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Incoming radiation energy illuminating a solar cell contains a certain amount of entropy, which does not
contribute to output electrical work. Entropy has a different spectral distribution from the internal energy of light
and consequently affects PV cell performance. Here in this work, we investigate the influence of entropy content
of thermally radiated light on the maximum achievable efficiency of single-junction solar cells. We revise the
value of the well-known Shockley-Queisser (SQ) limit for various absorber materials and take a deeper look at
this effect by re-calculating the efficiency limit of crystalline silicon solar cells considering Meitner-Auger
recombination. When considering the entropy content of AM 1.5 standard spectrum, the SQ limit for silicon
drops from 33.15% to 30.42%. Further, considering Meitner-Auger recombination and using measured prop-
erties of silicon, the efficiency limit lowers to 27.12% from the already established 29.43%. This suggests a 4%
thinner silicon absorber, reaching a thickness of ~101 pm; hinting PV industry that a thinner Si wafer can
provide the optimum outdoor energy yield. We further show that the entropy content of terrestrial radiation is
less in favor of c-Si technology and most in favor of amorphous silicon. In the end, we discuss a few applications
of considering entropy of incoming sunlight for photovoltaics, which range from PV device design to PV module
tilt optimization and even PV system electrical standards.

1. Introduction

Light, as an electromagnetic wave and flux of photons, contains both
energy and entropy. Entropy, a thermodynamic quantity with the unit of
J K represents the unavailability of a system’s energy for conversion to
work. Since light is the input source of energy for solar photovoltaics
(PV) cells, its entropy content influences PV cell’s performance.

In early 1900s, Max Planck published sets of equations describing
internal energy and entropy content of blackbody radiation [1],
respectively as U = k [hw/(exp(hv/kgT)-1)] and S = k [(1 + U/hv)In(1
+ U/h) - (U/h)In(U/hw)], where k = ¢/A% or k = 2¢/2* for polarized
and un-polarized light, respectively. h is Planck constant (J s), v is light
wave frequency (s’l), kg is Boltzmann constant (J K’l), T is absolute
temperature (K), c is speed of light (m s™1), and A is wavelength of light
(m).

Considering only the energy content of thermal radiation will lead to
maximum efficiency ng = [1-( To/T)4][ 1-(Typ/T)] for a solar energy
converter, which the first term shows how good radiation energy is
absorbed while the second term represents how good the absorbed ra-
diation energy can be converted to output energy [2-4]. However, when
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considering the entropy of light, this equation is not valid anymore. Not
all radiation is available for useful work and that introduces the concept
of exergy. Exergy (also named available energy, exergetic energy,
availability, and reversible work in the literature) is the maximum
theoretical useful work that can be obtained from a system if brought
into thermodynamic equilibrium with its environment utilizing ideal
processes in which the system interacts only with its environment [5]. It
is also defined as the portion of energy that is entirely convertible into all
other forms of energy [6]. A key feature of exergy, unlike internal en-
ergy, Gibbs free energy, or entropy, is that it considers features of both
system and its environment [7]. Thus, when investigating fundamental
limits imposed on PV cells (as system) under outdoor conditions (as
environment), exergy can play a role. In 1964, Petela derived equations
for exergy of radiation, as the maximum ability to carry out work [8]. He
obtained the conversion efficiency of radiation to work as ngx = 1-(4/3)
(To/T)+(1/3)(Ty/ T)4, where Ty is the environment temperature that
the absorber is in thermal equilibrium with and T is the temperature of
the radiating blackbody (K). Fig. 1, indicates how these efficiencies
change with respect to To/T.

Several researchers obtained the same 5gx equation after Petela and
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Fig. 1. Maximum conversion efficiency of thermal radiation without (ng) and
with (ngx) considering entropy content of the photons. Points on the graphs
show the efficiency values when assuming To = 300 K and T = 5800 K
respectively for ambient and radiation temperatures.

the equation is known as Petela efficiency, Landsberg efficiency, or
Petela-Press-Landsberg efficiency [8-10]. Further, in 2003, Candau,
who obtained the same #gx using classical thermodynamic notions, also
derived the monochromatic exergy of radiation as Ex; =
U, (T)-U;(To)-TolS:(T)-S;(Tp)] [11]. The equation shows that exergy of
radiation can be interpreted as net entropy-free radiation energy for a
system of emitter-absorber and thereby considers the effect of back-
ground ambient radiation. In contrast to energy and entropy, exergy
depends on the temperature of both emitter and ambient. Based on this
radiative exergy definition, in 2009, Chu and Liu computed the exergy of
extra-terrestrial and terrestrial solar radiations and defined the quality
of spectral radiation as Ex;/U, [12]. This means the exergy of radiation
is the portion of thermally radiated light that can be used by a converter.
In the series of such publications that studied the effect of entropy on the
thermodynamic of radiation energy conversion, the key message is that
the useful energy of a photon in a stream of photons, is less than the
well-known term of hv, as pointed out by Markvart and Bauer [13]. In
2012, they obtained the abovementioned ngx equation by considering
the availability of each photon < hv. Although there have been ideas and
suggestions about intrinsic photon entropy [14], since entropy is a
parameter of an ensemble, a single photon, as a particle, might not
contain entropy. However, an incoherent stream of photons certainly
contains entropy.

Despite several research works conducted on the entropy of thermal
radiation, entropy has always been the unseen or the dark side of light
[14,15], mainly because of the lack of direct application. However, in
2017, Delgado-Bonal showed how considering entropy influences the
maximum efficiency of photosynthesis; how the entropy content of
terrestrial radiation can hint at the irreversible processes taking place in
the atmosphere; and more interestingly how the entropy of radiation
played a role in the evolution of human eyesight [15]. No doubt that
another research field in which the entropy content of radiation can play
a role is photovoltaics.

