
under consideration and on the local particle densities n(x,z), p(x,7) within in the system. It
is described by a trap density distribution function N,mp( ) of the defect, specifying the
amount of traps at an energy position E within the bandgap and by some corresponding
defect occupation functions fosﬁljp (E x.1), flsﬁz) (E X, t) fffiap (E,x,t), fof)ffap (E,x,t),
i (E.,x.t), specifying the probability that traps with an energy position E within the
bandgap are empty or singly or doubly occupied with electrons. Thus p,,,, (x,7) equates to
p,mp xX,t)=— f dE flsﬁfp E,x,t) Ny (E) in case of acceptor-like Shockley-Read-Hall defects,

Pirap (x t +IdE fOSI;I;p (E X, t) Ntrap (E ) in case of donator-like Shockley-Read-Hall defects,
Pirap (x t)=+ J. dE ( S irap (E,x, t) ,mp (E,x, t)) Ny (E ) in case of dangling bond defects.
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The explicit formulas for the defect occupation functions fosﬁffp (E, X, t), flsffz, (E X, t)

f+ wrap (E ,x,t) f0 rap (E,x,t) , I ,,a[, (E X, t) are described later within this text.

The one dimensional equations of continuity and transport for electrons and holes, which
have to be solved within each layer, read:

_l ajn(x’t)

~ et G, (1) R, (1) _%n(x,z)

0j,(x,t
%%:Gp(x,t)_zep(x,t) _gp(x,t)
The electron/hole super-bandgap generation rates G, (x,t), G, (x,t) have to be determined
by optical modeling, the corresponding recombination rates R, (x,7), R, (x.#) are described
later in this text. The electron/hole currents j, (x, t) sy (x,t) are driven by the gradient of
the corresponding quasi Fermi energy E,,(x,7), E Fp(x,t). Using a Maxwell Boltzmann
approximation for the Fermi-Dirac distribution function, the position dependent Fermi
energies and the corresponding local electron/hole currents are explicitly:

E, (1) = Eo(x)+ 4T In ;(:i;)) _ o)+ golr)+ kT (x)

By (61) = By (6)-kr 025D () qolnn)— E, (x)-kT 1n 2

OEr, (x, t)
ox

with the corresponding electron/hole mobilities x,, u,, the electron affinity y, the
bandgap E,, the conduction/valence band energy E., E, and the effective
conduction/valence band density of states N, N, of the semiconductor.

Jpbet) = q u, plx)

Recombination

Recombination from the conduction band into the valence band may occur directly, i.e. via
radiative band to band recombination, R,ﬁf, (x,t), or via Auger recombination, R,f p(x,t). It
may also occur via defect states located within the bandgap of the semiconductor, i.e. via
Shockley-Read-Hall recombination R,fﬁ’,R (x,¢) or via dangling bond recombination, R? I; (x,2):

Rn’p (x,t) = Rff; (x,t)+ R,f’p (x,t)+ Ri’;R (x,t)+ Rfﬁ (x,t)
Optical sub-bandgap generation

Optical sub-bandgap generation (for hc/A<E,) is calculated using Shockley-Read-Hall
recombination statistics. A negative electron/hole SHR recombination rate R (xz),
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R (x,z) means sub-bandgap generation of an electron/hole from a defect state (trap) into
the conduction/valence band. Sub-bandgap generation can either be voltage driven and/or
be driven by an optical excitation.

The SRH optical emission coefficients e % (E , x,t), e (E,x,t) can be calculated from

n,optical p.optical

the optical electron/hole capture cross sections a,’,f‘;f,tica, , a;,’f;’/’mml :
ﬂ“max
trap _ trap
en,oplical (E,X,l)— J.dﬂ’ Gn,opticul NC (D(ﬂ“’x’t) l9(E:C -E- ]’lC//l)
ﬂmin
lmux
trap _ trap
€ optical (E’x’t) - J.dﬂ“ O poptical NV q)(ﬂ”x’t) 19(E - EV - ]’lC/ﬂ)
A

‘min

with ®(4,x,1): spectral photon flux inside the semiconductor layers, of wavelength A at the
position x and at time ¢, N, N, : effective conduction/valence band density, E., E, :
energy position of the conduction/valence band, and $(E): step function, $(E)=1 for E<0,
19(E)=0f0rE >0.

Again, the minimum and maximum wavelengths 4., , 4., for the integration are generally
provided by the loaded spectral range of the incoming spectral photon flux, ®(4,).
However, if necessary, A, is modified in order to ensure that only sub-bandgap generation
is considered: 4, >hc/E, .

Radiative recombination

The radiative band to band rate constant r*” has to be specified in order to equate the
radiative band to band recombination rates Rfﬁ(x,t). The resulting electron and hole
recombination rates are always equal:

R (kr)= r {nfr) plor)-Ne Ny e 50 |

In case of using the DC or AC calculation mode and neglecting second order terms in case of
the AC calculation mode, this simplifies to

RIS ()= 7 0P (x) pPC(2) = Ne Ny 5 |
R,fﬁ(x,t):R,ﬁl;(x) + EBB(X) ¢!
REB(0) = 7% P () () + 7P (x) 7€ )

Auger recombination

The electron/hole Auger rate constants r,lA , r,f have to be specified in order to calculate the
Auger recombination rates R p(x,t). Again, the resulting electron and hole recombination
rates are always equal:

Rf’p(x,t)z [rnA n(x,t)+ r;‘ p(x,t)] {n(x,t) p(x,t)— Nq N, ¢ Bl }
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In case of using the DC or AC calculation mode, neglecting second order terms within the
AC calculation mode, this simplifies to

Ry )=t et (] (e (0) ) ey |

R ()= R, () + B () e

ﬁ,fp (x) = [r”A nPc¢ (x)2 +2 rlf‘ nP¢ (x) pPc (x)] pAe (x) + [r,f‘ pPc (x)2 +2r n¢ (x) pPc (x)] nAc (x)
Shockley Read Hall recombination
Shockley-Read-Hall recombination (Shockley & Read, 1952) requires specifying the

trap tra
/. o P

trap
n 7 p ; O

n,optic /

character (acceptor-like or donor-like), the capture cross sections o

trap
p.optic

the semiconductor, of each defect. An arbitrary number of defects with either one of the

o) and the energetic distribution N, (E) of the defect density within the bandgap of

following energetic distributions N,,,, (E ) can be chosen:
1. point like distributed at a single energy E,,, within the bandgap:

rap

Ntrap (E) = NPOW 5(E - Etrap)

trap

with NZ°" : defect density of the point like defect, 5(E): delta function

trap

2. constantly distributed within a specific region within the bandgap:

