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Abstract

Recently, alot of research focus has been on how to make solar cells more efficient. One direction is to
enhance the open-circuit voltage V,,. by optimizing the emission of photons in the cell, where emission
is a necessary loss process due to the reciprocity between absorption and emission of light. Here, we
performed a Shockley-Queisser detailed balance analysis to predict the benefit of managing emitted
photons in a single-junction solar cell. First, at low internal luminescence efficiency 7, non-radiative
recombination dominates, and management of emitted photons plays negligible role for V..
Similarly, for an external luminescence efficiency 7. < 10%, externally emitted photons play
negligible role, and V. is set either by non-radiative recombination; or parasitic absorption of
internally emitted photons. For higher 7., the V,,. can be boosted, maximally by 15%, by restricting
the external emission to match the incidence cone of the AM1.5D sun light spectrum. Such emission
restriction corresponds to lower escape probability of internally emitted photons, enhances photon
recycling, drops 7., and actually makes the solar cell into a worse LED. Finally, for partly diffuse
incident light, by restricting the angular emission for photons in a 130 nm wavelength range around
the bandgap, we predict a maximum 14% relative boost in solar cell efficiency. The results of this
paper are intended to serve as a general guideline on how to utilize emission-tuning possibilities to
develop highly efficient photovoltaic devices.

1. Introduction

Solar energy is a green source of energy, and solar cells could contribute a significant fraction of the world energy
demand. The installed photovoltaics capacity increased from 8 to 402 GW from 2007 to 2017, showing
exponential increase [ 1]. By the end 0f 2017, an equivalent of more than 40 000 solar panels were installed per
hour, and solar cells supplied 1.9% of the world-wide electricity production [1]. Hence, any design
improvements for better solar cell performance are expected to have noticeable impact on the global renewable
energy production.

For asolar cell, one of the most important figures of merit is the efficiency 7py at maximum power point,
which tells us how large fraction of the incident solar energy can be converted to electrical energy [2, 3]. The
efficiency can be expressed in turn as 1,y = j. Voc FF /Iinc. Here, ji. is the short-circuit current (density) that
shows up at zero voltage bias over the solar cell, V, is the open-circuit voltage that is the maximum voltage
obtained under sunlight, FF is the fill factor that gives the fraction of j, V.. that is extracted at the maximum
power point, and [, is the incident solar intensity (see figure 1(a) for a schematic of the solar cell connected to
external circuit, figure 2(a) for the absorption of sun light to produce jsc, and figure 2(b) for the resulting IV
curve). Therefore, to optimize the efficiency, we should aim to maximize j, V., and FF.

An extensive research effort has been spent on investigating how to optimize j;. through varying light
trapping concepts. With such concepts, the interaction of the incident light with the solar cell absorber is
prolonged to enhance absorption probability [6, 7]. Another important research direction is the optimization of

©2019 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) Schematic of a solar cell, where the patterning at the top indicates a possible nanostructuring for modifying the optical
properties. Here, the sunlight causes a current and a voltage in the external load. In this case, the external load receives the power

P = VI. Note that the external load and the solar cell are biased at the same voltage. The AM1.5D solar spectrum corresponds to light
incident from a small incidence cone of 2.5° half-angle around the normal incidence [4], as schematically indicated by normally
incident light. (b) Emission from the solar cell at forward bias without incident sunlight. In this case, j,. = 0and the current is given by
the recombination current in equation (1). The external voltage source biases the solar cell at voltage V. The emission to the top side is
indicated by the angle 6,,,,. Here, we indicate the possibility of emission into an inactive substrate by the angle 6},q,.
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Figure 2. (a) Absorption of the 900 W m™~* AM1.5D direct and circumsolar spectrum by a single junction solar cell with E, = 1.34 eV,
correspondmg toa wavelength of Ay = 925 nm. Here, we assumed full absorption of above bandgap photons, which gives