The conversion efficiency of a photovoltaic device can be obtained
either through a statistical balancing of extracted carriers with gener-
ated and recombined carriers or by a thermodynamic argument
involving energy and entropy balance, in which both approaches are
equivalent [16]. The maximum conversion efficiency of photovoltaic
devices has always drawn the attention of researchers, starting from the
work of Shockley and Queisser in 1961, who showed through a detailed
limit approach that the conversion efficiency of p-n junction solar cells
can reach up to 33.4% (SQ limit) [17]. Since detailed balancing of
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incident and generated power densities ignores the non-radiative
recombination mechanisms, SQ limit is not well-tuned for indirect
band gap semiconductor materials such as silicon (reference [3] chapter
10.2.3), which consist of 95% of produced PV cells [18]. Regarding this
information, several researchers worked on the silicon-based PV cell’s
efficiency limit. In 1984, Tiedje et al. [19] calculated the limiting effi-
ciency as 29.8% showing that non-radiative Meitner-Auger' [20-23]
recombination is the dominant intrinsic loss mechanism for crystalline
Si cells. Then in 2003, Kerr et al. calculated the limit by considering the
probability of Meitner-Auger recombination enhancement as a result of
increasing carriers density (coulomb-enhanced Meitner-Auger recom-
bination) and reported 29.05% [24]. Further, in 2013, Richter et al.
included the most updated standard, measured data, and parameteri-
zation knowledge, while including band gap narrowing and reassessed
the limit as 29.43% [25], which is currently referred to as the c-Si effi-
ciency limit.

Such solar cell limiting efficiency studies, besides sketching a hori-
zon for c-Si technology, gives hints to the PV industry about designing
the best-performing solar cells. For instance, the optimum thickness of
the absorber is reported as 90 pm in the work of Kerr et al. [24] while
Richter et al. [25] suggested 110 pm. This is due to different physical
phenomena considered in their works, among others. Now a question
can be raised: does considering thermal radiation entropy yield different
efficiency limits and subsequently lead to different optimum design
criteria for the PV cells and systems? This research aims to shed light on
this question. To answer, first in Section 2 we obtain the SQ limit for
various single-junction PV cell materials. Then in Section 3, we calculate
the efficiency limit of crystalline silicon PV cells considering the intrinsic
properties of silicon and entropy of thermal radiation. Further in Section
4, we discuss the implications of the obtained results and consider a few
applications.

2. Methodology

Because of its entropy, a part of sunlight’s internal energy is not
useable for a PV cell, which is a two-step converter: the radiative energy
of photons is first converted to the chemical energy of electron-hole
pairs and then converted to electrical energy [3]. In the first conver-
sion step, the generation of charge carriers happens and in the second
step, recombination happens. Therefore, we can conclude that the
incoming radiation entropy must show its effect on the charge carrier
generation rather than recombination. As a result, the exergy of light,
instead of its internal energy, contributes to carrier generation in a PV
cell. Therefore, we must first calculate the appropriate availability or
exergy of the incoming light spectrum. Then, we feed this exergy spec-
trum into the carrier generation equation. Finally, we obtain the amount
of carrier recombination and statistically balance the extraction of car-
riers with carrier generation and recombination. That enables us to
obtain the PV cell J-V curve and its maximum power point (and other
relevant parameters). Ultimately, we compare this electrical work with
the internal energy of incoming sunlight in order to obtain the efficiency
of PV cell.” We do this first without and then with considering
Meitner-Auger recombination. In our calculations, we assume that solar
cells yield entropy-free electrical energy.

We must note that light as an ensemble of photons contains entropy

1 When energy of electron-hole recombination is lost to a third carrier which is
excited to a higher energy level without moving to another energy band. For the
attribution (Meitner-Auger), this paper followed the suggestions of Richard Sietmann
(paper: False attribution, a female physicist’s fate, in 1988) and Demetrios Matsakis
et al. (A renaming proposal: “The Auger—Meitner effect” in 2019), who recommend
adding Meitner’s name as she discovered the effect one year earlier while Auger
extensively investigated it.

2 In thermodynamics, output work divided by total input internal energy is called
st law efficiency.
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when entering a PV cell as well as when it leaves the cell. When entropy
is removed from a converter, its efficiency can increase, however in this
work, we neglect the amount of entropy that is removed by spontane-
ously radiated photos (as a result of carrier recombination) for two
reasons: (i) to the author’s knowledge, the entropy expression of non-
thermally radiated light is only valid inside a cavity [26], and (ii) for
silicon, which is the material of interest in this study, radiative recom-
bination has the minor share and thereby photons containing entropy
that leave the PV cell are much less than the total number of recombined
electron-hole carriers. We also note that entropy reduction of the PV cell
by the thermally emitted-out photons does not contribute to carrier
recombination statistics and therefore does not need to be considered in
carrier statistical balancing.

2.1. Exergy of incoming radiation

First, we consider blackbody radiation and standard AM1.5 spectra
as inputs to a p-n junction solar cell and obtain their exergy spectra using
the equations by Planck and Chandau reported in Section 1. The stan-
dard spectrum used in PV research is AM 1.5 reported in ASTMG173-03
[27]. This spectrum is divided into the beam and diffuse spectra that can
be obtained from SMARTS software [28]. Spectral radiation exergy flux
(Wm2nm™) for blackbody, beam, diffuse, and global components are:

ExY = AQ cos 0,

VT - T - T[S (U7 — S.(UT)] @

Exf =AQcos 6, )
[Uab(Te) - Ug(Ta) -1, [SZ(Uf(TE)) - SZ(U/?(TH))H

Exl=n @
[Uf(Tc) - UE(Ta) -T. [Sﬂ' (UEI(TP)) - S‘(UE(TM))”

Ex} =Ex] + Ex; )

where U, (T) and S;(U,(T)) are the spectral radiative intensity of energy
and its associated entropy (W m2 nm~! sr7Y) at temperature T,
respectively. Superscripts 0, b, d, and g respectively represent black-
body, beam AM1.5, diffuse AM1.5, and global AM1.5 radiations. Sub-
scripts e and a represent emitter and ambient temperatures. AL is the
solid angle to the Sun disc from Earth equals (Radiouss,,/Distances,n.
Earth)?- 0 is the angle of incidence on the sunlight collecting surface. The
coefficient © in equation (3) is representative of assuming isotropic
hemispherical distribution for the diffuse component of sunlight. We
notice that radiation exergy flux from equations (1)-(4) depends only on
the spectral distribution of the radiating flux, radiation and environment
temperatures, and the geometry between the radiator and the absorber.