N,op (E)= (E”“’ - Emr,) Neonst g(E _ Eend) S(Em,, ~ E)

trap trap trap trap trap

with EJ", E““: start and end energy of the energy interval within the bandgap,

trap 7/ trap *
where a constant defect density is assumed, N,o»": constant defect density per energy,

trap
I(E): step function
3. exponentially decaying from the conduction/valence band into the bandgap:

~(Ec~E)/ES; E) _ NVl e—(E—EV )/ EL i
trap

N E):NC,tail e

trap

, N

trap ( trap (

i.e. conduction/valence band tail states, with Ntfz;;“”, N,‘;L;;“”: tail state density per

ES@, EV“!: characteristic decay energy

energy at the conduction/valence band, E, ", E.,

(Urbach energy) of the conduction/valence band tail state,
4. Gaussian distributed within the bandgap:

(E -E ;'{ﬁp )2

db
N b 2
tra, 20,
N trap (E) = db - € "
o-trap 2z

i.e. dangling bond states, with Nj., : total dangling bond state density, Ej.,: specific

trap *

,d,’;p : standard deviation of the Gaussian

energy of the Gaussian dangling bond peak, o
dangling bond distribution.
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For each defect, electron/hole capture coefficients ¢, are equated
trap __
Cy N/ =V N/ o, N/

with v, ,: electron/hole thermal velocity, o, ,: electron/hole capture cross section of the

defect. The corresponding electron/hole emission coefficients e, (E,x,t) are then given by:

trap(E X, t) _ ctrap N e —(E.—E)/kT +etrap (E,X,[)

n,optic
trap _ trap —(E-E, )/kT trap ( )
e, (E,x,t) =C, Ny e + €, opric E, x,t

In case of using the DC or AC calculation mode, this simplifies to

¢ (E,x)=c" N e Fe “EJAT [dr o). N¢ ®(2,x) HE. —E—he/ 1) (DC mode)

n,optic

" (E,x)= ¢, Ny e EET Jdi o . Ny ®(1,x) Y(E~E, —hel A)

I3 p.optic
e (E,x,t) = ey (E,x) + &/’ (E,x) &' (AC mode)

2 (E.)= [ dh ol Ne ®(1.3) S(E, - E-hel 1)

n,optic
e (E,x)= [dr ol .. Ny D(1,x) HE - E, —hcl 1)
Finally, the Shockley-Read-Hall recombination rate due to the defects is
R (r)= Y, [dE (e n(x.t) N, (E) £ (Eox.t)= e (Eox.t) N, (E) 1550 (E. )}

trap
R[fRH ()C, t) = Z IdE {C;:app(x’ t) Ntrap (E) fl:gtlg; (E’ X t) - e;:“l’ (E’ X, t) Ntrap (E) f(flter[;p (E’ X t) }
trap

In case of using the DC or AC calculation mode, neglecting second order terms and
assuming zero optical emission coefficients within the AC calculation mode (actual stage of
the AFORS-HET development at the moment) this simplifies to

erRH Z JdE{ . DC( )Ntrap( )fOSI;’Zp(E’x) - eilmp(E’x)Ntrap(E)fl:gtliﬁ;(E’x)}

trap

R (x)=3 [dE {1 pC(x) N,y (E) £ (E,x) = €7 (E,x)N,.,, (E) £ (E,x) |

trap
R (o) = R (x)+ R () e

()= % B (e N, (E) £ (E,2) 7(x) — (e + e (B.x)) N, (B) (5. ) |

trap

R ()= 3 [d (e N,y () 2 (Ex) 5x) + (6 4 (B.x)) Ny () T80 () |

trap

www.intechopen.com



Numerical Simulation of Solar Cells and Solar Cell Characterization Methods:
the Open-Source on Demand Program AFORS-HET 333

A positive electron/hole SHR recombination rate means recombination of an electron/hole
from the conduction/valence band into the defect state (trap), a negative electron/hole SHR
recombination rate means sub-bandgap generation of an electron/hole from the defect state
(trap) into the conduction/valence band.

Dangling bond recombination

To calculate charge state and recombination of dangling bond defects in amorphous silicon
the most exact description developed by Sah and Shockley (Sah & Shockley, 1958) is used.
Three different occupation functions ff?fiap (E ,x,t), O?ffap (E ,x,t) , f_l?fjap (E,x,t) for the
positively, neutral and negatively charge states have to be derived, corresponding to the
empty, single or double occupied electronic state. Four capture/emission processes with the
capture cross sections o, , 0'2 , o, o, have to be defined as can be seen in Fig. 3. The two
transition energies E,,_, E,,, are separated by the correlation energy U, which accounts for
the fact that the capture-emission process is influenced by the charge state of the dangling or
by rearrangement of the lattice in the surrounding.

@ (]
Ec .
+
Eq-----14- O_- A U_ - U_n --@-0O--
0/- i " O‘
E+/O_ -0-0-- --O-O0-- e----- meemd--
IO'I? O-P
Ev ) )

Fig. 3. dangling bond recombination according to Sah and Shockley

For each defect, electron/hole capture coefficients ¢, ,,,,_ are calculated with the specified
electron/hole thermal velocity v, ,:

trap _ +/0/—
Cn/p,+/0/f - vn/p O-n/p

The emission coefficients for the DC calculation mode, neglecting optical emission are given by:

1 (B~
enf (E.x) =S e Ne e 5O

trap ( ) _ A trap —(E-E,)JkT
e, \E,x)=2c,y Ny e

ey’ (E,x)z 2¢, % N ¢~ (Ec~(ED))/KT

1 —(E+U~
ez’aé’ (E, x): Ec;mf Ny e (E+U~E, )T

Finally the dangling bond recombination coefficients are given by:

RP(x)=Y [dE e n™C (x) N,y (E) 122, (E,x) = e (E,x)N,,, (E) 22, (E,x)+

trap

C;’:%p nDC('x)Ntrap(E) e (E,X)— e:lr,af(E’x)Ntrap(E) o (E,X)}

0, trap —, trap
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R (x)= 3 [dE e pPC ()N, (E) £25, (E,x) = "0 (E,x) N, (E) 25, (E,x)+
¢ pPC (¥ N, () £28 (E,x) = €7 (B, x) Ny (E) £22, (E, %) |

Dangling bond recombination is still under development. Especially time dependent
recombination and optical defect to band emissions are not implemented at the current state
of AFORS-HET development.

Defect occupation functions

The defect occupation functions f;~! (E,x,t), R (E xt) I tmp(E,x,t), fo, ,mp(E,x,t),

0, trap trap

o8 rap (E,x,t) specify the probability for a specific defect (either Shockley-Read-Hall or
dangling bond) that traps with an energy position E within the bandgap of the
semiconductor are empty or singly or even doubly occupied with electrons.

