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REVIEW ARTICLE

Silicon solar cells: toward the efficiency limits
Lucio Claudio Andreani, Angelo Bozzola, Piotr Kowalczewski, Marco Liscidini
and Lisa Redorici*

Department of Physics, University of Pavia, Pavia, Italy

ABSTRACT
Photovoltaic (PV) conversion of solar energy starts to give an
appreciable contribution to power generation in many coun-
tries, with more than 90% of the global PV market relying on
solar cells based on crystalline silicon (c-Si). The current effi-
ciency record of c-Si solar cells is 26.7%, against an intrinsic
limit of ~29%. Current research and production trends aim at
increasing the efficiency, and reducing the cost, of industrial
modules. In this paper, we review the main concepts and
theoretical approaches that allow calculating the efficiency
limits of c-Si solar cells as a function of silicon thickness. For a
given material quality, the optimal thickness is determined by
a trade-off between the competing needs of high optical
absorption (requiring a thicker absorbing layer) and of efficient
carrier collection (best achieved by a thin silicon layer). The
efficiency limits can be calculated by solving the transport
equations in the assumption of optimal (Lambertian) light
trapping, which can be achieved by inserting proper photonic
structures in the solar cell architecture. The effects of extrinsic
(bulk and surface) recombinations on the conversion efficiency
are discussed. We also show how the main conclusions and
trends can be described using relatively simple analytic mod-
els. Prospects for overcoming the 29% limit by means of
silicon/perovskite tandems are briefly discussed.
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1. Introduction

Solar energy has the largest potential among renewable energy sources, and it
can be transformed into usable electricity by photovoltaic (PV) conversion in
solar cells. PV solar power is starting to give an appreciable contribution to the
energy mix in many countries; for example, solar power contributes about 4%
of the averaged grid electricity in the European Union, and more than 7% in
countries like Germany and Italy [1,2]. The installed (cumulated) PV power
has increased at a high rate (~30–40% per year) in the last 15 years and is
growing rapidly worldwide, thanks to increased efficiency and to reduced
costs of commercial PV modules. Actually the production costs of solar cells
and modules have decreased to such an extent that the solar cell impacts for a
fraction of the total cost, while more than 50% is due to electrical and other
components (balance of system) and to indirect costs like installation, main-
tenance, insurance, financing. Thus, in order to reduce the overall cost of PV
energy (known as the levelized cost of electricity), it is of paramount impor-
tance to increase the conversion efficiency (which impacts the total cost/watt),
while the production cost of the solar cell has a lesser impact.

The world PV market is largely dominated (above 90%) by wafer-based
silicon solar cells, due to several factors: silicon has a bandgapwithin the optimal
range for efficient PV conversion, it is the secondmost abundantmaterial on the
earth’s crust, it is nontoxic and its technology is well mastered by chemical and
semiconductor industries. The energy conversion efficiency of silicon solar cells
in the lab reached a record value of 25% in 1999 (the PERL cell based on p-type
silicon [3,4]) which stood unsurpassed for 15 years. The record efficiency rose to
25.6% in 2014 [5] and to 26.7% in 2017 [6,7] thanks to the heterojunction (HJ)
intrinsic thin layer technology based on thin a-Si passivating layers and on
interdigitated back contacts (IBCs) on n-type silicon wafers. The efficiency of
wafer-based silicon modules has reached 24.4% and is constantly rising both in
the lab and in the market. The strength of silicon technology can best be
appreciated by looking at the International Technology Roadmap for
Photovoltaic [8].

On the theoretical side, the limiting efficiency of single-junction solar cells
was first calculated in a seminal paper by Shockley and Queisser [9] by a
thermodynamic treatment that assumes detailed balance. The main assump-
tions are that all the light above the semiconductor bandgap is absorbed, and
that the excited electron-hole pairs can only decay by radiative recombination.
For an incident blackbody radiation at T = 6000 K, the Shockley–Queisser
efficiency has amaximum around 30%with an optimal bandgap around 1.1 eV.
When the incident radiation is taken to be the real AM1.5G solar spectrum, the
thermodynamic efficiency limit is calculated to be around 33% [10], the optimal
bandgap range being between 1.1 and 1.4 eV. For the case of silicon, which has
an indirect bandgap at 1.12 eV and long radiative recombination lifetimes,
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nonradiative Auger recombination of electron-hole pairs strongly limits the
radiative efficiency and reduces the maximum conversion efficiency to about
29% [10,11]. The optimal crystalline silicon (c-Si) thickness is calculated to be
~100 µm. In real solar cells, extrinsic recombination mechanisms like defect-
related (Shockley–Read–Hall, SRH) and surface recombination reduce the
efficiency below the limiting values. Such effects were often investigated using
a simplifiedmodel based on the ideal diode equation [10,12–14]. Further effects
like incomplete absorption of incident light and nonideal contacts play an
important role in real solar cells. A nice review of older approaches to the
efficiency limits is given by Swanson [15].