Jse =313mAcm™ % from equation (2) The region marked as Thermalization indicates the energy that is lost due to relaxation of
photogenerated carriers to the bandgap energy. (b) IV curves for a single junction solar cell with E; = 1.34 eV where we assume the
maximum j,. = 31.3 mA cm™ 2. We consider three cases of decreasing V,,.: (1) Emission to the full hemisphere on the top air side and
no non-radiative recombination (1;,, = 1) (blackline), (2) No non-radiative recombination (7, = 1) and emission to the full
hemisphere both on the top air side as well as into an = 3.5 refractive index substrate (red line), and (3) non-radiative recombination
that gives 7)., = 0.01 for the case of emission to just the top side (blue line). For these three cases, we obtain V. = 1.08,1.01,and

0.96 V. The fill factor shows in contrast a much smaller (relative) decrease with values of FF = 0.89, 0.88, and 0.88. For the efficiencies,
we obtain 7py = 33.2% for the case of no non-radiative recombination and emission only to the top side. This value is the
conventional 1-sun Shockley-Queisser detailed balance limit [5]. For the case of emission to the top and bottom side, the efficiency
drops to npy = 30.9%, and for 7., = 0.01, we obtain 7py = 29.1%.

Ve Both V. and FF are set by the short-circuit current and the varying recombination processes within the
solar cell. Typically, V. drops much faster than FF with increasing recombination (figure 2(b) and [8]). Then,
assuming optimized j, the variation in 7jpy is directly proportional to the variation in V..

Hence, the recombination processes that limit V. limit directly also 7jpy. These recombination processes can
be divided into two main categories: radiative and non-radiative recombination. In radiative recombination, a
photon results, for example from the recombination between an electron and a hole in a semiconductor-based
solar cell. Radiative recombination is an inherent process that must exist: an absorbing solar cell must also emit
photons as required by reciprocity [9]. In contrast, non-radiative recombination could in principle be
minimized with perfect materials quality and optimum design of the solar cell. Thus, in an optimum solar cell,
the emission of photons limits the performance.

Recently, much of the research focus has been on the possibility to optimize V,,. through management of
emitted photons [9—17]. Especially with nanostructured solar cells, emission properties can be strongly tuned,
which has the potential of boosting V,,. [18—20]. However, compared to the light-trapping schemes to enhance
Jjso» optical analysis and design for boosting V,,. can appear more intricate.
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Therefore, in this paper, we aim to establish the detailed connections between V. and the internal and
external luminescence efficiencies both for radiatively and non-radiatively limited solar cells. Importantly, our
work highlights in which cases tuning of emission properties can be expected to affect the solar cell efficiency.

In more detail, the radiative recombination can be analyzed through a perspective from within the active
region. Here, the active region denotes the region from which photogenerated charge carriers can contribute to
an external current. In this viewpoint, an internally emitted photon can either escape the solar cell and result in
an externally emitted photon, be re-absorbed in the active region of the solar cell, giving rise to photon recycling,
or be parasitically absorbed in an inactive region of the solar cell [16]. Alternatively, we can focus on the external
properties of the emission of photons (see figure 1(b) for schematic). In this case, we look at the directional and
polarization (pol) dependent emissivity e;opwon (A 0, ¢, pol) from the solar cell to the top (bottom) side. Here,
€opbory( A 0, @, pol) = 1is the upper limit and corresponds to equally good emission into the direction given by
the polar angles 6 and ¢ as from a perfect blackbody at that wavelength A and polarization, and e;oppon(A, 05 @,
pol) = Oindicates total restriction of that emission [18].

In an alternative approach, the solar cell performance is analyzed in terms of its LED performance, with
electrical biasing over the cell to make the cell emit photons [21]. In this case, two LED quantum efficiency
measures are commonly used: (1) The external luminescence efficiency 7., which is a measure of the fraction of
electrically injected charge carriers that result in externally emitted photons and (2) the internal luminescence
efficiency n;,,, which gives the fraction of internal recombination that leads to internal emission of photons [21].