In case of using the DC or AC calculation mode, they can be explicitly expressed in terms of
the local particle densities n”“(x), p”“(x), 7*°(x), p*“(x). In case of using the TR
calculation mode, the defect occupation functions are generally determined by additional

differential equations. Transient DB defect occupation functions have not been implemented
in AFORS-HET yet (actual stage of AFORS-HET development).

Shockley Read Hall defect occupation functions

A Shockley-Read-Hall defect can be either empty or occupied by an electron, thus
Fortrap (B 2.0)+ gy (Eo 1) =1

SRH
trap

explicitly stated in case of using the EQ, DC, AC or the TR calculation mode. The Shockley-

Read-Hall defect occupation function fr7

The Shockley-Read-Hall defect occupation function f; (E,x,t) for electrons will be

0. rap (E ,x,t) can then directly be equated.
Generally, a local change of the trapped charge stored in SRH defects must be determined
by the difference between the local electron and hole SRH recombination rates:

o Prplt)= R (r) R (1)

This defines for each defect an additional differential equation for its SHR defect occupation

SRH

by (E, x,t) with respect to its time derivative:

function f;

Jqsgfg;(Ext) (7 nx,)+ e (E,x.0))1 - £ (E.xt) = (€7 plast)+ e (E,x.1) £ (E.x.) (#)

In case of using the EQ or the DC calculation mode, the time derivative vanishes, and an

SRH,DC

rap (E x) which is no longer

explicit expression for the SHR defect occupation function, f;’
time dependant, can be derived:
trap DC( )+ etmp (E,X)

c, n
flSSZ) DC(E X) Ctrap nDC( )+etrap(E x)+ctrap pDC()C)-i-e;mp(E,X)

n
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Of course, in case of using the EQ calculation mode, the SHR defect occupation function
could be also equivalently be described by the Fermi-Dirac distribution function,
flsﬁljpD “(Ex)= ﬁsﬁprQ (Ex), which implicitly determines the position independent Fermi

energy E.

1
Fiip P Ex) = ——p

l+e

In case of using the AC calculation mode, the differential equation (#) can be explicitly
solved, assuming time independent optical emission coefficients within the AC calculation
mode (actual stage of the AFORS-HET development at the moment) and assuming the time
dependencies n(x,z) = n?(x) + 7°(x) &', p(xt) = p”“(x) + p*“(x) €“'. Neglecting
second order terms, one gets for the SHR defect occupation function in the AC calculation

mode, ﬁsfﬁz, AC(E, x, t)

f‘lSRH AC( ) f]SRH DC( )+ ﬁSRH AC(E X) iot

trap trap trap

£ SRH., AC( )_ ¢, OSItarIZpDC(E x) AC(X) - trap flsﬁngC(E x) ﬁAC(x)
fl trap ’ - C;rap nDC( )+etrap(E x)+ctrap pDC( )+€;mp(E,_x) o

In case of using the TR calculation mode, the transient SRH defect occupation function
flssz, R (E X1 +l) at the time step 7,,, for an evolution of the system from the time point ¢
towards the time point ¢, can be stated by solving the differential equation (#) using a full
implicit time discretisation scheme with respect to the particle densities and the emission
rates:

d
L ()

= (et otV e (Bt (1= 57 (Bor)) = (5 plotn )+ e (Buot) 755 (. 1)

An analytical solution of this differential equation leads to:

f]SRH DCtr(E X, tl+1) f]SRH TR(E X, t)

SRH , TR (E ) SRH, DCtr( . ) _ trap trap
fl trap X, t,+1 fl trap ,xatl+l . dt (Lll;m[ n(x’t’+ ) o (E,x,ti )+ er, p(x’t’”) ,(E xt“))

with

e n(x;,) + etmp(E’me)

DCir(p oy )= u
SRH ( * tHl) cn (x l,+1)+ e,t,mp(E’x’tHl)Jrcm P(x’ti+1)+etmp(E X tz+1)

In the steady-state limit, i.e. for Limes dt -, dt =t,,, —t,, this formula converts to the well

known steady state SRH defect occupation function flst’fz, PC(E,x)= flsffg, bar(E, x,t,,,).

Dangling bond defect occupation functions

A dangling bond defect can be either empty or singly or doubly occupied by an electron,
hereby being in its positive, neutral or negative charged state, thus
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fP8 (Ex,o)+ (P8 (E,x )+ £28 (E,xt)=1

trap 0, trap —, trap

For the EQ and DC calculation mode the occupation functions are given by:

PP~

DB

E . x)=

S E.) NP +P°P +N*N°

DB ~ P N*
0" (E.x)= NP~ + PP~ + N*N°

NON?
f—DB(E’x)Z o . pOpe 20
NP +P'P +N'N

where:

Dangling bond defects are still under development and especially time dependent dangling
bond occupation functions (to be used in the AC or TR calculation mode) are not
implemented at the current state of AFORS-HET development.

4.2.2 Bulk model: crystalline silicon
If the bulk model “crystalline silicon” is used for a semiconductor layer, most layer input

parameter as described in chapter 3.2 are calculated from the doping densities and the
defect densities of crystalline silicon.

Thus a doping and temperature dependent material parameterization for crystalline silicon
can be undertaken, i.e. it is possible to specify (1) the temperature dependence of the
intrinsic carrier concentration of crystalline silicon (intrinsic carrier density model), (2) the
doping dependence of the electron/hole mobilities in crystalline silicon (mobility model), (3)
the doping dependence of the Auger recombination in crystalline silicon or even its
dependence on local excess carriers (Auger recombination models), (4) the doping and the
temperature dependence of the Shockley-Read-Hall recombination in crystalline silicon
(SRH lifetime model) and (5) doping dependence of the bandgap in crystalline silicon
(bandgap narrowing model). All these models are similar to the numerical computer
simulation program for crystalline silicon solar cells PC1D (Basore & Clugston, 1997).

Only one single neutral SRH defect at a certain energy position E within the bandgap is
assumed. The doping densities N, N, and the amount of traps N,,,, are specified by the
user, all other layer input parameters are calculated according to the above mentioned
models.
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4.3 Electrical calculation - interfaces: semiconductor/semiconductor interface

models

Each interface between two adjacent semiconductor layers can be described by three
different interface models: (1) interface model: “no interface”, (2) interface model: “drift-
diffusion interface” and (3) interface model: “thermionic emission interface”. If “no
interface” is chosen, the transport across the interface is treated in complete analogy to the
“drift diffusion” interface model, however, no interface defects can be specified. The “drift
diffusion” interface model models the transport across the heterojunction interface in the
same way as in the bulk layers, thereby assuming a certain interface thickness. The
“thermionic emission” interface model treats a real interface which interacts with both
adjacent semiconductor layers.