2.2. Shockley-Queisser limit considering radiation exergy

Now that we can calculate the exergy of blackbody radiation and
AML1.5 global spectra, we can use them as inputs into the SQ limit
calculation procedure, clearly explained by Riihle [29]:

Jie(E) = [ Aw(E)e, () ©)

where Jgc is the maximum photo-current density (A m~?) which hap-
pens at short-circuit conditions. Eg = hc/Ag is band gap energy (eV). @ .
= (ql/hc)Exﬂ is spectral photon flux exergy (C m~2 s™!). Superscript i
denotes the type of radiation (e.g. blackbody or AM1.5 g). App(E) is the
ideal absorptance coefficient for band-to-band transition equal to H
(A)-H(A-Ag), where H denotes the Heaviside step function. q is the
elementary charge (C). Not all the photo-generated current can reach
the PV cell terminals as a result of recombination. To account for that,
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radiative recombination current density can be calculated as a function
of photon energy (E) and externally applied voltage (V) corresponding
to quasi-Fermi level splitting (quasi-Fermi levels assumed flat) [26,
29-31]:
o 2
J(E,V)=27fyq / Ap(E) W‘W (6)
0

where T is solar cell temperature (K) and fg is the geometrical factor
which is either 1 or 2, respectively when one or both sides of the solar
cell emit radiation. A perfect reflector at the solar cell rear side (fy = 1)
can slightly increase the efficiency, however, we follow the same
assumption as Shockley and Queisser and consider f, = 2.

Then, the output current density J of the solar cell can be written as:

J:JSC(E)fjr(E7V) )

This equation describes the current-voltage characteristics of the
solar cell from which other relevant parameters of voltage at open cir-
cuit Voc = V| min|J(v)|, voltage at maximum power point d(JV)/
dJ |V:Vmpp = 0, current at maximum power point Jmpp = Jsc —
Jr(V=Vpnpp), maximum power point Prpp = JmppVmpp, and fill factor FF
= Ppyp/VocJsc. Finally, efficiency is obtained by dividing the maximum
power point by spectral photon flux energy of incoming radiation: 5jgx =
Prpp/ D ’ij, where @ ’U = (q/l/hc)U,il.

2.3. Including Meitner-Auger recombination

So far it was assumed that only radiative recombination happens in
the solar cell. However, for indirect materials, such as ¢-Si, non-radiative
Meitner-Auger recombination [20,21] is the dominant current density
loss mechanism [32,33]. Therefore, now we extend the calculations to
include Meitner-Auger non-radiative recombination. On top of that, free
carrier absorption (FCA), measured optical properties of silicon as the
absorber, incomplete ionizations, photon recycling, and band gap nar-
rowing (BGN) are also included to have a comprehensive and more ac-
curate limit for single-junction silicon solar cells. As our focus is on the
intrinsic properties of silicon, we assume that the solar cell has no sur-
face and defect recombination’s and is equipped with a perfect front
anti-reflective coating and a perfect back reflector. These assumptions
are aligned with previous studies [19,24,25,34]. We follow a similar
approach to Richter et al. [25]. We can rewrite equation (7) as:

J=Jsc — qRin W (8

where Ring = AN/Ting is intrinsic carrier recombination rate (radiative
+ Meitner-Auger) and W is solar cell thickness, respectively with the
units of em ™2 s~ and cm. Rinr represents how many carriers are
recombined per volume in time and it is related to excess carrier con-
centration An and lifetime of carriers in silicon bulk i, To obtain An,
the solar cell should be modeled as a semiconductor device. In a thor-
ough semiconductor device modeling, parameters are functions of po-
sition x in semiconductor length. However, equation (8) assumes a
uniform carrier generation and recombination across the solar cell. This
implies that quasi-fermi levels are fixed across the solar cell. This is a fair
assumption as long as the thickness of solar cell base Wg (positively
lowly doped region in an n-type solar cell and vice versa) is smaller than
diffusion length of minority carriers Lg (average distance a minority
carrier can travel before recombining with a majority carrier), which is
known as the narrow-base assumption (Wp « Lg) of Green [33]. Now we
will use this assumption (also used by Richter et al. [25]) and apply the
1-dimensional calculation procedure described by Mcintosh and Alter-
matt [35], which considers band gap narrowing with Fermi-Dirac
statistics.

Let us consider a constant doping profile across the solar cell Ngop =
Np — Ny, where Np and N, are the density of donor (e.g. phosphorous)
and acceptor (e.g. Boron) atoms, respectively (cm’3). We describe the
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equations for the case of n-doped silicon. Equivalent equations can be
applied for p-doped silicon.

As the dopant density increases incomplete ionization increases,
however, there is a peak of ~25% near Ngop = 1 0’18, as had been
suggested by Pearson and Bardeen in 1949 [36] and demonstrated
experimentally by Altermatt et al., in 2006 [37]. Although the maximum
efficiency happens in low dopant densities [19,24,25], it is interesting to
see the effect on the efficiency in other dopant regions.

The majority carrier density at equilibrium is determined by np = Np
- Np = Ngop which is used as the initial value for the majority and mi-
nority carrier densities: n = Ngop and p = nizo/Nd,,p, where njg is the
intrinsic carrier concentration of silicon depending on three funda-
mental parameters of silicon: band gap energy as the difference between
conduction and valence bands energy Ego = Eco — Evo, the density of
states at valence and conduction bands Ny and N¢. These parameters are
linked via nzio = NyNc exp (Ego/kpT). We considered 3.11 x 10 cm 2
and 2.86 x 10'° em 3 for Ny and N at 298.15 K, respectively.