Recently, there has been discussion of how to manage the emitted photons to enhance V,,.[10-12,

14,16, 17,21, 22]. There have been reports indicating that the emission of photons can affect V,,. noticeably even
when 7, islow [11, 23]. Such behaviour is in contradiction to the expectation from drift-diffusion based
semiconductor device modelling where at low 7;,,, the photon emission can be neglected without losing
accuracy of results. There, in that case, it is enough to take into account just the dominating non-radiative
recombination [24, 25]. Thus, it is essential to clarify between these two opposite viewpoints for accurate solar
cell analysis and design. This clarification is especially important for nanostructured solar cells, which often
show low 7;,; due to the large surface-to-volume ratio that promotes additional surface recombination
compared to their bulk-like counterpart. Therefore, where appropriate, we give additional comments with
regard to nanostructured solar cells.

Here, we connect the internal and external emission properties, and we relate the results to 7)e, and 7;,.. We
start our presentation with a theoretical foundation for the solar cell analysis. There, we introduce the
assumptions for the short-circuit current and recombination processes from which the IV-curve and V. of the
solar cell can be calculated. After that, we connect analytically the V. to the external and internal luminescence
efficiency. As next step, we discuss the connection between the external emissivity of the solar cell and the
probability that an internally emitted photon escapes. Such connection links the internal and external
management of emitted photons. Then, we discuss the effect of parasitic absorption on V,,.. Next, we analyze
quantitatively the benefit of management of emitted photons for varying external luminescence efficiency and
parasitic absorption. After that, we touch on the topic of direct versus diffuse incident light and possible benefits
of managing emitted photons for partly diffuse light.

From our results, we would like to highlight that:

1. From our optics-based analysis, we show that at very low ., the non-radiative recombination sets the V,,,
and the way in which we manage the internally emitted photons plays no role for the solar cell efficiency npy.
Thus, this viewpoint agrees with that of drift-diffusion based semiconductor device analysis where at low
Nino it is enough to take into account just the dominating non-radiative recombination.

2. Management of externally emitted photons becomes of practical relevance when 7., > 0.1.
To enhance the solar cell efficiency, we should limit the external emission for angles outside of the cone
from which sunlight is incident. That is, we should aim for (6, ¢, pol) — 0 for angles § larger than the
maximum incidence angle, as is conventionally proposed for external photon management [9]. This
emission restriction reduces 7)., and hence the LED efficiency. Thus, we can make a solar cell better by
making it into a worse LED. We show that such limitation of the directional emissivity corresponds to a
decrease of the escape probability of the internally emitted photons. With decreasing escape probability, a
larger fraction of the internally emitted photons can be re-absorbed /recycled, leading to stronger effective
photogeneration inside the solar cell, which in turn allows for alarger V..

3.0n the other hand, by increasing 7.y through increasing materials quality in the active region,
corresponding to less non-radiative recombination and higher 7;,, both Vi, and 1 increase. Hence, in
this approach, we can make the solar cell better by making it into a better LED.
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4. At 100% internal luminescence efficiency, we obtain for an example bandgap energy of 1.34 V, which
maximizes the conventional single-junction 1-sun solar cell efficiency, a maximum V. 0of 1.24 V when we
restrict the emission to a cone that matches the incident cone of 2.5° half angle of the AM1.5D direct and
circumsolar sun light. Without such restriction, we find a V,,. of 1.08 V. When complete parasitic
absorption occurs for internally emitted photons that propagate downwards, which is equivalent to
emission to a refractive-index matched inactive substrate, the V,,. drops further to 1.01 V. In that case, angle
restriction of the emission of photons to the top side gives an almost negligible maximum increase of 2 mV
in V. since, for the refractive index of 3.5 assumed for the semiconductor, the loss of photons to the bottom
sideis 3.5 = 12.25 times larger than to the top side, giving 7jex = 0.08.