4.3.1 Interface model: no interface

Per default, the electron and hole currents across the semiconductor/semiconductor
interface are assumed to be driven by drift diffusion, with no interface defects present at the
interface.

The drift diffusion model assumes an interface layer of a certain thickness (which is given by
the specified grid point to boundary distance within the numerical settings of AFORS-HET).
Within this interface layer, the material properties change linearly from semiconductor I to
semiconductor II. The elelctron/hole currents across the heterojunction interface can then be
treated like in the bulk of a semiconductor layer (drift diffusion driven).

Denoting x;, xi| the positions directly adjacent to the semiconductor I/1I located left/right
to the interface, 5’ ! , the mobilities of the two adjacent semiconductors, and
I i 1 V4 1 i
it _ Hyp + Hy it = n(xit)+ n(xit ) P = p(xit)+ p(xit )
" 2 2 ' 2
currents across the interface are (like in the bulk):

, the corresponding electron/hole

) = 0 ul ) Pl
X

y iy arn OF (x,t)

ip) = gy p" ) —2 =

4.3.2 Interface model: drift-diffusion interface

The electron and hole currents across the semiconductor/semiconductor interface are
assumed to be driven by drift diffusion, with additional interface defects present at the
interface. Half of the interface states can be occupied by electrons or holes from
semiconductor I, the other half from semiconductor II.

The interface defects (given in cm-2) are distributed homogeneously within the interface
layer (per cm?). Le. the specified interface defect density N,(E) is converted into a

homogeneous layer defect density of the interface layer, N,(E), selectively according to one
. 3
of the two following formulas, either N, (E )=N2—(E) or N, (E )= (Nit (E ))E . Thus half of the

it
defects specified are recombination active within semiconductor I, the other half within
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semiconductor II. The calculation of the electron/hole currents across the heterojunction
interface is then performed in the same way as when using the interface model “no
interface” described above.

4.3.3 Interface model: thermionic emission interface

The electron and hole currents across the interface are assumed to be driven by thermionic
emission (Anderson, 1962; Sze & Kwok, 2007). Additional interface defects can be present at
the interface. These states can be filled with electrons or holes from both sides of the

interface.

Lets denote x., x, the positions directly adjacent to the semiconductor I/II located
left/right to the interface, ;(1 AL gLl ,{g the electron affinity, the bandgap and the
thermal velocities of the two semiconductors. According to Anderson theory (Anderson,
1962) the conduction/valence band offsets AE., AE, , which determine the energetic barrier
of the heterojunction interface to be overcome by thermionic emission, are:

AE.= 2" = 4!

AE, =E; —E,+ 7" -4’

The sign convention is such, that AE., AE, isnegativeif E., E, drops from the left side to

the right side of the interface. The thermionic emission currents across the heterojunction

interface j%'2"(r), syt (t), =121, jei=t () are then explicitly written using the

I(E) step function, 9(E)=1 for E<0, 9(E)=0 for E>0:

Al 9(-AE,) - I(AE.)
JnTE JAN (t) _ Vr{ n(xilt,t) o KT ¢ ’ jZE,II—ﬂ (t) _ V”II n(xl-ltl,t) o KT ¢
|AE, | |AEy |
25T g(aE,) ——19(-AE )
TE, 111 I v TE, -1 v
i) = v, p(x,t,t)e T , JrE ) = v p( Xip ol )e T

The netto electron/hole current across the interface due to thermionic emission ;" , j* s 18t

TE, [ —>11 TE, I >1 TE, [ >11 TE, 11 >1
.]n_.]n .]n 4 Jp_.]p .]p

Additional to the thermionic emission process across the heterojunction interface, there is
recombination due to the interface defects. The interface electron/hole recombination rates
from both sides of the interface RY,(¢), R!,(t), R%,(t), R%,(t), are described with SRH
recombination:

R 0= 3 [aE el nled o)V, ()1 - £ (B))- el (B)NE (E) £, (E.0)

trap

Ry ()= X [ab iy nlct o)V, (B)I - £, (B.0)- ety ()N, (E) £, (B0}

lrap

R, ()= [dEL, plsto )N (B) £ (B = (BN (E) - £ (B, 1))

trap
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RZII jdE {Cp mn p( Xig o1 )Ntlﬁap( ) trap(E t) pII(E t)Ntlrtap( )( ftrap(E’x’t))}
trap
Thus, recombination at the interface is treated equivalently to bulk SRH recombination, with
two exceptlons The interface defect density N,mp( ) is now given in defects per cm™ eV ™!
instead of cm™ eV ™', consequently, interface recombination is now a recombination current,
given in em™ 57!, instead of c¢m™ s7'. Furthermore, the interface defect distribution
function f;,, (E,t) changes compared to the bulk defect distribution function Sirap (E,x,1), as
the interface states can interact with both adjacent semiconductors. For the EQ or DC

calculation mode, one gets explicitly :

wd C(E)= frar@(E)=
C:u n( n)+ Cont ”( )‘*‘e (E)+eZ,Il (E)
CZ,I n(xlll )+ CZ,II ”(xilzl )+ C;;,I p(xit )+ Cp,II p(xir )+ en,l (E)+ e:lf,ll (E)+ el;,l (E)"‘ ez,n (E)

Using the AC calculation mode, one gets:

Frig (Est) = Fri(E) + [, (E) &

’“iz,AC(E):

trap

{1_ft:;pDC( )} {Czlfl ”AC( )+Cnl[ n C( )} ft;;pDC( ) { Zl p* ( 1t)+cpll 4 ( H)}
Cn,l n(xit)+ Cn,ll ”(xn )"' Cp,[ p(xiz)+ Cp,l[ p(xiz )+en,1 (E)+€n,l[ (E)+ep,l (E)+ep,ll (E)""a)

Within the actual stage of AFORS-HET development, interface states described by
thermionic emission are only implemented within the EQ, DC and AC calculation mode, i.e.
the transient defect distribution function of such states has not been implemented yet.