In this paper, we review the limits to conversion efficiency in solar cells
made of c-Si and analyze the role of extrinsic (nonradiative) recombination
processes on the conversion efficiency. The emphasis is on the thickness
dependence of the calculated figures of merit (conversion efficiency, short-
circuit current, open-circuit voltage, fill factor (FF)) in order to understand
how the optimum thickness changes for given material quality and target
performance. Our results are based on theoretical models with different levels
of complexity: in particular, we compare the results of analytic treatments
with those of full device simulations that employ numerical solutions of the
transport equations. For the case of ideal light trapping (see below), most
results can be reproduced by an analytic model, validated against the full
numerical simulations and implemented in a freely available Python code.

A properly designed solar cell has to be optically thick (i.e. to absorb all or
most of the incident sunlight) and electronically thin (i.e. to collect the photo-
excited electron-hole pairs with little or no losses). These two requirements lead
to an optimal thickness that maximizes the efficiency. Thus, in order to under-
stand the limiting efficiency we need to tackle both the optical and the electronic
problem. In view of this, the rest of this paper is organized as follows. In Section
2, we briefly review the problemof light trapping in solar cells, with emphasis on
the so-called Lambertian limit that is obtained in the presence of a scatterer that
randomizes the optical path of light. In Section 3, we discuss full electro-optical
calculations for selected photonic and solar cell structures. In Section 4, we
assume the Lambertian limit for light trapping and evaluate the efficiency limits
both for ideal c-Si solar cells and in the presence of bulk/surface recombination.
Also, we briefly mention how the 29% efficiency limit can be potentially over-
come by the use of tandem structures employing the recently discovered
perovskite solar cells. Section 5 summarizes the main conclusions and the
outlook.

2. Light trapping and Lambertian limit

Assuming 100% carrier collection, the short-circuit current density of a
solar cell is given by the density of photogenerated carriers as:
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Jsc ¼ e

ð
AðEÞϕAM1:5ðEÞdE (1)

where AðEÞ is the absorptance of the photoactive layer (i.e. the spectrally
resolved absorption probability), and ϕAM1:5 is the photon flux correspond-
ing to the AM1.5G solar spectrum. For a thickness d and an absorption
coefficient αðEÞ, neglecting reflection losses, the single-pass absorptance is
simply given by 1� expð�αðEÞdÞ, as in the scheme of Figure 1(a). Usually,
solar cells have a metal back reflector (BR) characterized by high reflectiv-
ity and low loss, which nearly doubles the optical path of light. To increase
the optical path beyond the single- or double-pass absorption, we need to
apply proper light-trapping schemes, based on surface texturization or on
the insertion of scatterers (or a combination of both). This problem was
first considered by Yablonovitch in two influential papers [16,17], where
the top surface of the solar cell was assumed to act as a Lambertian
scatterer that fully randomizes the optical path of light, as schematically
shown in Figure 1(b). In the ray-optics case and in the limit of weak
absorption, the effect of a Lambertian scatterer is to increase the light path
by a factor 4n2, where n is the refractive index of the sample. This
enhancement factor can also be related to the increase of the optical
density of states within the absorbing layer that results from total internal
reflection [16]. In the general case of Lambertian light trapping with
arbitrary absorption, the increased absorptance and the electric field dis-
tribution within the sample can be calculated by the approach developed
by Green [18].
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Figure 1. Schematic geometry of (a) a solar cell with a single layer leading to single-pass
absorption or (b) a layer with a Lambertian scatterer in the front and a back reflector in the
rear side, leading to Lambertian light trapping; (c) short-circuit current density Jsc for c-Si, a-Si:
H, GaAs, and CIGS (taking x ¼ 0:08) as a function of thickness, under AM1.5 solar spectrum.
Dashed lines refer to the single-pass case, while solid lines refer to the Lambertian limit with
Rb ¼ 1, as defined in Ref. [18]. Reflection losses are neglected throughout. Notice that the
silicon curves differ from those published in Ref. [23], due to the use of different data for c-Si
[19,24] and for a-Si:H [20].
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The results for the photocurrent as a function of material thickness are
shown in Figure 1(c) for c-Si, using recent data for its optical functions
[19], and for other common PV materials with direct bandgap, namely
hydrogenated amorphous silicon (a-Si:H) [20], gallium arsenide (GaAs)
[21], and CuIn1�xGaxSe2 (CIGS) [22]. The case of cadmium telluride
(CdTe) [23] is similar to GaAs, as their bandgaps are nearly identical.
Dashed lines refer to single-pass absorption, while solid lines refer to the
case of Lambertian light trapping [18]. It can first be seen that the photo-
current calculated with single-pass absorption is quite low for silicon, due
to its indirect bandgap, unless the thickness exceeds several tens of
microns. For direct bandgap materials, on the other hand, a few microns
are already sufficient to yield full absorption and the maximum photo-
current. Light trapping is imperative in c-Si, as it allows to obtain a high
photocurrent with a thickness around 100–200 µm [24]. The current
industrial standard for wafer-based silicon solar cells is 180 µm [8]. The
results of Figure 1(c) are valid in the ray-optics regime, such that the
thickness is much larger than the wavelength of visible light. In this
regime, surface texturization approaching the Lambertian limit of light
trapping is commonly achieved with random pyramids, which are easily
obtained via chemical etching of the silicon surface [25,26]. An even better
solution is provided by inverse pyramids arranged in a regular lattice: this
type of texturization is implemented in the PERL cell, but is not suitable
for industrial production as it requires a lithographic step.