5. When we move from the AM1.5D direct and circumsolar spectrum to the AM1.5G global tilt spectrum,
approximately 10% of the light is diffusively incident. For this case, we investigated the benefit of a special
type of angle restriction in the vicinity of the bandgap. To utilize the dominant, directly-incident light, we
allow for full absorption within the cone of 2.5° half angle of the directly incident light also around the
bandgap. Due to reciprocity between absorption and emission, there must be then full emission into that
cone. However, in the vicinity of the bandgap, we restrict emission for angles outside of this cone. Such
restriction leads to a decrease in ji. since we don’t utilize around the bandgap the diffuse light outside of this
small 2.5° cone. But at the same time, we gain in V,,. from the limited emission of photons, which can more
than compensate for the drop in j,.. With such angle restriction, we predict a 1% relative boost in npy at
Next = 0.5 when the emission is restricted in a 40 nm wavelength range around the bandgap, 3% at
Next = 0.8 for restriction in a 60 nm wavelength range, and 14% at 7)., = 1 for restrictionina 130 nm
wavelength range.

2. Theoretical foundations for large-area solar cells

We work with a simple diode-equation to enhance the transparency of our derivations. Where possible, we
highlight the underlying assumptions. We follow in spirit the classical work by Shockley and Queisser on the
detailed balance analysis of a solar cell [5], with additional comments, generalizations and clarifications as
needed for our analysis. In this way, we analyze general solar cell behavior. However, note that, for a specific
practical, non-ideal solar cell, additional loss-mechanisms can show up, both in js., V,,c and FF[26]. Thus, for
numerically accurate analysis of a specific, non-ideal solar cell design, for example drift-diffusion-based
optoelectronics modeling might be needed [24, 25, 27-29].

2.1. Expression for IV-curve
Let us assume that we have the following relation for the IV curve of the solar cell:

JV) =Jje = ec(V) ()

where I (V) = —A.j(V)is the current in the external circuit at the applied voltage V (see figure 1(a)—note
that we have chosen the sign of the current within the solar cell to give positive current at short-circuit condition,
but for the external circuit we use the conventional notation where positive voltage gives rise to positive current).
Here, Ay is the area of the solar cell, which we assume to be so large that we can neglect any effects due to the
edges of the solar cell. j(V) is the current (density) through the solar cell. j,. is the short-circuit current (density),
which results from the absorption of light in the active region of the solar cell and consecutive separation of
photogenerated charge carriers, like in figure 2(a), to result in current in the external circuit, as indicated in
figure 1(a). jrec(V) is in turn the internal recombination current (density) in the solar cell, which is in the opposite
direction of j;.. When the voltage is such that j.. balances j,. to lead to zero current in the external circuit, we are
at the open-circuit voltage V.. (see figure 2(b)).

Note that the above j is the externally observed average current density when considering the solar cell as a
large-area black-box type solar cell. For example, in a nanowire array solar cell with axial p-n junction [30-32],
the actual, local current-density in the cross-section of each nanowire is enhanced by the limited area-coverage
of nanowires [25].

Importantly, here in equation (1), we assumed the superposition principle, that is, that j... only depends on
the applied bias and not on photogenerated carriers (which in turn give rise to j;.). Note that if strong enough
recombination is present, this assumption could break down [33], like in a nanowire array solar cell with sub-
optimal side-wall surface passivation of each nanowire [24].

For simplicity, we assume negligible contact resistance and other parasitic resistances and shunts, which
could in principle be taken into account formally for example through additional terms in j,..(V'). In the
numerical examples, we focus on terrestrial solar cells and assume a temperature of T = 300 K for the solar cell.

4
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2.2. Single junction solar cell

We focus on a single-junction semiconductor solar cell. There, the most important quantity is the bandgap
energy E, of the active region. For the numerical examples given below, we exemplify with E, = 1.34 eV. Note
however that our general conclusions are not dependent on this specific choice for Eg. This bandgap of 1.34 eV
gives the maximum, conventional 1-sun Shockley-Queisser detailed balance efficiency [5, 18] of npy = 33.2%
(see figure 2(b)). In comparison, for a single-junction solar cell under non-concentrated sun light, the highest
measured efficiency is 29.1% [2].