The heterojunction interface itself is treated as a boundary condition for the differential
equations describing the semiconductor layers. Thus, six boundary conditions for the
potential and the electron/hole currents at each side of the interface have to be stated, i.e.:
The potential is assumed to be equal on both sides of the interface (thereby neglecting
interface dipoles):

1. ol )=olst)

The total charge stored in the interface states is equal to the difference in the dielectric
displacements (a consequence of the Gauss law applied to the Poisson equation)

2. gyE) _6(/)(x) 0 _6(/)(x) =4q 2Py

0°r - P
X ! X xl defects

it

X

The total current across the heterojunction interface ]gev( ) i (t)+ jZ (t) under steady-state
conditions is equal to the constant (that is position independent) total current left (or right)
to the interface

3. )+ 710)= g lxl)+ g, ()

The total electron/hole recombination rate from both sides of the interface is equal for
electrons and holes (valid only for EQ, DC and AC calculation mode)
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4 Ry (0)+ Ry (0)= Ry, (0)+ Ry ()
The electron/hole current left to the interface is equal to the netto electron/hole current
across the heterojunction interface plus the interface recombination current

5. j,(xlt) = i) + R, (1)
6. J,(x.e) = () =R, (0)

4.4 Electrical calculation - boundaries: front/back contact to semiconductor models
The electrical front/back contacts of the semiconductor stack are usually assumed to be
metallic, in order to be able to withdraw a current. However, they may also be insulating in
order to be able to simulate some specific measurement methods like for example quasi
steady state photoconductance (QSSPC) or surface photovoltage (SPV). So far, four different
boundary models for the interface between the contact and the semiconductor adjacent to
the contact can be chosen: (1) “flatband metal/semiconductor contact” (2) “Schottky
metal/semiconductor ~ contact”,  (3)  “insulator/semiconductor = contact”, = (4)
“metal/insulator/semiconductor contact”. The boundaries serve as a boundary condition
for the system of differential equations describing the semiconductor stack, thus three
boundary conditions for the potential and the electron/hole currents at the front and at the
back side of the stack have to be stated.

4.4.1 Boundary model: flatband metal/semiconductor contact

Per default, an idealized flatband metal/semiconductor contact is assumed at the
boundaries. That is, only the effective electron/hole surface recombination velocities
S ,{;‘;’” 'hack have to be specified. The metal work function of the front/back contact, ¢/"/***
is calculated in a way, that flatband conditions are reached according to Schottky theory
(Sze & Kwok, 2007). Normally, flatband conditions are calculated within the thermal
equilibrium EQ calculation mode, however, in case of using the DC, AC or TR calculation
mode with an external illumination (optical super bandgap generation) enabled, they are
recalculated in order to ensure flatband conditions independent from the applied
illumination.

The interface between the metallic front/back contact and the semiconductor is treated as a
boundary condition for the differential equations describing the semiconductor layers. Thus,
for each contact, three boundary conditions involving the potential and electron/hole
densities adjacent to the contact have to be stated. Denoting x/*", x/* the position within
the semiconductor directly adjacent to the metallic contact, these are:

The electric potential is fixed to zero at one contact (for example the back contact).

l.a gp(xib,”Ck,t):O

At the other contact (for example the front contact) the external applied cell voltage V,,(t)
or the external applied current density j,,, (t) through the cell is specified (voltage
controlled or current controlled calculation). The external solar cell resistances, i.e. the series
resistance R, and the parallel resistance R.,, which can optionally be specified, will affect

the internal cell voltage V, (r) at the boundary of the semiconductor stack and also the
position independent internal current density j, (¢) through the semiconductor stack.
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In case of a voltage controlled calculation, the internal cell voltage can be expressed by the
specified external cell voltage w(t) and the position independent internal cell current

]im( )— Const( )— ]n(x,l)+ ]p(x,t).

0 {jn(xl:]:mnt, ) ]p( front )} RS

| S
V() = v ) + SRy

S ext S
R R
“lext “ext
1+—5* 1+
ext ext

Thus the potential at other contact can be specified:

1b (p( front ): lront _ ghack +th()

In case of a current controlled calculation, the internal cell current density can be expressed
by the specified external cell current density j,,(r) and the internal cell voltage
Vim( ) ¢(X,J;r0m l‘)—(ﬂ(xb(wk )_¢front +¢back .

. . V. ) _front’ _ iback’ __ 4 front back
Jint(t) = Jext(t) + ;tP(t) = -]ext(t) + go(xlt t) ¢(XZRP t) ¢ +¢

ext ext

Thus the position independent total internal cell current j, (x,z)+ j p(x,t)= Const(t) can be
specified:

1 (el r) () = )

Furthermore, the electron and hole particle densities at the interface, or the electron/hole
currents into the metal contacts can be specified for both contacts.
In the EQ calculation mode, the majority carrier density at the interface under equilibrium

EQ (x:f"’"’ ! b“"") or p* (xf"’"’ ! "”"k) is given by the majority barrier height

it 23

grclhottky q {¢fr0nt/back _ Zfront/back }, ¢Sch0tlky {E ¢frunt/buck Zfrunt/buck } Of the

front | back

metal/semiconductor contact (with p- being the electron affinity of the

semiconductor adjacent to the front/back contact):

Schottky ¢ Schottky
¢Bn Bp

2 a, 2b }’lEQ( front/back) — NC €_ kT or pEQ (x_front/back) — NV 6_ kT

it

The corresponding minority carrier density under equilibrium p® (fm”’ ”’“‘k) or

( o ”“Ck) is then given by the mass action law:
L _E
kT kT
3.a 3b ( front/back) NC NV e or nEQ(xfmnt/back) NC NV 4
4 p EQ front /back it EQ fronl /back

n ll p l[

As flatband conditions are chosen, the metal work function is calculated to give a zero build
in voltage due to the metal/semiconductor contact:

front/back __ front/back front | back
¢ =Ec - EF( )+ y4

In all other calculation modes (DC, AC, TR), the electron/hole currents into the metal
.it, front | back (t) jit,from/back
7 Jp

contact, j, (z) are specified:
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2a j’ilt,front ([) = gq Shfront {n(xi{mm’t)_nEQ(xl:):ront)}

2b jitbk(f) = — g ghack {n(xil;ack’t)_nEQ(xibrack)}

n

34 J.Z,fmm(t) S S}]:ronl {p(xi’;m"',l)— pEQ(xI{ram)}

3b j;'f,hack (t) = qS;v?ack {p(xgack’t)_ pEQ(xgack)}

Furthermore, if using the DC, AC or TR calculation mode with an external illumination
(optical super bandgap generation) enabled, an illumination dependent metal work function
is calculated, in order to ensure illumination independent flatband conditions: Assuming a
zero internal current density (no netto current through the semiconductor stack), the metal
work function is now iteratively calculated from the majority quasi Fermi energy
Eg, xl{’””’,t) or Ep, x/”" t) instead from the Fermi energy, in order to ensure a zero build in
voltage due to the metal /semiconductor contact

¢fr0nt/back (l) — EC _ EFn (xl{ront/back,t)+ Zfrant/back or

gy front I back (t) —E.—Ej, (x frontback. t) |y rontback

4.4.2 Boundary model: Schottky metal/semiconductor contact
This boundary model can describe metal/semiconductor contacts, which drive the

semiconductor into depletion or into accumulation (Sze & Kwok, 2007). Explicit values of

¢ front | back

the metal work function can be specified in order to fix the majority barrier height

of the metal/semiconductor contact schottky — g {¢f"’"’ fback _ , Jront/back }
¢g;”"”"y =q {Eg — glron/back Jront/back } Otherwise, this boundary model is totally equivalent

to the flatband metal/semiconductor boundary model described above.