Notice that the limit of Lambertian light trapping amounts to consider
zero reflection losses as well as maximum absorption in the solar cell
material. In order to optimize both antireflection and light-trapping action,
it may be useful to have only an antireflection coating (ARC) on the top
surface, and to insert the scattering layer on the rear surface. In the
Lambertian limit, the spectrally resolved photogeneration rate profile of
the excited electron-hole pairs is given in closed form as [27]:

gLLðz; EÞ ¼
αLL Rbe�2αLLdeαLLz þ e�αLLz

� �
1� Rbe�2αLLd 1� 1

n2
� � ϕAM1:5ðEÞ (2)

where n is the refractive index, and Rb is the reflectance of the rear mirror. In
Equation (2), αLL denotes the effective absorption coefficient defined as
αLL ¼ αdopt=d, where α is the absorption coefficient of the cell material, and
dopt=d represents the optical path enhancement calculated in Ref. [18]. In the
following sections, we show that the carrier generation rate of Equation (2) can
be usefully employed to reduce the full three-dimensional (3-D) electro-optical
problem to amuch simpler one-dimensional (1-D) problem depending only on
the variable z, leading to analytic solutions of the transport equations.
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In the last few years, much interest and intense research has been focused on
the problem of light trapping in thin-film solar cells in the wave-optics limit, i.e.
when the cell thickness is of the order of the wavelength of light. This is usually
called the regime of photonic light trapping and it can be realized with structures
that are either periodic (diffraction gratings or photonic crystals [23,28–51]),
modulated or aperiodic [52–55], disordered [56–69], quasi-random or with
correlated disorder [70–72]. For reviews of the light-trapping problem and/or
comparison of different structures, see Refs [73–78].

Considering the case of silicon material, an important clarification has to be
made here. Solar cells based on noncrystalline (amorphous ormicro-crystalline)
silicon fall among the class of thin-film devices, i.e. solar cells with a thickness of
the order of a micron (200–300 nm for a-Si, ~2 µm formicrocrystalline silicon).
Clever light-trapping schemes have been implemented for such silicon-based
thin-film solar cells; however, their stabilized conversion efficiency remains low
(less than about 11% for single-junction cells, less than~14% formultijunctions)
due to the poor quality of the noncrystalline material and of the interfaces. Solar
cells based on amorphous/microcrystalline silicon are running out of themarket
as their low efficiencies make the cost per watt to be noncompetitive. Solar cells
based on c-Si face the problem of low absorption in the infrared part of the
spectrum due to the indirect bandgap. Ultrathin (micron-size) c-Si solar cells
with Lambertian light trapping may have photocurrents slightly above 35 mA/
cm2, see Figure 1. The increase of the photocurrent over the single-pass value is
substantial, but the absolute value of Jph falls considerably short of themaximum
practical value ~44 mA/cm2, thereby setting a limitation to actual conversion
efficiencies.

The absolute limit of light trapping in the wave-optics regime is not known
and it may exceed the Lambertian limit as defined above, especially in restricted
spectral and/or angular ranges. It is not easy to compare the light-trapping
efficiency in the presence of different photonic structures, as the reference
thickness for the flat structure is not uniquely defined. The general issue of
light-trapping limits in micron-sized absorbing layers has been addressed in a
number of papers [79–84], for a recent reassessment on this debated problem
see Ref. [85].We emphasize here that solar cells based on such ultra-narrow c-Si
layers can hardly compete with conventional (wafer-based) silicon solar cells in
terms of conversion efficiency. We show in this work that the range of thick-
nesses 20–100 µm is very interesting for solar cell performance, as it may lead to
conversion efficiencies that exceed those of wafer-based silicon solar cells in
realistic cases.

When considering light trapping in a wide range of thickness, say from ~1 to
200 µm, it is important to employ optical structures whose design is weakly
dependent on thickness. Usual texturization based on random pyramids fulfills
this criterion [25]. We have studied another kind of texturization, namely a
randomly rough interface with Gaussian disorder [59,60], whose design is also
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thickness independent to a large extent. TheGaussian disorder is defined by two
parameters – the root mean square (RMS) height of the roughness and the in-
plane correlation length –which can be optimized and yield a random structure
approaching the Lambertian light trapping in a wide range of thicknesses. In the
following section, we shall present examples of full electro-optical calculations of
solar cells incorporating this kind of thickness-independent roughness.