2.3. Assumption for j.
For j., we assume [18]:

. A inc (/\)Ainc ()\)
= LA A S5 2
e =4 »[(; 2mhe/ A @

where gis the elementary charge, \; = 27ic /Eg with £ the reduced Planck constant and c the speed of light in
vacuum, i, (M) the incident solar spectrum, and A;,. () the absorption in the active region, averaged and
weighted by the angular distribution of the incident spectrum. Here, we assume that the structure absorbs only
above bandgap photons. Furthermore, we assume that each absorbed photon contributes one charge carrier to
the short-circuit current. That is, we assume perfect collection of the photogenerated electron-hole pairs from
the active region into short-circuit current. See figure 2(a) for the solar spectrum and its utilization.

The maximum value for j. is obtained by assuming that Aj,.(A) = 1for A < Ag. Then, for the chosen
bandgap of E; = 1.34 eV, we obtain j,. = 31.3 mA cm > when we use for I, (\) the 900 W m > AM1.5D direct
and circumsolar spectrum [4]. Note that this direct and circumsolar light is incident from a cone of a small half-
angle of 2.5° [4]. That is, the incidence angle is maximally 2.5° from the normal of the solar cell (note that the
solar disc by itself covers a smaller disk of 20.26° in half-angle, but without loss of generality of our main
conclusions, to focus on the AM1.5D spectrum, we use the half-angle of 2.5°). Towards the end, in section 3.6,
we discuss possible impact of diffuse incident light, especially in terms of the AM1.5 G spectrum.

Note that for more accurate numerical results, it is possible to generalize the absorptance to take into
account finite thickness of the absorber and below bandgap absorption in the Urbach tail [14]. However, such
refinements are not expected to affect our general conclusions about the effect on V,,. of management of emitted
photons, which is the main focus of this work.

2.4. Assumption for radiative and non-radiative recombination
To keep the derivation simple, we assume non-radiative recombination of the form jm’ 0 (e1V/¥T — 1)[16]. Here,
jnr,0 Originates from an integration of the non-radiative recombination in the volume and on the surface of the
active region. Note that the main conclusions about the effect of internal and external photon management on
Vi are not dependent on this exact choice for the voltage dependence, such as the ideality factor (see supporting
information equation (S1), which is available online at stacks.iop.org/JPCO /3 /055009 /mmedia).

Then, if we assume that the radiative and non-radiative recombination are parallel pathways for
recombination, the recombination current in equation (1) is given by:

jrec(V) = (jem,ext,o + jnr,O)(qu/kT - 1) (3)

where j,. ... o is setby the emission of photons out from the cell at thermal equilibrium (see supporting
information equation (S3) and [5, 18]).
The external emission can be divided into [18]:

]em,ext,O = ]em,ext,O,top + ]em,ext,O,bot‘ (4)

Here, jem,ext,O,top is due to emission to the top side, and jem,ext,O,bot is due to emission to the bottom side, which
could consist for example of an inactive substrate as is common in research-stage nanostructured solar cells
[30-32], air, or abottom mirror. The magnitudes of j ... o, op and j... .. 0.0 depend on how strong the
emission is to the different emission angles and polarizations at the top and bottom side, that is, how large the
emissivity eopbon (As 05 @, pol)is at the top (bottom) side [ 18] (see figure 1(b)). Furthermore, the emission
depends on the refractive index n of surrounding material as n* [ 18, 34] (see also supporting information
equation (S3)). Importantly, a possible emission modification, for example through nanostructuring, is captured
in a modification of eip(por (As 0 @, pol) [18-20].

We obtain the maximum value for 7, ... o «op A0 Jop, ext,0,bor When we assume maximum possible emission
into the full hemisphere at the top and bottom side, respectively (see supporting information equation (S3)).
This maximum emission corresponds to eqpor (A, 0, @, pol) = linto all external angles for A < A,. Similarly
as with the assumption of no absorption of below bandgap photons in equation (2), we assume here no emission
of below bandgap photons. Then, for the bandgap of 1.34 eV, we obtain for emission to the top side, assuming a
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refractive index of 1,4, = 1there, = 2.36*10~17 mA cm ™2 For emission into an inactive

]em,ext,O,top

2
semiconductor substrate of 71po = 3.5, we obtain .. o 0 bot = (:b"‘) Jemext0ytop = 2.90*107' mA /cm?. Note
Jext, 0, o ext, 0,

that j. . 0.t an be eliminated with a perfect back-mirror [10].