4

4.4.3 Boundary model: insulator contact

If the boundary of the semiconductor stack is considered to be insulating, additional
interface states can be defined, as according to (Kronik & Shapira, 1999). They are treated
equivalent to the bulk, but with densities given in c¢m?2 instead of cm?3. For an
insulator/semiconductor contact at the front the three boundary conditions are:

1. 0=—&&, _a¢>a(x, ) q2.p""
X X froms trap

2‘ 0 = jn (‘xfrum )_ Rtf,rr(zml

3. 0= _jp ('xfront )_ Rt{f;nt

4.4.4 Boundary model: metal/insulator/semiconductor contact
In case of using a metal/insulator/semiconductor MIS contact, the insulator capacity C has
to be additionally specified. At the insulator/semiconductor interface additional interface
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defects can be defined, which are treated equivalent to the bulk but with densities given in
cm? instead of cm?, as according to (Kronik & Shapira, 1999). Depending on whether the
MIS contact is defined on only one or on both boundaries two different cases have to be
discussed. If both boundaries have an MIS contact, the capacities clont | chak of the front
and back boundaries can be defined separately. Furthermore, one has to define the voltage
fraction f that drops at the front MIS contact compared to the fraction that drops at the
back MIS contact. For a given external voltage this defines how the different metal layers are
charged. Time dependent boundary conditions (AC or TR calculation mode) for the MIS
contact on are not implemented at the current state of AFORS-HET development.

Both semiconductor potentials (p(xfmm) and go(xback) at the front/back boundary of the
semiconductor stack and the metal work functions ¢”*"/?** of the front/back contact enter
the boundary condition for the electric potential. Also enters the net charge p, of the
interface, which has to be calculated by summing over all interface defects. The
electron/hole currents into the interface defects j, (xfmm), ip (x fmn,), are given by the
of the interface defects. The three boundary conditions for

front

recombination rates R}, R

it,n

a MIS contact read:
1. 0=C {Vext - [(D(Xback )_ ¢)(xfr0nl )]+ [¢ba0k - ¢fmm:| } - &yé, GZJ(CX) -4 Z pittmp
X/'mm trap
2. 0= jn (‘xfront )_ szt(rl(;m
3. 0=-J, (xfrunt )_ Rz{.,r;m
in the case that only one MIS contact at the front boundary is chosen, and
La 0= fcCr {Vext - [¢’(xback)_(/7(xfmm )]+ [¢bm‘k —¢fmm]} — &by quix) - q2.pi"
X front trap
2a 0= j,(xpou ) RI
3.a 0= _jl’ (xfront )_ Rl{,r;m
1b 0 = (1 - f)cbaCk {Vext - [¢(xback )_ q)(xfront )]+ [¢ba0k - ¢fi’0nl ] } - gOgr ag)(CX) - qz pl'llmp
Xpuck trap
2b 0= jn (xhack ’ t)_ Rll;flrik
3.b 0= _jp (xback ’ t)_ Rll;,a;k

in case that two MIS contacts at both boundaries are chosen.

5. Characterization methods simulated by AFORS-HET

In the following it is described how the most common solar cell characterization methods
are simulated within AFORS-HET, i.e. current-voltage (IV), quantum efficiency (QE), quasi-
steady-state photoconductance (QSSPC), impedance (IMP, ADM, C-V, C-T, C-f), surface
photovoltage (ID-SPV, VD-SPV, WD-SPV) and photo-electro-luminescence (PEL).

5.1 Measurement model: current-voltage characteristic (V)
This measurement varies the external voltage at the boundaries and plots the resulting

external current through the semiconductor stack in order to obtain the current-voltage
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characteristic of the simulated structure. For each voltage value the total current through the
structure (the sum of the electron and hole current at a boundary gridpoint) is calculated.
This can be done in the dark or under an illumination. The measurement model can iterate
the specific data points maximum-power point (mpp), open-circuit voltage (Voc), short-
circuit current (Isc) and thus calculate the fill-factor FF and the efficiency Eff of the solar
2

cell, whereas the illumination power density P, mination iIn W /cm” is calculated from the
incident photon spectrum:
FF = Vmpp ! mpp Eff = Vmpp 1 mpp - _ FFV, I,
Voc Isc Pil]umination Pi]]umination

5.2 Measurement model: quantum efficiency (QE)

In order to simulate quantum efficiencies, the semiconductor stack is additionally
illuminated with a monochromatic irradiation at a certain wavelength A, and the difference
AL of the resulting short circuit current with and without the additional irradiation is
computed. A quantum efficiency QE(1) can then defined as

0 E( ﬂ,): number.of .electrons.in.the.external.circuit _ AL [ g
number.of .photons number.of .photons

Different quantum efficiencies are calculated, depending on the number of photons which
are considered: (1) external quantum efficiency (EQE): all photons of the additional
irradiation, which are incident on the semiconductor stack, whether they are reflected,
absorbed or transmitted, are counted. (2) internal quantum efficiency (IQE): only the
absorbed photons of the additional irradiation are counted. Note, that like in a real
measurement, photons which are absorbed in the contacts are also counted, despite the fact
that they do not contribute to the current. (3) corrected internal quantum efficiency (IQE1):
only the photons of the additional irradiation which are absorbed in the semiconductor
stack are counted.

5.3 Measurement model: quasi steady state photoconductance (QSSPC)

The excess carrier density dependant lifetimes 7, (An), T, ai (Ap) for a semiconductor
stack of the thickness L under a given external illumination are calculated according to the
following equations:

A A
Tn_all(An):é Tp_ull(Ap):é

An = de {nilluminated (x )} - _[ dx {”dark (x)})/ L
Ap = (de{pilluminated (X)} - _[ dx{pdark (X)})/ L

AG = ([dx {Gilluminated (X )} - _[ dx {Gdark (x) })/ L
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The average dark and illuminated carrier densities and the average generation rate are
calculated by integrating over the whole structure. Thus the excess carrier densities An, Ap
and the corresponding change in generation rate AG can be calculated. Within the
measurement model, the external illumination intensity is varied and the resulting excess
carrier dependant lifetimes 7, (An) and Ty al (Ap) are plotted.