3. Electro-optical modeling for thin-film silicon solar cells

Modeling the optical together with the electrical behavior of solar cells,
especially in the presence of complex photonic structures for light trap-
ping, is not a trivial task. Optical simulations covering both the wave-
optics and the ray-optics regimes can be performed with well-known
methods like rigorous coupled-wave analysis (RCWA) or finite-difference
time-domain, while electrical simulations require the solution of transport
equations with the finite-element method (FEM) or alike.

In this section, we briefly review an approach to electro-optical modeling of
solar cells with photonic light trapping [27,86–88], which relies on full optical
simulations performed with the RCWA method. The electrical problem (i.e.
the drift-diffusion equations for the p-n junction in the solar cell) is solved by
the FEMmethod as implemented in the Silvaco-ATLAS software [89], and we
also compare with a simple 1-Dmodel that allows for an analytic solution.We
consider c-Si solar cells with Gaussian roughness for light trapping, focusing
on the thickness dependence of the figures of merit and on the effect of
extrinsic recombination. Our main goal is to understand realistic efficiency
limits and prospects for thin-film c-Si solar cells produced with non-wafer-
based techniques like layer transfer or liquid-phase recrystallization [90–95],
which are needed for thicknesses below the wafer limit of ~80 µm.

In Figure 2(a), we show the photogeneration rate profile calculated by
RCWA for a 10-µm thick c-Si layer with a randomly rough texture defined
by Gaussian disorder. The photogeneration profile is integrated over the
spectral interval from 1.1 to 4.2 eV and averaged over both polarizations.
The photogeneration profile does not exhibit any mode pattern, as the
roughness approaches a Lambertian scatterer. Figure 2(b) shows instead
the solar cell structure that is considered in the electro-optical calculations.
In the absorbing silicon layer, this includes a narrow and highly doped n-
type emitter on top of a lightly doped p-type base. The spectrally resolved
photogeneration profile calculated by RCWA is used as a source term in
the drift-diffusion equations describing the transport of minority carriers
in the silicon p-n junction. In the numerical approach, these equations are
solved by the FEM. In principle, a 2-D surface roughness leads to a 3-D
problem for the electronic transport. In practice, we consider a 1-D surface
roughness and we rescale the photogeneration rate in order to account for
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isotropic scattering (see Ref. [88] for details). This way, we need to solve
only a 2-D electro-optical problem, which is a considerable simplification.
In Ref. [88], we also show that the photogeneration rate profile gðz; EÞ can
be averaged over the parallel x direction and then fitted by the Lambertian
profile of Equation (2), thereby allowing for an analytic approach. The
solution of drift-diffusion equation in 1-D by the generalized Hovel model
is described in the next section.

In Figure 3, we show the short-circuit current density Jsc, the open-
circuit voltage Voc, the FF, and the efficiency η calculated with the FEM

(a) (b)

d

ARC and transparent contact

Silver BR and contact

p-Si

Randomly rough layer

n-Si

70 nm

Figure 2. (a) Photogeneration profile of a 10-µm thick c-Si solar cell with Gaussian disorder,
described by the RMS deviation of height σ ¼ 300 nm and the lateral correlation length
lc = 160 nm. The whole cell is shown in the inset, while the main plot shows the photo-
generation profile close to the texture. All lengths are in µm. Reprinted from Ref. [87], with
the permission of AIP Publishing. (b) Structure considered in the FEM simulations. The p-n
junction is made of an 80-nm thick n-type layer with donor concentration Nd = 1019 cm−3, and
a p-type layer of thickness d−80 nm with acceptor concentration Na = 1016 cm−3. The ARC
and silver layers serve as front and back contacts, respectively.
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Figure 3. The main electrical parameters for c-Si solar cells without surface recombination: (a)
open-circuit voltage Voc and short-circuit current density Jsc, (b) fill factor FF and conversion
efficiency η. The diffusion lengths related to SRH recombination are LB = 232 µm for electrons
in the p-type base [90], and LE = 23.2 µm for holes in the n-type emitter [25].
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method, with materials parameters close to those of a c-Si solar cell
fabricated by layer transfer [90]. It should first be noticed that Jsc increases
with increasing thickness because of improved absorption, while Voc

increases with decreasing thickness thanks to improved current collection.
As a consequence, the conversion efficiency has a broad maximum
,20:3% for a thickness in the 10–50 µm range (the experimental value is
19% for a 43-µm thick cell [90]). In Refs [27,88], we have shown that the
approximate model based on fitting the photogeneration rate with a
rescaled Lambertian profile agrees nicely with the full FEM simulations
over a wide range of parameters, the main discrepancy being in the FF for
very small thicknesses.