The initial values correspond to the silicon being in equilibrium with
no BGN and degeneracy (yBgn = Ydeg = 1). Then we use n, p, Np, and Ny
to calculate the density of ionized donors and acceptors, respectively N
and Nj. We applied equations (2), (4), (6) and (7) with Table III pa-
rameters from the work of Altermatt et al. [38] to obtain N3, and Nj.
Now we use Nj and Ny instead of Np and Ny in the rest of the calcu-
lations. We recalculate our initial values as ng = Ny - Ny = Ni,p andn=
N(Jj“op and p = nizo/Ni,p. Having n and p, then valence and conduction
bands shifts AEy and AE¢ along with band gap narrowing AE; = AEc -
AEy are calculated using Schenk’s model [39]. It is recommended to use
Appendix A of McIntosh and Altermatt 2010 paper [35] when imple-
menting Schenk’s model.

Altermatt et al. demonstrated in 2002 [40] that when doping level
increases, Fermi-Dirac statistics should be used instead of Boltzmann
statistics. Here, Fermi-Dirac statistics are used for majority carrier con-
centration and Boltzmann statistics for minority carrier concentration.
With Fermi-Dirac statistics we have:

Ec — Ej,
nchﬂ/z(*%) (C)]
B
E;, — E
P:NVF1/2<—%> (10)
B

where Fj 2 is ordered 1/2 of the Fermi-Dirac function [41]. In the case of
Boltzmann statistics, Fy,2 is replaced by an exponential function. Eg, and
Ej, are respectively electron and hole Fermi levels while Ey = Eyg - AEy
and E¢ = Egg - AE¢. Assuming n-type silicon and combining equations
(9) and (10), we have:

E;, — Eg,
np=ngy Ydeg YBGN exp( - %) a1
E, 7En E, 7En
e Fun(=557) oo - 5572) o
Ec—Ep
Cex (AEV) Fl/Z(_ Ck,;rf) 13)
YBGN P KT

_ Eco—Ep
F1/2< ksT

7deg < 1 and is a ratio function representing the difference between
Fermi-Dirac and Boltzmann statistics. It decreases from unity when
carrier concentration increases. On the other hand, yggy > 1 increases
when carrier concentration increases. ypgy represents the influence of
the narrowed band gap. At equilibrium: Eg, = Eg, = Egand thus: ngpg =
nizo Ydeg YBGN- Now one can apply inverse Fermi function on equation (9)
and obtain: -(E¢ - Ef)/ksT = F1/2(n/N¢) and -(Eco-Efa)/ksT = F1/2(n/
N¢) - AEc/kgT. As n, N¢, AE¢ are known from previous steps, ydeg and
yBGN can then be obtained. For inverse 1/2 order of Fermi function, F;,
2’1(11) ~ In(u/(1-u/4)) is used as approximation [42,43]. Finally,
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minority carrier concentration at equilibrium is calculated by py =
nopo/Ni,p. At this point, one can use minority carrier current and con-
tinuity equations to calculate An [35]. However, equation (8) implies a
narrow-base assumption, also for the sake of speed and simplicity of
calculations, the following equation which is based on a narrow base
assumption was used [25]:

np = (ng +An)(po + An) = n} exp (2%?) exp (Z}—‘;) 14)
where njpexp(AEy/2kpT) is known as effective carrier concentration n;
¢ff- Equation (14) assumes ideal contacts to collect charge carriers which
means that quasi-Fermi level separation is equal to the applied voltage,
and thus An can be obtained as a function of voltage. Finally, n and p are
calculated through n = ngp + An and p = pp + An.

Further, we continue with calculating i using the parametrization
developed by Richter et al., in 2012 (equations (18) and (19) in
Ref. [44]). The parametrization includes radiative and
Coulomb-enhanced Meitner-Auger recombination and has a general
form of Ting = An/[ (np-nfeff)(C"ggeehno + CpogenhPo ~+ Cundn®®? + B
(1-Ppr))]. Cno, Cpo, and Cun are constants while geen and genn are
functions representing procedures in which respectively electron and
hole act as the third carrier in Meitner-Auger recombination. B is the
rate of radiative recombination and can be expressed as B¢ X Biow(T)
where Biow(T) = [B(E, T)dE is the radiative recombination coefficient at
temperature T for lowly doped silicon formulated by Trupke et al., in
2003 [45] and By is a relative injection-dependent coefficient devel-
oped by Altermatt et al., 2005 [46]. B(E,T) is written as:

1

B(E,T)=————
( ) ) ﬂ262h3n%eﬁ_

E
’lz (E)Ezab[, (E)exp (_](B_T) (15)

where app is the absorption coefficient for band-to-band transition and
n, is the refractive index of silicon, both obtained from Green’s table of
self-consistent optical parameters of intrinsic silicon published in 2008
[47). h = h/2x is reduced Planck’s constant. Ppr = [App(E)B(E,T)
dE/ (B(E,T)dE is the probability of photon recycling after radiative
recombination. It is worth noting that the internal luminescent light as a
result of carriers recombination was assumed to be entropy-free because
photon recycling already has a small effect on solar cell efficiency and to
the author’s knowledge, the entropy expression of non-thermally radi-
ated light is only valid inside a cavity [26]. So far, we have all the in-
gredients to calculate Rj,. The only remaining parameter is App. In
Section 2.2, App was formulated ideally using the Heaviside step func-
tion, however, in this section it is defined as:

App (E)

Ap(E) =
bb( ) abb(E) + Qpca (E) + ﬁ

(16

where apca is a coefficient representing free carrier absorption. To
calculate apcyq Riidiger’s parametrization of free carrier absorption
published in 2013 is used [48]. Considering the randomized
light-trapping scheme and the isotropic response of the solar cell, the
mean path of a light ray inside of the solar cell equals 4nZW. The chance
for creating multiple electron-hole pairs by high energy photons is
neglected in equation (16) because this effect has a minor contribution
of <0.1 mA/cm? [34,49]. Having equation (16) in hand, App is plugged
into equation (8) to calculate Js¢ as well. Further, J-V characteristics of
the solar cell and finally the parameters of interest can be obtained in
analogy to Section 2.2.