There are multiple implicit assumptions made in the above derivation for the recombination and emission.
We assume implicitly that E; /g — V' >> kT to be able to use the Boltzmann approximation that yields the
e1”/kT" — 1 dependence for the radiative recombination with constant Jem,ext,o- Otherwise we need to use the
Bose-Einstein distribution for the photons in the active region and the Fermi-Dirac distribution for the electrons
and holes [35] (the analysis can be performed with such more complicated dependence, but we believe that the
transparency of the derivations and conclusions increases when using the simpler e?'/*T — 1 dependence).
Similarly, for example degenerate doping can also lead to the need of using the Fermi-Dirac distribution. Hence,
here, we limit us to cases where E; /g — V >> kT, and specificallyto E; /g — V. > kT thatactually applies for
all high-efficiency solar cells to date [2]. Furthermore, we assume that the doping concentrations are low enough
so that effects from degenerate doping are negligible.

Also, above, we assumed implicitly a constant quasi-Fermi level splitting through the active layer [9], so that
the voltage V'is constant over the whole active region. If the quasi-Fermi level splitting is not constant
throughout the active region, a lower efficiency is predicted [36]. Finally, we assumed implicitly that the
emissivity that applies at thermal equilibrium applies also out of equilibrium, and that emission is enhanced by
the factor e?"/*7 [9]. Hence, we assumed that all regions that emit light at thermal equilibrium are in a region
from which the emission is enhanced by the factor of e4"/T. Thus, we then implicitly assume that there is no
parasitic absorption: thermal emission from a parasitically absorbing region would not be enhanced by the
voltage over the active region. Below, we discuss the topic of parasitic absorption.

2.5. Assumption for parasitic absorption
Parasitic absorption of emitted photons is an absorption process that does not create electron-hole pairs into the
active region. As the amount of parasitic absorption is, in the linear optics regime, proportional to the amount of
emitted photons, parasitic absorption can be included by adding a term j, ., ic o (1 V/KT _ 1) into equation (3),
giving
. ) ) . av
] = ]sc - (]em,ext,O + ]parasitic,O + ]nr,O) (ekT - 1) (5)

3. Results

Below, in section 3.1, we derive the dependence of V,,. on the external luminescence efficiency 7. In

section 3.2, to complement analysis based on 7y, we study the dependence of V,,. on the internal luminescence
efficiency 7, and p,., the average probability that an internally generated photon escapes. There, we show that
.. should be minimized to maximize V. In section 3.3, we connect p, . to the external emissivity and discuss
how a minimization of p,__is connected to angular restriction of external emission. Next, in section 3.4, we
discuss how parasitic absorption could affect V.. Then, in section 3.5, we give numerical examples of the benefit
of minimizing p, for varying 7., and parasitic absorption. Finally, in section 3.6, we show the benefit of
emission management in the case of partially diffuse incident light.

3.1. The dependence of V. on 7)cy

In the continuation, we consider voltages such that e?"/*T >> 1, which applies for the V,,. of well-performing
solar cells [2]—note that kT/q is approximately 26 mV at the assumed T = 300 K. Then equation (3), which
assumes negligible parasitic absorption, simplifies to the diode equation:

j - jsc - (jem,ext,O + jnr,O)qu/kT (6)
which gives

V:k—Tln e )

. — | )
q ]em,ext,O + ]nr,O
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Sincej = 0 at the open-circuit condition, we obtain:

q ]em,ext,O + Jnr,()
KT e | K[ emexo

q ]em,ext,O q ]em,ext,O + ]nr,O

kT
= Voc,rad + 7 In (next)' (8)

Here V¢ 1ag = %T In (J—) is the radiatively limited V.. that would be obtained in the absence of non-radiative

Jem,ext,0

Jem,ext,0

recombination, and 7),,, = - — is the external luminescence efficiency [21, 37]. That is, 7)cx is the fraction

Jem,ext,0 T Jor,0

of net recombination processes that result in the emission of a photon out from the cell, either to the top or the
bottom side. See supporting information equation (S13) for how to include the emission to the bottom side
instead as a parasitic absorption loss by redefining ., to include only emission to the top side.