Next, we study the effect of extrinsic recombination. In Figure 4(a), we
plot the dependence of the conversion efficiency on the thickness and on
the electron diffusion length LB in the base, which is mainly determined by
SRH recombination. The efficiency increases with LB and it may reach
values above 25% when the diffusion length tends to macroscopic values.
The high-efficiency limit will be properly discussed in the next section. The
optimal values of the thickness for a given LB are indicated by blue symbols
and connecting lines. The optimal thickness increases with the diffusion
length, i.e. with the material quality. In Figure 4(b), we display the con-
version efficiency as a function of surface recombination velocity (SRV) SB
of minority electrons in the base. (It is shown in Ref. [88] that the
efficiency depends more critically on the back SRV than on the front
SRV, as most of the photocurrent is generated in the base.) The conversion
efficiency is generally reduced by surface recombination, especially for
small thicknesses. The maximum efficiency around 20% is maintained as
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Figure 4. (a) Energy conversion efficiency for solar cells with perfect surface passivation
(SB = SE = 0 cm/s) as a function of the electron diffusion length in the base LB (with
LE = 23.2 µm) and of the cell thickness. The optimal configurations lie along the blue solid
line with symbols. (b) Energy conversion efficiency as a function of the back surface recombi-
nation velocity SB and of the cell thickness for LB = 232 µm, LE = 23.2 µm, and SE = 103 cm/s.
All results are calculated by the FEM. Reprinted (with adaptation) from Ref. [88], with
permission from Elsevier.
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long as the SRV is below about SB ¼ 10 cm/s. Surface recombination below
this level may be ensured by proper passivation or by a back surface field.

In this section, we have shown that modeling c-Si solar cells with
photonic light trapping requires proper merging of optical and elec-
trical simulations. Optical simulations with methods appropriate to the
wave-optics limit provide the photogeneration rate profile of electron-
hole pairs, which is used as an input to electrical simulations with the
FEM. Complex photonic structures for light trapping impose the need
of full 3-D electrical simulations. However, for nearly Lambertian light
trapping, it is possible to implement a spatial averaging of the photo-
generation profile, which reduces the electronic problem to a 1-D one
and allows for an analytic solution of transport equations. Turning to
the results, the conversion efficiency of c-Si solar cells has a maximum
at a given value of the thickness, which is in the range 10–80 µm for
typical parameters of non-wafer-based silicon. The maximum effi-
ciency, as well as the optimal thickness, depends on nonradiative
recombination processes via the diffusion length (for bulk or SRH)
and via the SRV. Depending on material quality, the efficiency of such
thin-film c-Si solar cells may compete with that of their bulk (wafer-
based) counterparts. Future developments of thin-film c-Si solar cells
will depend on progress in the material processes for the preparation
of non-wafer-based silicon (layer transfer, liquid-phase recrystalliza-
tion, and the like).

4. Efficiency limits with Lambertian light trapping

In this section, we tackle the more general problem of the efficiency
limits in c-Si solar cells, assuming the structure to have no overall
reflection and to contain ideal scattering interfaces that lead to
Lambertian light trapping in the silicon layer. The photogeneration
rate profile in the silicon layer is given by Equation (2), and we further
assume perfect back reflection (Rb ¼ 1). We thereby neglect all reflec-
tion or parasitic losses, and we also neglect free-carrier absorption
which is a relatively minor effect [10]. We do not consider radiative
recombination and photon recycling: these two effects become impor-
tant in the radiative limit, which is never realized in silicon as Auger
recombination dominates under typical solar cell conditions. We con-
sider Auger recombination according to a recent parameterization [96]
and we also include the effect of bandgap narrowing [97], which is
important when varying the doping concentrations.

We have studied the efficiency limits by comparing the results of three
different models, here listed in order of increasing complexity:
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4.1. Ideal diode equation

In this model, the J-V characteristic of the solar cell is given by

JðVÞ ¼ Jsc � qdRðVÞ (3)

where Jsc is the short-circuit current density calculated assuming unity
electron-hole pair collection efficiency (i.e. it corresponds to the photo-
generated current density), d is again the cell thickness, and R is the total
recombination rate per unit volume. This includes Auger, SRH, and also
surface recombination [98]. In this simplified model, a p-n junction does
not explicitly appear, although it has still to be considered in order to
quantify the effect of Auger recombination.

4.1.1. Generalized Hovel model
In this model, which was first formulated in Ref. [99] for the case of thick
solar cells with single-pass absorption, we solve the carrier transport
equations with the source term given by the Lambertian photogeneration
profile of Equation (2). Carrier dynamics is modeled under the assumption
of the depletion region approximation [25]. A space charge region (SCR)
of width wscr settles up across the junction plane, and is surrounded by two
quasi-neutral (qn) regions, as schematically illustrated in Figure 5(a). The
electrical transport in the SCR is dominated by the electric field which
easily sweeps photogenerated carrier out of the region, allowing to neglect
collection losses in the SCR. On the other hand, transport in the qn regions
is dominated by diffusion of minority carriers and their collection is
strongly affected by bulk or surface recombination. For the case of min-
ority carriers in the base region, the diffusion equation under illumination
may be written as:

Figure 5. (a) Scheme of the p-n junction for the generalized Hovel model. The impurity
charges in the space charge region correspond to an n-emitter, p-base configuration,
although the formulation of the model applies to both n-p and p-n configurations. The
emitter is usually more narrow and highly doped than the base. (b) Scheme of the solar cell
structure for the three models, including front and back contacts (serving also as ARC and
back reflector, respectively) and the Lambertian scattering layer.
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DB
d2ΔnB
dz2

� ΔnB
τB

þ gðz;EÞ ¼ 0 (4)

where ΔnB denotes the excess carrier concentration, DB is the diffusion
constant, and τB is the effective lifetime of minority carriers. This lifetime
takes into account all possible recombination channels in the bulk, namely
radiative (which is usually negligible in silicon), Auger, and SRH (defect-
related). In the dark, when radiative and SRH contributions are evaluated
from material parameters and doping levels, the diffusion length of min-
ority carriers in the base is defined as LB ¼ ffiffiffiffiffiffiffiffiffiffi

DBτB
p

. This important para-
meter quantifies the material quality and is subject to requirements in
order to reach high efficiency. Under illumination, the carrier density
increases and Auger recombination starts to contribute to the lifetime,
thus an effective diffusion length can be defined as well. The effective
diffusion length governs the transport of minority carriers to the electrode.
A similar treatment holds for carriers in the emitter qn region. Boundary
conditions for the excess carrier density in the base are given by the
following equations:

ΔnBðz ¼ wBÞ ¼ n2i
MB

ðeqV=kT � 1Þ (5)

and

DB
dΔnB
dz

¼ �SBΔnBðz ¼ zBÞ (6)

where ni is the intrinsic concentration, MB is the concentration of majority
carriers in the base, and SB is the SRV at the rear surface. Analogous
equations hold for the excess minority carrier density in the emitter, and
they contain the front SRV SE. Taking MB as the majority carrier concen-
tration (instead of the doping as done in Ref. [99]) extends the validity of
the treatment to the high-injection regime, when MB becomes larger than
the doping. The diffusion Equation (4) with the source term gðz; EÞ ¼
gLLðz;EÞ (but notice the change of z ¼ 0 coordinate from Figure 1 to 5(a))
and with the boundary conditions (5) and (6) can be solved analytically, as
the source function is a linear combination of exponentials, allowing to
calculate the EQE and the I-V characteristics. The detailed procedure is
described in Ref. [98]. Our Python code implementing the generalized
Hovel model is freely available through the web [100].

4.1.2. Full device modeling
In this approach, expression (2) is integrated with respect to the energy
and then used as the generation term in the drift-diffusion equations,
which are solved using the FEM with Silvaco-ATLAS.
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By an extensive comparison between the generalized Hovel model and
the full FEM calculations, we found the extended boundary condition (5)
to be valid in a wide range of parameters, except in the high-injection
regime when surface recombination is present. The generalized Hovel
model (as well as the ideal diode equation approach) can still be used in
the presence of surface recombination, but only in the most common
regime of low injection, when the concentration of photogenerated carriers
remains lower than the doping in the base (typically around 1016 cm−3).
When the conversion efficiency approaches the Auger limit, under high
voltage, the photogenerated carrier concentration may exceed the base
doping and drive the system to the high-injection regime: in this peculiar
situation (usually not realized experimentally), the effects of surface recom-
bination can be properly described only by the full device modeling.

To calculate the efficiency limits, we adopt the solar cell structure
sketched in Figure 5(b). We assume perfect antireflection action at the
front interface, a BR with unit reflectivity, and Lambertian light trapping
[16,18]. The Lambertian scattering layer is schematically shown in Figure 5
(b); however, we notice that the structure considered in the calculations is
1-D. In all three approaches, we have used the same material parameters
and physical models to describe the transport of carriers. We treat intrinsic
Auger recombination via a parameterization recently reported by Richter
et al. [96] and we also include bandgap narrowing [97]. We take the
intrinsic carrier concentration equal to ni ¼ 9:65 � 109 cm�3 [101]. The
diffusion coefficients are taken to be DE = 12.5 cm2/s in the n-type emitter
and DB = 25 cm2/s in the p-type base. We assume a solar cell structure
with a 5-nm thick n-type emitter, to minimize recombination losses in this
heavily doped layer, and we take optimal doping values [102]: the emitter
doping is equal to Nd ¼ 1:5� 1018 cm�3, while the base doping is equal
to Na¼ 1016 cm�3.

In Figure 6, we show the short-circuit current, the open-circuit voltage,
the FF, and the conversion efficiency calculated with the three approaches
as a function of silicon thickness. The maximum efficiency is ηmax ¼ 29:2%
and it occurs for a silicon thickness of 80 µm. This value is slightly smaller
than the 29.43% maximum efficiency calculated in Ref. [14], in fact our
model is less precise because of the neglect of free-carrier absorption,
radiative recombination, and photon recycling. The maximum is very
broad and relative deviations are smaller than 1% in the range 40–
200 µm. The three methods are in very good agreement with each other
(small discrepancies occur for Voc and FF only in the limit of very small
thicknesses). The excellent agreement between the three methods is even
more surprising, as the maximum efficiency is obtained in the generalized
Hovel model and in the full FEM calculations by properly maximizing the
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base doping, while no p-n junction is assumed in the ideal diode equation
model. Physically, the optimal doping is determined by the condition that
carrier recombination exactly balances the generation term, leading to the
same maximum efficiency for the three models.