For graphs and visualization purposes, resistivity p of the doped
silicon is also calculated using Arora et al. model [50] of carrier mobility
p and applying 1/p = q(nu.+ ppr). Here, n and p are obtained while
neglecting incomplete ionization since dopant atoms contribute to re-
sistivity if they substitute silicon atoms in the lattice, regardless of
ionization (substitutional concentration). As n and p are both functions
of cell voltage, depending on the graphs, p was calculated at
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short-circuit, maximum power point, and open-circuit.

To identify the validity area of narrow base assumption in the graphs,
minority carrier diffusion length L was calculated and compared with
silicon thickness assuming Wp ~ W, using L = (D) 2, where the
diffusion coefficient is D = pkgT/q. For n-type silicon, hole mobility was
used, as well as for p-type silicon mobility of electrons. As L is a function
of excess carrier concentration An through 7z, and An = 0 at short-circuit,
L was only calculated at maximum power point and open circuit.

3. Results
3.1. Exergy of incoming radiation

We start with calculating thermal radiation exergy using Planck’s
formulation for energy and entropy (refer to Section 1) and equations
(1)—(4). For standard AM1.5, the Sun zenith is 48.236° and the surface
tilt is 37° (both with the same azimuth of 180°), therefore the angle of
incidence becomes 11.236°. The solid angle to the Sun disc from Earth is
calculated as 6.79 x 107> sr.

Fig. 2 shows the spectral radiation energy (red) and exergy (blue)
fluxes for beam AM 1.5 (AM1.5b), diffuse AM 1.5 (AM1.5d), global
AM1.5 (AM1.5 g), and 5800 K blackbody along with their spectral ra-
diation quality. The average quality factor for beam, diffuse, and global
AM 1.5, as well as blackbody spectra over 280 nm-4000 nm are 93.39%,
79.04%, 92.01%, and 93.74%, respectively. As can be seen, radiation
quality is highest for blackbody radiation and lowest for diffuse radia-
tion. It means that as the sunlight radiation passes through the air and
gets diffused, the portion of the photon’s internal energy that can be
used (exergy) is reduced. This can be attributed to higher disorder of
photons and redshift of the energy spectrum. Besides air mass, ambient
temperature also influences the exergy of incoming thermal radiation.
Fig. 3 quantifies the combined effects of air mass and ambient temper-
ature on the exergy of the beam, diffuse, global terrestrial and blackbody
radiation. As can be seen, increasing air mass and temperature reduces
the available convertible energy in sunlight. Contour plots show that
temperature has the most significant effect on the exergy of diffuse
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radiation. Note that, since various solar energy converter materials are
sensitive to different bandwidths, the effective radiation quality factor
varies depending on the material. We will touch upon this topic at the
end of the paper where we discuss the applications of considering en-
tropy in the PV industry.

3.2. Shockley-Queisser limit considering radiation exergy

Now using the obtained radiation exergy spectra, we calculate the
detailed balance limit through the method explained in Section 2.2. Cell
temperature is considered 298.15 K and the efficiency limit is calculated
for a band gap range of 0.31 eV-4.42 eV. Fig. 4 represents the efficiency
limit with 5800 K blackbody and AM 1.5 g energy and exergy spectra. To
check the accuracy of our calculations in this section, 5g results were
compared with Riihle’s published values [29] and were concurrent. As
can be seen, using the exergy of radiation as input instead of its internal
energy reduces the limit from 33.15% to 30.42% while the optimum
band gap remains the same at 1.34 eV. However, for the case of black-
body radiation, the optimum band gap increases very slightly from 1.27
eV to 1.28 eV. This is related to fact that the peak in blackbody energy
and entropy happens at different wavelengths. Fig. 4 also includes re-
cord lab efficiency values of various PV cell technologies (cell area
>0.99 cmz), as reported in version 56 of solar cells efficiency tables [51].
Band gap values for each technology are calculated using reported
external quantum efficiency (EQE) curves of the cells plotted in various
versions of the solar cell table, namely versions 41, 45, 50, 53, 54, and
55 [52-57]. To calculate Eg, EQE|&g = 0.1 is applied which is the
approach taken by other authors [29], alternatively one can calculate Eg
using the condition at which |dEQE/dEg| is maximized [58]. We note
that all the lab efficiencies so far have been below the exergy imposed
detailed balance limit (dashed red line). Whether or not the lab effi-
ciency of solar cells can break this limit is discussed in Section 4.

3.3. Including Meitner-Auger recombination

Since the PV industry is dominated by silicon as the key material,
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Fig. 2. Top spectral radiation energy (red) and exergy (blue) fluxes respectively from left to right for beam AM 1.5, diffuse AM 1.5, global AM1.5, and blackbody.
Energy spectra were obtained using SMARTS 2.9.2 with the standard atmospheric condition. Bottom, respectively from left to right: spectral radiation quality, Ex;/
U,, for beam AM 1.5, diffuse AM 1.5, global AM1.5, and blackbody. The calculated quality factors for terrestrial radiations are in close agreement with the work of
Chu and Liu [12]. The blackbody radiation energy and exergy were calculated assuming 5800 K and 298.15 K as the emitter and ambient temperatures, respectively.
The MATLAB code to extract the exergy of arbitrary thermal radiation is available by submitting a reasonable request to the author. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Air mass