Importantly, as seen from the first part of equation (8), to enhance V,,, we can aim to decrease j, .., o-In
that case, 7.y decreases (assuming thatj,,. o > 0). Thus, with this approach, as the solar cell becomes better, it
behaves as a less efficient LED. In contrast, if we increase materials quality such that j,,. o decreases, V. increases,
Text iNCreases, and the solar cell behaves as a more efficient LED.

3.2. The dependence of V,,. on 1), and ps.

Next, we use that j, ..o = Pucem, int .0 (S€€ €quation (13) in Ref. [22]; and supporting information equation
(S11)). Here, p,_is the average probability that an internally generated photon escapes, and j, ;.. o results from
avolume-integration of th¢ internal photon-generation rate (see supporting information equations (S7)—(S11)).

Jem, int,0

We usealso that 7, , = ; N Then, we can derive:
‘em, int ,0 nr,0 .
n o ]em,ext,O _ pesc Mint (9)
ext — . . -
Jem, ext,0 + Jar,0 1-Q1- pesc)nint
and
T .
‘/oc = VYoc,rad + k_ 11’1( pesc Mt ] (10)
q 1 — (1 - pesc)nint

For low 7, the expression in equation (10) simplifies to Voo = Vo rad + LI P DuscMiny)- Here, at first sight, it

appears that V. would increase with increasing p,._ if 7in, stays fixed. However, note that there is p.,. dependence

. . kT je Y _ kT Ji . Jem, int,0
alsoin Vo rad Since Voerad = " In (7) = In ﬁ) In this case oflow 7., 7, — i and

Jem,ext,0
Voe — %T In (]—) as also obtained directly from the initial diode equation (equation (6)), which simplifies to
nr,0
j= jsc - jnr,Oqu/kT since jnr,O > jem,ext,O atlow 7)in.

Hence, at very low internal luminescence efficiency, the non-radiative recombination sets the V,, and the
way in which we manage the emitted photons plays no role. Note that this result that p.,. does not affect V, at
low 7 can be obtained also from equation (31)x in Ref. [16] by using 73, — 0 there. Thus, from this optics
analysis, we obtain the same conclusion as often used in drift-diffusion modeling [24, 25]: at low 1;,., One can
neglect radiative recombination in the solar cell analysis.

More generally, for arbitrary 7)., equation (6) gives

Voo = kT n|— e |= kT In Je

q ]em,ext,O + ]nr,O q pesc]em, int,0 + ]nr,O

an

Hence, to enhance V., we should target to decrease peg..

To discuss in another way why a decrease in p leads to an increase in V,,, we use that p,, cycled = 1 —p
(still assuming negligible parasitic absorption). Here, pyecycied is the probability that an internally emitted photon
is re-absorbed in the active region, that is, recycled. That is, precycied Shows the probability that an internally
emitted photon gives rise to an additional electron-hole pair in the active region. From equation (6), with

]em,ext,O = pesc]em, int,0° we obtain that

. . . av . . av
J= (]sc + precyc]ed]em, int,OekT) - (]em, int,0 + ]nr,O)ekT‘ (12)
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\4 . . . . .
Importantly, here, the second term, (j,, e o + Juro) e%, is due to the internal recombination which does

not depend on pe. Thus, we have moved the dependence on p,, to the first term, (j,. + Precyded Jem, int.0 elr ),
which is due to the photogeneration from both the external and internal illumination. Importantly, with
decreasing pegc, Precycled increases and a larger fraction of the internally emitted photons contribute to
photogeneration in the active region, allowing for a higher V.