The triangles in Figure 6 indicate the parameters of the silicon HJ solar
cell with IBCs with a 26.3% efficiency [6]. Comparison with the theoretical
curves allows to discuss the main factors that reduce the efficiency from the
maximum value. Referring to the detailed loss analysis of Ref. [6], the
relative efficiency reduction of ~10% is attributed to a 5.3% reduction in
FF, a 3.4% reduction in Jsc, and a 1.1% reduction in Voc. The reduction in
Jsc points to optical losses due to surface reflection and parasitic absorp-
tion, which make the short-circuit current to be slightly lower than the
Lambertian limit, while the reduction in Voc and, especially, FF points to
the effects of nonradiative recombination and to resistive losses. We notice
that the 160-µm thickness of the record cell is slightly higher than the
optimal value, but the effect on the efficiency is very small (~0.3% relative).

To appreciate the effect of SRH recombination, in Figure 7 we show Jsc,
Voc, FF, and the efficiency η with the same parameters as those of Figure 6,
but reducing the diffusion length of minority carriers in the base
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(LB ¼ ffiffiffiffiffiffiffiffiffiffi
DBτB

p
in the dark, as discussed above) from LB ¼ 1 to

LB = 500 µm. The maximum efficiency is reduced from 29.2% to 25%
and the optimal thickness is decreased from 80 to 20 µm. A more complete
analysis of the optimal thickness for a given material quality also in the
presence of parasitic losses, and of the requirements to reach a given
efficiency target, is given in Ref. [102]. Notice that the short-circuit current
is unchanged, unless the diffusion length becomes comparable to or
smaller than the cell thickness. The open-circuit voltage and the FF,
instead, are much more strongly affected by a reduction in the diffusion
length. Comparing with the record HJ-IBC solar cell parameters [6] shown
in Figure 6, we can estimate the diffusion length in the dark to be larger
than at least 4 mm. The minority carrier lifetime in the base, τB ¼ L2B=DB,
must be larger than ~10 ms, which agrees well with direct measure-
ments [6].

The results of Figures 6 and 7 are calculated in the absence of surface
recombination. Surprisingly, the maximum efficiency is found to be very
sensitive to surface recombination even at very small levels. To show this
point, in Figure 8 we show Jsc, Voc, the FF, and the efficiency η for different
values of the SRV at the rear surface. It can be seen that both Voc and FF are
strongly affected by surface recombination, even at values below S = 1 cm/s.
The effect is largest at small thicknesses, which is physically intuitive, as the
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role of surfaces is expected to become more important for thinner samples.
However the effect of surface recombination is nonnegligible at any thick-
ness: for example, assuming S ¼ 1 cm/s leads to a maximum efficiency
ηmax ¼ 28:73% [102]. The reason for this high sensitivity to surface recom-
bination lies in the fact that c-Si solar cells close to the efficiency limits are in
the high-injection regime, in which the photogenerated carrier density
becomes larger than the doping. This regime is characterized by an unusually
high concentration of photogenerated carriers, which accumulate at the
interfaces and are more subject to surface recombination. A full account of
surface recombination in this regime requires simulations with the FEM
method. Nevertheless, it should be said that silicon solar cells must be very
close to ideal conditions for the high-injection regime to occur. Moreover, the
limit of vanishing SRV (S ¼ 0) is an idealized one that is never approached in
practice. The record SRV value measured on silicon surfaces is ~0.2 cm/s
[103], typical values for the Si/SiO2 interface are around 1 cm/s, and passiva-
tion of complex morphological structures by atomic-layer deposition is
considered to be very good when it reaches ~10 cm/s [104].

The current record efficiency 26:7� 0:5% of c-Si solar cells [6,7] is already
very close to the limiting value of ~29%, and some further increase is
expected in the near future [6]. Also, the module efficiency (which has by
now a record value of ~24.4% in the lab and ~21% in the market [1]) has still
margins for improvements, which are expected to contribute to further
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reduction of the cost of PV power in the coming years [8]. Yet, these are
incremental improvements on the line of the existing technology of single-
junction solar cells, and they are eventually bound by the ~29% limit.