Air mass

Fig. 3. Radiation exergy as a function of air mass and ambient temperature, respectively from left to right for terrestrial beam, terrestrial diffuse, terrestrial global,
and 5800 K blackbody radiations. Blackbody radiation, by definition, disregards air mass, therefore the only influence is temperature. To obtain the plots, first, the
energy spectra were calculated using SMARTS 2.9.2 at standard atmospheric conditions. Then all the inputs in SMARTS were kept the same while changing the air
mass card from 1 to 8. Further, these spectra were fed into equations (1)-(4) to obtain exergy spectra, while changing the ambient temperature from 0 to 100 Celsius.
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Fig. 4. Detailed balance limit curves as a function of band gap considering
energy and exergy of blackbody and AM 1.5 g spectra. It is worth noting that
Shockley and Queisser considered blackbody radiation of 6000 K and cell
temperature of 300 K, however, here we assumed 5800 K and 298.15 K for
radiation and cell temperatures, respectively (closer to Sun’s temperature and
aligned with standard cell temperature). The MATLAB code to extract a detailed
balance limit of arbitrary thermal radiation and band gap range is available by
submitting a reasonable request to the author.

next we put the focus on the case of silicon as an absorber material. The
procedure and set of equations described in Section 2.3 are applied. For
carrier concentration calculation, the obtained values were compared
with the output of pvlighthouse [59], and a close agreement was found.

We consider several parameters of interest as listed in Table 1 and
calculate them with respect to absorber thickness W and dopant density
Nyop. Like Section 3.2, we compare the result considering the photon’s
internal energy (E) and available useable energy (Ex), for which AM 1.5
g energy and exergy spectra were used as inputs, respectively. Results
are only presented for the case of n-type silicon and one can obtain the
result for the case of p-type silicon by applying equations described in
Section 2.3 analogous to the p-type semiconductor.

Table 1 shows the values for several parameters at the maximum
theoretical efficiency when considering internal and available energy of
the incoming thermal radiation. The maximum efficiency happens at the
limit of un-doped silicon (Ngop = 102 cm’3), which is aligned with
previous literature reports [19,24,25]. As can be seen, considering the
available energy of the streams of photons incident on a silicon solar cell
instead of on their internal energy reduces the maximum theoretical
efficiency from 29.65% to 27.12%.

As expected, Table 1 shows that current is majorly affected when
exergy of radiation is considered, while voltage experiences a small drop

of ~1 mV at the open circuit and MPP. It is meanwhile important to
notice that the optimum thickness of silicon drops around 4% from 105
to 101 pm (Richter et al. had calculated optimum thickness as ~110 pm
[25]). This drops because when the amount of available energy in the
light spectrum is less, increasing silicon thickness will not contribute to
further absorption and photocurrent generation while the chance for
recombination rises. This could be an important note for the silicon PV
industry that moving towards thinner wafers is indeed beneficial.

Several other parameters are also listed in Table 1. Values show that
4% incomplete ionization happens at the efficiency limit. Resistivity at
the maximum power point is slightly higher (~0.01 Q@ cm) for AM 1.5 g
exergy because of a slightly lower excess carrier concentration and
consequently lower carrier concentration. Results are reliable as the
narrow-band assumption remains valid due to large Lypp/W for both
energy and exergy related values.

Calculations for the case of AM 1.5 g internal energy are not only
done for comparison with the case of exergy but also to make a com-
parison with the previous works to assess the calculation of the pre-
sented results. It is worth mentioning that as band gap narrowing is
mainly a function of dopant density and temperature [39], at low dopant
densities, BGN is almost negligible (0.045 meV for Ngop = 102 cm™®)
and thus has negligible impacts on effective carrier concentration
(changes nj ¢fr from 8.2800 x 10° to 8.2873 x 10°, ~0.09% increase).
Therefore, based on the calculation of the present work, with and
without band gap narrowing the maximum theoretical efficiency does
not change while efficiency changes for higher dopant densities. This is
not in complete agreement with the previous work of Richter et al. [25]
who reported a 0.14% absolute drop in maximum theoretical efficiency
when considering band gap narrowing. With and without band gap
narrowing, Richter had reported respectively 29.57% and 29.43% while
this work resulted in both 29.65%. Several attempts by the author failed
to identify the source of this deviation. Nevertheless, the closeness of the
reported results can be regarded as cross-validation of both calculations,
the present and the previous work, especially when considering the
contour plots depicted in Fig. 5.

In Fig. 5, the trends of 5, Voc, Vmpp, Animpp, Jsc, FF, Typp, and Anpc
are plotted with respect to absorber thickness W, dopant density Ngop,
and absorber resistively p. Fig. 5 (a) considers entropy-free AM1.5 g as
input radiation while Fig. 5 (b) considers the entropy content of AM1.5
g. The limit for which minority carrier diffusion length L is one order of
magnitude larger than the thickness W is depicted with red dash lines
(L/W = 10). Calculated values on the right and above this dashed line
are less accurate because the narrow-base assumption is less valid in
those regions. Depending on the contour plot parameter, p and L are
calculated at either SC, MPP, or OC, as described in Section 2.3.

4. Implications and applications

Now that it is shown that the efficiency limit of single-junction
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Table 1
Silicon solar cell parameters at the calculated efficiency limit considering internal and available energy of incoming thermally radiated photons.
n (%) Voc Jsc (mA/ FF Vmpr Anppp Anpc BGN N’atop Ppmpp (. Lyipp/ W w
(mV) cm?) (%) (mV) (em™) (em™) (meV) (em™) cm) ) (hm)
AM 1.5 g energy ~ 29.65  768.1 43.38 89.00  701.8 7.07 x 10'® 257 x 0.045 9.6 x 101 0.4831 34.3 ~105
(E) 1016
AM 1.5 g exergy 27.12 767.2 39.72 88.98 700.8 6.94 x 10'® 2,53 x 0.045 9.6 x 10 0.4926 36.1 ~101
(Ex) 1016
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Fig. 5. Logarithmic contour plots of n-type silicon solar cell parameters with respect to bulk thickness and dopant density, when considering (a) energy of AM1.5 g
radiation and (b) exergy of AM1.5 g radiation. The border for the validity of narrow-band assumption is depicted with red dash lines, where the minority carrier

diffusion length is one order of magnitude larger than the base thickness. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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crystalline silicon solar cells is ~2.5% absolute less than the previously
established value, it is worth asking: does understanding this really
make a difference? Before answering this question, we must address a
discrepancy.