For typical structures that have a c-Si layer with low mobility passivation layers at the front
and back additionally c-Si carrier lifetimes 7 and 7, . are calculated by only
integrating over the c-Si layer. To model the typical QSSPC measurements of passivated c-Si
wafers done with the commercially available setup by Sinton Consulting
(Sinton & Cuevas, 1996), an effectively measured carrier lifetime 7, is calculated by the
following equation:

n_c—Si

An_gp, i+ AD_gil, s

gss
:unfc—Si + /upfc—Si

r /AG,

5.4 Measurement model: impedance, capacitance (IMP, ADM, C-V, C-T)

Both boundaries must be described by a voltage controlled metal-semiconductor contact.
yC

ext

Additional to the time independent external DC voltage an alternating sinusoidal AC

voltage is superimposed, ‘7@6, (x,t) =vpe (x) + Ve (x) ¢'®", with a small amplitude V,2¢ and

a given frequency f, @=27af. The resulting external current through the semiconductor

stack in the limes of a sufficiency small amplitude is calculated,

~

I (x.71) = IPC(x) + 12€(x) @9 = [P€(x) + T2(x) " . It is also sinusoidal and of the

ext ext ext ext

AC
ext

same frequency f, with an AC-amplitude I
amplitude feﬁf respectively.

The impedance is defined to be the complex resistance of the semiconductor stack, i.e. the
quotient of ac-voltage to ac-current. The admittance is defined to be the complex
conductivity of the semiconductor stack, i.e. the quotient of ac-current to ac-voltage. It can

be equivalently represented by a parallel circuit of a conductance G and a capacitance C .

and a phase shift §, or with a complex

. yAC . JAc
= ext /[ ext A ”
IMP—;TC, ADM—TC—G+127Z'fC
ext ext

Depending on the measurement chosen, the frequency is varied and the amplitude and
phase shift of the impedance is plotted (measurement IMP), or the capacitance, conductance
and conductance divided by frequency is plotted (measurement ADM). Furthermore, for a
fixed frequency f, the capacitance can be plotted as a function of the external DC-voltage

(measurement C-V) or as a function of the temperature (measurement C-T).

5.5 Measurement model: surface photovoltage (ID-SPV, VD-SPV, WD-SPV)

In order to simulate a steady-state surface photovoltage (SPV) signal (Kronik & Shapira,
1999), the front side boundary should usually be a metal-insulator-semiconductor contact.
The semiconductor stack is additionally illuminated with a monochromatic irradiation at a
certain wavelength and intensity. The potential difference Af with and without
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monochromatic illumination at the front (first grid point) and at the back (last grid point) of
the stack is computed and as output the SPV signal Vpy 00 /pae 1S calculated.

SPV _ _ |, .illuminated dark
ment/ back — A(Dfrontjback - (¢fr0nﬂback - ¢fronﬂback)

Note that only one quantity ¢, or ¢,,, will change upon illumination, as the potential is
fixed to ¢ =0 either at the front side or at the back side. Depending on the measurement,
either the intensity of the monochromatic illumination is varied (ID-SPV, intensity
dependant surface photovoltage), or the external voltage is varied (VD-SPV, voltage
dependant surface photovoltage), or the wavelength of the monochromatic illumination is
varied (WD-SPV, wavelength dependant surface photovoltage).

5.6 Measurement model: photo electro luminescence (PEL)
When an external illumination and/or an external voltage are applied the emitted radiation
can be calculated according to the generalized Plank equation (Wiirfel, 1982).

1(2)=2c[ dx a(d.x), !

5
pi exp([};c ~(Ep0-Ey, (x))j / ij -1

By integration over the whole structure the wavelength dependant emitted intensity to the
front and back is calculated taking photon re-absorption into account. For a given
absorption coefficient & and a given wavelength A the spectra I(1) of the emitted photons
is determined by the splitting of the quasi-Fermi levels of electrons and holes Ey,, Er, . The
external working conditions like external illumination and/or applied voltage that cause the
quasi-Fermi level splitting have to be specified. Furthermore the wavelength region for
which the emitted intensity is calculated can be selected.

6. Selected examples on AFORS-HET simulations

To illustrate the concepts of numerical solar cell simulation, some selected examples
simulating a simple amorphous/ crystalline silicon solar cell are shown. The absorber of the
solar cell (designed for photon absorption) is constituted by a 300 pm thick p-doped
textured silicon wafer, c-Si, whereas the emitter of the solar cell (designed for minority
carrier extraction, that is electron extraction) consists of an ultra thin 10 nm layer of n-doped,
hydrogenated amorphous Silicon, a-Si:H, see Fig. 4. In order to support the lateral electron
transport, a transparent conductive oxide layer, TCO, is used as a front side contact. For the
sake of simplicity, majority carrier extraction that is hole extraction, is realized as a simple
metallic flatband contact to the p-type absorber. Please note, that this solar cell structure is
not a high efficiency structure, as a back surface field region, BSF, for hole extraction in
order to avoid contact recombination, has not been used. However, this structure has been
chosen, as it clearly reveals the properties of an amorphous/crystalline heterojunction
interface.

This interface is crucial for the performance of an amorphous/crystalline heterojunction
solar cell: By an adequate wet-chemical pre-treatment of the wafer prior to the deposition of
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a-Si:H onto the surface of the silicon wafer, one has to ensure that an a-Si:H/c-Si
heterocontact with a low a-Si:H/c-Si interface state density, D, , will form. The influence of
D, on the solar cell performance as well as on various solar cell characterisation methods
will be shown. Thus a sensitivity analysis of different measurement methods in order to

measure an unknown D,, is performed my means of numerical simulation.

AFORS-HET: Input

Zno
a-5Si
, Defects
c-Si ) ; -
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Define Structhure i |
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Fig. 4. Screenshots of typical AFORS-HET input: Simulation of TCO/a-Si:H(n)/c-Si(p)/ Al
heterojunction solar cells. (left) layer sequence, (right) defect distributions N, (E ) of the
a-Si:H(n) layer and of the a-Si:H(n)/c-Si(p) interface.

Fig. 4 shows typical screenshots of an AFORS-HET input while modelling the above
mentioned TCO/a-Si:H(n)/c-Si(p)/ Al heterojunction solar cell. In order to model the c-Si
absorber, the bulk model “crystalline silicon” is chosen, specifying the appropriate doping
(i.e. N, =1510"cm™) and the appropriate lifetime of the wafer (i.e. specifying a defect
density of a single midgap defect N, =1. 10" cm™, which corresponds to a mean lifetime of
Ims as indicated in the input window). In order to model the a-Si:H emitter, the bulk model
“standard semiconductor” is chosen, specifying the measured density of state distributions
within the bandgap of a-Si:H (Korte & Schmidt, 2008), see Fig. 4. L.e. the measured Urbach
tail states and the measured dangling bond states of a-Si:H have to be stated and the doping
density N, has to be adjusted to a value which leads to the measured Fermi level to valence
band distance E, —E, =250meV of a-Si:H (Korte & Schmidt, 2008). Furthermore, the
electron affinity of a-Si:H has to be adjusted to a value in order to represent the measured
valence band offset AE, = E_® — E{* =450meV (Korte & Schmidt, 2008). For modeling the
a-Si/c-Si interface, the interface model “drift diffusion interface” is chosen, assuming a
simple constant distribution of interface defects within the bandgap, exhibiting a donor like
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character below midgap and an acceptor like character above midgap, see Fig.4. The TCO
layer at the front is modelled as an optical layer, thus at the front contact the measured TCO
absorption (Schmidt et. al., 2007) as well as the measured solar cell reflection due to the
surface texturing (Schmidt et. al., 2007) is specified. Therefore, for the optical calculation the
optical model “Lambert-Beer absorption” has to be specified.