Breakthrough improvements of silicon PVs beyond this limit can come
from the concept of tandem solar cells, i.e. by adding a second solar cell with a
higher bandgap material on top of the high-efficiency c-Si cell. In the last
5 years, exciting progress has been made with so-called perovskite solar cells,
which are usually based on the methylammonium-lead-halide (MALI) mate-
rial with a perovskite structure [105,106]. In Figure 9(a), we show the sche-
matic structure of a silicon/perovskite tandem. We consider a four-terminal
configuration, i.e. the two solar cells are assumed to be electrically indepen-
dent. In Figure 9(b), we show the calculated efficiency limits (we model the
top perovskite cell by the diode equation and the bottom silicon cell by the
generalized Hovel model, see Ref. [98] for details) when the perovskite
bandgap is changed from 1.5 eV (the typical value for MALI) to 2.1 eV. The
efficiency limit is nearly 40%; it occurs for a silicon thickness in the range 100–
300 µm and a perovskite bandgap between 1.8 and 2 eV. This value can be
compared with the detailed-balance limit for an unconstrained two-cell tan-
dem, which is 45.7% [107,108]. The present ~40% limit is lower because the
value of the silicon bandgap is slightly higher than the optimal one for the
bottom cell, and because of Auger recombination in silicon. In any case, these
results confirm that silicon/perovskite tandems have the potential for drasti-
cally improving the efficiency of silicon-based solar cells over current values.
However, actual realization of this possibility will depend onmaterials science
progress related to perovskite solar cells to solve the crucial issues of proper
bandgap, long-term stability, and toxicity due to Pb content. A detailed study
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of the efficiency limits of perovskite/silicon tandems is presented in Ref. [109],
and a recent review of this hot area is given in Ref. [110].

Another possibility for improving upon the efficiency of single-junction
silicon solar cells is that of III-V/silicon multijunctions. Recently, a III-V/Si
triple-junction solar cell with 30.2% efficiency has been fabricated by means of
wafer bonding of two independently prepared c-Si and GaInP/AlxGa1�xAs
solar cells [111]. The efficiency rises to 32.8% for mechanically stacked
(independently operated) III-V/Si double junctions, and to 35.9% for triple
junctions [112]. Although the cost of epitaxial III-V materials represents an
obstacle to industrial exploitation, these benchmark results confirm the
potential of multijunction structures to overcome the efficiency limits of
single-junction c-Si cells.

5. Conclusions

We have discussed theoretical approaches for calculating the conversion effi-
ciency of solar cells, focusing on single-junction c-Si devices. For what concerns
the optical part (i.e. the spectral absorptance and the photogeneration profile),
the indirect gap of silicon imposes the use of proper light-trapping structures to
enhance the optical path of light in thematerial.However, optimal light trapping
can hardly exceed the Lambertian limit as provided by a random scatterer,
except in narrow spectral or angular ranges. The short-circuit current – i.e. the
integrated absorptance weighted with the solar spectrum – approaches the
maximum value for thicknesses larger than several 10 µm. Micron-size c-Si
solar cells (i.e. whose thickness is of the order of the wavelength of visible light)
are interesting as they operate in the nanophotonic limit; however, their effi-
ciency cannot compete with that of thick (wafer-based, >100 µm thick) devices.

For what concerns the electrical part of the problem (i.e. the collection
of photogenerated carriers), we have discussed three different approaches,
namely the ideal diode equation, an analytic model for solving drift-
diffusion equations in 1-D (the generalized Hovel model), and full device
simulations with the FEM. We have shown that it is possible to combine
rigorous optical calculations of a randomly rough interface with full
electrical simulations by the FEM method. Analytic approaches to the
electrical calculations are also possible and are in good agreement with
the full simulations. This allows to describe c-Si solar cells in a wide range
of thicknesses, from ~1 µm to several 100 µm, taking into account the
effects of bulk and surface recombination. The optimal values of silicon
thicknesses – for material parameters that correspond to non-wafer-based
silicon – lie in the range 20–100 µm, depending on material quality.

The efficiency limits of c-Si solar cells can be calculated by assuming
Lambertian light trapping and by neglecting defect-related recombina-
tions. The limiting efficiency including Auger recombination is ~29%
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and it occurs for 80-µm thickness, with a broad maximum. The three
approaches to the electronic transport properties agree well with each
other as long as surface recombination is neglected. The maximum
efficiency may occur under high-injection conditions, i.e. when the
density of photogenerated carriers is much larger than the doping: in
this peculiar situation, the efficiency is highly sensitive to surface recom-
bination even at very small levels, and this effect can be rigorously
calculated only with the full FEM approach. However, under normal
(experimentally realized) conditions, the generalized Hovel model gives
a very good description of silicon solar cells as a function of thickness,
including the effects of bulk and surface recombinations. Improving the
efficiency of silicon-based solar cells beyond the 29% limit requires the
use of tandem structures, which potentially have a much higher (~40%)
efficiency limit. Both perovskite/silicon and III-V/silicon multijunctions
are of great interest in this respect.

Continuous cost reduction and efficiency improvements of silicon solar
cells will be crucial in order to increase the share of PV electricity in the
energy mix in the coming years. While silicon solar cells are approaching
the efficiency limits, margins of improvement are still present and will be
undoubtedly implemented both in the lab and in industrial processes.
Breakthrough improvements with silicon tandems are more prospective
and are still the focus of intense lab research. Cross-disciplinary research
combining physics, chemistry, materials science, engineering, and econom-
ics will be a key for short- and long-term progress in the field.
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