Fig. 4 showed that all the lab record efficiencies were below the ngx
limit. However, by looking further into the Jg¢ values of record cells in
Fig. 6, we notice that record c-Si has a higher current density than the
prediction of the gx approach. The reported Jgc for this record solar cell
is 42.65 mA/cm? while the calculated Jsc based on the exergy of
incoming photons is 41.4 mA/cm? What is the reason for this
discrepancy?

One hypothesis could be neglecting entropy reduction by emitted-
out photons. Recombination rate increases by increasing voltage and
band gap. In a short circuit, the recombination rate is several orders of
magnitude less than the generated current. For instance, for the case of
record c-Si cell at Eg = 1.057 eV, the generated current density is 41.4
mA/cm? while the recombination current density is 1.15 x 1072 mA/
cm?. Therefore, the assumption of neglecting the entropy reduction as a
result of photons emitted out cannot be the cause of this discrepancy.
Another reason could be a slight difference between the interpreted
bandgap from the EQE graph and the real Eg. For instance, if the Eg of
the recorded cell was ~1.03 eV, both its efficiency and Jsc would remain
below the limit. Although there might be such a possibility it is not a
solid argument to fully address this discrepancy.

The reason for this discrepancy, however, lies behind the way that
incoming optical power is made and measured in laboratories. Colli-
mated light rays are used for testing PV cells [60,61], and solar cell ef-
ficiency limits are calculated under the assumption that the incoming
optical power is collimated [4]. This means under lab conditions solar
cells are facing almost 100% beam irradiance while in real-world con-
ditions diffuse light exists. For instance, STC atmospheric condition
leads to ~900 W/m? of the beam and ~100 W/m? of diffuse light. The
overall efficiency of a solar cell is a combination of its beam and diffuse
efficiencies: 1§ = fyeam Mbeam + Ndiffuse(1-foeam), Where fpeam is the share of
the beam’s component in optical power [4]. Hence, since the radiation
quality factor is different for beam and diffuse irradiances, then the
overall efficiency for global light is less than the beam light, and so is the
Jsc. Considering the above argument, Jgc is calculated for a condition
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Fig. 6. Limit of short circuit current density as a function of band gap obtained
from the detailed balance approach (Section 2.2) which considers internal en-
ergy (Jsc(E)) and exergy (Jsc(Ex)) of incoming radiation. Reported Jsc of
various record solar cells are also depicted. The red line shows the Jsc limit
when all the incoming irradiance (1000 W/m?) is direct. To obtain this, it was
assumed that increasing beam irradiance from 900 W/m? to 1000 W/m? does
not influence the share of its entropy content, simply a normalization factor was
used. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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that all the incoming light is direct and depicted with the red curve in
Fig. 6. As can be seen, it increases to 42.45 mA/cm?, a very close number
to the Jg¢ of the c-Si record cell (within +0.5% of the record short circuit
current).

The second reason under consideration is as follows. Optical power is
usually measured by reading the electrical output signal of calibrated
primary, secondary, or working-class sensors, through thermoelectric,
photovoltaic, or photoelectric effects, such as thermopile pyranometers,
silicon pyranometers, reference cells, or photodiodes [62]. Either way,
the number of collected electrons at the terminal of the sensor per unit of
time is the measure of optical power. This means that the exergy of
photons instead of their internal energy is measured in the lab and solar
cells are tested in the lab under a spectrum that its exergy is equivalent
to AM1.5 g, not its internal energy.3 A supporting argument is provided
in the footnote [63]. Thus, intentionally or unintentionally most of the
calculations in the solar cells industry assume that solar cells are dealing
with entropy-free incoming radiation, which works fine if we test and
compare PV cells in the lab.* We note that the obtained limit may not
sustain in a lab environment and there is a possibility that in the near
future it breaks by lab record solar cells. However, it remains valid under
real-world STC conditions, where the incoming light contains entropy
and shares its available energy between direct and diffuse components.
Therefore, the obtained limits in this work are better to be addressed as
outdoor terrestrial efficiency limits.

4.1. Laboratory measurements

As long as PV cells are tested in the lab under the same radiation
spectrum whose exergy is AM 1.5 g, a fair comparison can take place.
However, for outdoor application, we must notice that the PV cell’s true
efficiency is actually lower than the certified in-lab efficiency. And this is
not only because of the deviation from lab working environments but
also because light entropy, as it has spectral dependence, might be more
in favor of some PV cell materials than others. This can be identified by
calculating the effective radiation quality factor, which is discussed in
Section 4.3 and quantified in Table 2.

4.2. PV device simulation and design

As discussed in Section 3.3, considering the entropy of incoming light
might lead to a slightly different optimum thickness for the silicon
absorber (4% lower). Knowing that absorption and recombination are
both volumetric parameters, the thickness threshold for which the total
recombination compensates the total carrier generation reduces when
the availability of the incoming light decreases. Therefore, the entropy
content of incoming light influences the optimum absorber design. If
outdoor performance is targeted [64] instead of in-lab efficiency, then
PV cell designs can be further optimized considering the entropy content
of incoming light. This can eventually lead to saving material costs in PV
cell production (e.g. 4% less silicon for real-world STC designs).

4.3. PV system design and tilt optimization

The entropy content of light could impact optimizing the tilt angle of

3 Evidence for this argument: if irradiance sensors, that are installed both in the lab
and outdoors, were recording internal energy of incoming light, then the performance
ratio of PV systems must have been considerably lower during overcast days. How-
ever, reports are not showing such evidence.