6.1 Optical calculation

Fig. 5 shows the resulting spectral absorptions of the incoming AM 1.5 illumination within
the different layers of the solar cell: More than half of the low wavelength radiation
(A<350nm) is absorbed within the 80 nm thick TCO layer and is therefore lost for solar
energy conversion. Also the defect-rich, ultra-thin a-Si:H emitter is significantly absorbing
photons up to A<600nm . All photons with A<600nm , which are not absorbed, are
reflected. Most photons with 4 >800nm , which are not absorbed by the solar cell absorber,
are transmitted, some of them are reflected, a few of them are absorbed in the TCO layer
due to free carrier absorption. After exceeding the bandgap of the c-Si absorber (for
A 21120 nm ) there is no more photon absorption in the absorber.

ahsorptions

1 [ ! I T T

0s |-

fraction [-]

| ! | [ \ [ | [ I
400 600 500 1E+3 1.2E4

wavelength [nm]

Fig. 5. Screenshot of the spectral absorption within the different solar cell layers (yellow:
TCO layer, blue: a-Si:H emitter layer, red: c-Si absorber layer).

6.2 Equilibrium band diagrams

Fig. 6 shows the resulting equilibrium band diagrams (conduction band energy, valence
band energy and Fermi energy as a function of the position within the solar cell) assuming
different interface state densities D, , after an electrical calculation has been performed.

band diagrams band diagrams

- Di= 10" cm?® . -
J Di= 10" cm™® B Dy=6 10" cm?®
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energy [eV]
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L A L T A T AT
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Fig. 6. Screenshots of equilibrium band diagrams (red: Fermi energy, black: valence and
conduction band energy) for three different a-Si:H/ c-Si interface state densities D, .

Note that the equilibrium band diagram does not change until D, >2 10" cm™ .
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6.3 Current-voltage characteristics

However, if one looks at the solar cell performance, i.e. if one calculates the corresponding
current-voltage characteristics, D, will reduce the open-circuit voltage of the solar cell for
D, >110" ¢cm™, see Fig. 7. Even if interface states in a comparatively low concentration are
formed, ie. 110°em?< D, <5 10" em™, this will significantly reduce the solar cell
efficiency.

|-V diagram
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0 | . | . |

o

0z 04 0B

voltage [V]
Fig. 7. Screenshot of a current-voltage simulation under AM 1.5 illumination for two
different a-Si:H/ c-Si interface state densities D, .

6.4 Quantum efficiency

The influence of D, is not noticeable in a quantum efficiency measurement, as the short-
circuit current density is not affected due to a D, variation, and quantum efficiency is a
measure for the excess carrier collection efficiency under short circuit conditions. In Fig. 8
internal as well as external quantum efficiency is shown (IQE, EQE), whereas the difference
of the two results from the measured reflection losses.

quantum efficiency
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Fig. 8. Screenshot of a quantum efficiency simulation (there is no difference for different
a-Si:H/c-Si interface state densities D,, ).

6.5 Impedance, capacitance

If one monitors temperature dependent impedance in the dark (i.e. if one calculates the
resulting conductance and capacitance as a function of temperature), the onset of the change
of the equilibrium band bending due to an increasing D, can be detected. As soon as the
increasing D, starts to change the equilibrium band bending, an additional peak in the
conductance spectra evolves (Gudovskikh et. al., 2006), see Fig. 9. Thus, dark capacitance-
temperature (C-T) measurements are sensitive to interface states only for D, >2.10"%cm™.
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Fig. 9. Screenshot of a capacitance-temperature simulation at an AC frequency of 10 kHz for
three different a-Si:H/c-Si interface state densities D,, .
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Fig. 10. Comparison of simulated and measured capacitance-frequency measurements
under AML.5 illumination for different a-Si:H/c-Si interface state densities D,, . Data from

(Gudovskikh et. al., 2006).

In order to enhance the sensitivity towards D, , measurements under illumination have to
be performed. Fig. 10 shows an example of an illuminated capacitance-frequency (C-f)
measurement, where the corresponding simulations are compared to a real experiment
(Gudovskikh et. al., 2006). According to the simulation, the D, of the solar cell under
investigation was in the range D, ~8.10"'cm™ . A sensitivity analysis of this measurement
technique indicates a sensitivity towards D, for D, >1.10"cm™ . However, this is still not
sufficient in order to characterize well passivated solar cells with a low D, in the range

1100 em™ < D, <1 10" em™ .

6.6 Photoluminescence

Photoluminescence proofs to be quite sensitive to D, . This is because this measurement
performs without current extraction. As an example, Fig. 11 shows the simulated steady-
state photoluminescence spectra as well as the transient photoluminescence decay (after an
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integration of the spectra) due to a pulse-like excitation for two different values of
D, =1.10"cm*and D, =1.10%cm™. If one integrates the spectra, the simulated
measurement signals differ for more than one order of magnitude.

luminescense time resolved PEL
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Fig. 11. Screenshots of photoluminescence simulations for two different a-Si:H/c-Si interface
state densities D, . (left) steady-state photoluminescence spectra, (right) transient
photoluminescence decay after a pulse-like excitation.
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Fig. 12. (left) Simulated temperature dependant photoluminescence measurements for

different a-Si:H/ c-Si interface state densities D,, . (right) Measured temperature dependant
photoluminescence. Data from (Fuhs et. al, 2006).

The sensitivity towards D, can even be more enhanced, if one performs temperature
dependant photoluminescence measurements, see Fig.12. Here the character of the
measurement even changes if D, is in the range 110" cm™ <D, <110"cm™. For
D, < 1.10%cm™? the spectral emission decreases with increasing temperature, see Fig. 12,
thus indicating a non noticeable amount of interface defects, whereas for example for

D, =1.10"em™ an increasing spectral emission with increasing temperature is observed
(Fuhs et. al, 2006).

7. Conclusion

A mathematical description of AFORS-HET, version 2.4, a one dimensional computer
program for the simulation of solar cells and solar cell characterization methods has been
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stated. Some selected examples, simulating amorphous/crystalline silicon heterojunction
solar cells and investigating the sensitivity of various measurement methods towards the
interface state density D, , were presented.
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