* The type of radiation sources might be different in laboratories. Luminescence
and thermal radiations emit light based on different physical phenomena, and
thereby, they have different shares of entropy per wavelength. Nevertheless, this does
not make an influence when comparing solar cells even with different material
technologies in the lab because the light sources provide the same exergy spectrum
which is calibrated by the same device or procedure.
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PV systems. Since direct and diffuse components of the sunlight spec-
trum have different shares of entropy and consequently have different
quality factors, they have different weights. Usually, the tilt angle that
maximizes the Gpoa equation is theoretically selected for optimum tilt
(in real PV installation other considerations also influence the final tilt
selection such as wind load, ground coverage ratio, and aesthetical as-
pects): GEoa = GEeam+ Gf:)iﬁcusg+ G ibedo- Thus, the tilt angle that leads to
the highest energy for Gp,4 is selected. However, the tilt angle that leads
to the highest exergy of impinging radiation must be selected. Therefore,
here we suggest the following equation for the tilt optimization of the PV
systems: Ghsa = @b Gheam™ qd [G1E7ifﬁme+ Glbedol, gp and gq are
respectively radiation quality factors for beam and diffuse components
of sunlight as discussed in Sections 2.1 and 3.1. Since qp > qq, the effect
of such tilt modification will be more visible in the areas with a high
share of diffuse components (e.g. central and northern Europe). We note
that irradiation terms in the above equations are functions of wave-
length G(A4) and thereby beam and diffuse quality factors are also
spectrally dependent: gqp(A) and gq(A). Since PV cells have different
spectral responses, the overall effect of the quality factors will be
different for different PV technologies. Using the spectral response
function of PV technologies SR(4), we can separately define the effective
radiation quality factor g for beam and diffuse components (gegs.p and
qefr-a) corresponding to each PV technology as follows:

[ Ex(2)SR(A)dA

"= TUDSK DL @

Table 2 shows gefr values for several PV technologies. As can be seen,
Qefr-p and gefr.q are the highest for amorphous silicon and the lowest for
crystalline silicon. In other words, the entropy content of terrestrial
radiation has the least influence on amorphous silicon technology while
its effect is maximized for crystalline silicon. Therefore, when opti-
mizing a PV system tilt, neglecting the difference in entropy share of
direct and diffuse radiations makes more impact when c-Si technology is
installed, which dominates the PV market. This signifies the importance
of entropy in global energy production.

We note that when Gpeam» Gpiffuses and Gamedo Values are from in-
filed measurements, they are already indicating exergy values (GEX)
and the aforementioned tilt optimization method shall not be applied.
Nevertheless, in several calculations for tilt optimization, the values are
from physical or numerical decomposition and transposition models
[65,66], which are indicating energy (G5

4.4. PV system yield simulation

Another application of this study is the influence of entropy on the
accuracy of PV electrical yield simulation and forecasting. As PV is
spreading, more research- and commercial-based software tools are
being developed for PV forecasting [68,69] and some are also used to
guarantee the output electrical yield of PV systems through insurance
contracts [70]. However, neglecting the entropy content of sunlight
might cause an overestimation in yield predictions. In yield prediction
methods, usually predicted or measured GHI is used as an initial point
for simulation (only GHI is often measured at meteorological stations).
Further GHI is broken into DNI and DHI components through irradiance
decomposition models and further used in yield calculation processes.
However, the inaccuracy happens because equal importance is given to
both direct and diffuse components while they have different radiation
qualities. Since the sunlight spectrum and share of direct and diffuse
lights changes spatially and temporarily, one can calculate the deviation
in yield prediction as a result of neglecting entropy globally. This could
lead to entropy-based geographically oriented PV cell and system de-
signs. Despite the interests it raises, it is outside the scope of the current

paper.
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Table 2

Effective radiation quality factors of beam AM 1.5 (gef.3), diffuse AM1.5 (qefs-a),
global AM1.5 (gegt.g), and blackbody 5800 K (gegt.0) for various PV technologies.
The spectral response curves were obtained by digitizing the SR(A) = (qi/hc)
EQE(%) graphs from Ref. [67].

Technology Qefrb (%) Qefr-a (%) Qefrg (%) Qefr-0 (%)
aSi:H 93.94 81.06 92.46 94.24
CdTe 93.81 78.95 92.06 94.09
c-Si 93.60 78.03 91.66 93.93
CZTSS 93.85 79.66 92.19 94.14
GaAs 93.80 79.48 92.04 94.11
mc-Si 93.60 77.93 91.67 94.20
Organic 93.88 80.66 92.27 93.93

4.5. PV system standards

Another application of this work is that it influences PV system
standards, especially those related to cabling and fuse rating (Ampac-
ity). The general recommendation by well-known IEC, NEC, IEEE, and
UL standards is to size PV system DC cables based on 1.56 x Jg¢ rule, in
which 1.56 consists of two factors of N=1.25and E =1.25[71-73]. N
and E factors respectively represent normal operation and equipment
limitation. Normal operation is unique to PV systems, as they are
working under outdoor condition and their output current can increase
as a result of temperature and irradiance variations. Now that it is shown
that the output current of PV systems is influenced by the radiation
quality factor, therefore the N factor reduces to 1.25 x qeg, and even-
tually, the sizing factor reduces to 1.56 x qef x Jsc, which is for ¢-Si is
equal to 1.43 x Jg¢. In this way, unnecessary cable oversizing and costs
can be avoided for PV systems.

5. Summary

The motivation behind this study was to draw the attention of the PV
community to the importance of incoming thermal radiation entropy
and its implications. This was pursued by calculating outdoor terrestrial
efficiency limits for single-junction crystalline silicon PV technology,
with and without considering non-radiative recombination. It was
shown that for single-junction silicon solar cells, considering entropy of
the incoming radiation reduces the already established laboratory effi-
ciency limit and optimum thickness to 27.12% and ~101 pm, respec-
tively. The study influences optimal PV device design, simulation, and
yield prediction. The implications extend to PV system optimal tilt and
cabling standards as well.
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