Note that in the above analysis, we looked at the dependence of V.. on pe,.. That is, we assumed that p. is
the only changing parameter. However, if the change in p, is accompanied for example by a simultaneous
changein j, .. o> wecanimagineacasewhere j, . ,decreases, relatively, more than p, . increases. Then
Jemext,o = PescJem, int .0 decreases, and V. increases as p. increases. However, as we see it, this increase in V.
does not occur due to the increase in peg., but due to the even stronger relative decreasein j, ;.. - Similarly, we
can imagine a case where p;c increases while j  decreases in such a way that (£ oy, i 0 + Joro) decreases,
leading to an increase in V,,.. However, again, the increase in V. does not occur due to the increase in peg..

3.3. The dependence of emissivity on ps.
Above, we saw that to enhance V., we should decrease p., the probability that internally emitted photons
escape the cell. This dependence on p. can be understood also from the following: (1) pes. is connected to the
angle dependent emissivity eop(bor (As 0 @, pol), and (2) for optimum external emission-management, we
should restrict the external emission cone to match the incidence cone [9, 18-20]. In more detail, the escape
probability p.. is in principle also angle dependent, but for simplicity we have used above the angle averaged pe.
(see supporting information equation (510)). Technically, the external emission into a given angle results from
the volume-integration of the position-dependent internal emission rate multiplied by the spatially dependent
probability for escape of a photon to that external emission angle (see supporting information equation (S10)).
Therefore, there is alimit on how much we can decrease pe, for fixed j, ;. - Inour case, thislimit is given
by the factor of 526 (see supporting information equation (S6)). This factor is the maximum reduction in the
etendue [9] for emission when considering the direct and circumsolar AM1.5D light that is incident from the
cone of 2.5° halfangle [4], when starting from completely unrestricted emission to the top side with no emission
to the bottom side. At this factor of 526, photons escape only to the small cone of 2.5° half angle, at full
emissivity. In other words, e, (A, 6, ¢, pol) = 0for§ > 2.5° while e, (A, 6, ¢, pol) = 1for < 2.5° Inthis

. Jemexeonop_ 2.36% 107V %120 -
is reduced by a factor of 526 to v = 4.50*107% mA cm~?, and we match

526
-no —restriction : . . ..
Jemextotop 18 the value of Jem,ext,0,top 11 the case of no emission

case, ]em,ext,O,top

the emission cone to the incidence cone. Here,
restriction.

If we attempt to decrease p,, beyond this factor of 526, e, (A, 0, ¢, pol) must decrease to below 1 for some
angles 6 < 2.5°, that is, within the incidence cone. Since there is reciprocity between in-coupling and out-
coupling of light in linear and passive optical systems [34], we have Kirchhoff’s radiation law given by
ewop(A; 0, ¢, pol) = A(A, 0, ¢, pol). Then, when e, (A, 0, ¢, pol) < 1forsomeangles in the incidence cone,
the absorptance must drop, and the short-circuit current drops (see equation (2) where the A(\), which is
averaged over the angles and polarization within the incidence cone, must drop). Such adropin j,_leadstoa
drop in efficiency if we have chosen an optimum bandgap E, [9] (even if V. might increase).

In contrast, if Eg is below the optimum bandgap, it could in principle be possible to obtain a higher efficiency
by limiting the emission completely around the bandgap wavelength. Such an energy restriction can make the
effective bandgap of the solar cell appear larger and more optimized [9], depending on the strength of the non-
radiative recombination [15]. Technically, in terms of the emissivity, we can introduce in this case an effective,
optical bandgap wavelength \g ¢ such that e, (A, 0, ¢, pol) = 0for Agefr < A < A, whereas for A < Ag er,
ewop(A, 0, ¢, pol) = 0for 6 > 2.5%and ey, (A, 0, ¢, pol) = 1for 6 < 2.5°.

3.4. Parasitic absorption
Above, we considered the case of negligible parasitic absorption. For parasitic absorption, equation (5) gives,
assuming again that we consider voltages such that gV > kT,

s . . . k
J=Jse — (]em,ext,o + ]parasitic,o + ]nr,O)qu/ T (13)

with jem, ext,0 pescjem, int,0 and jparasitic,O = pparasiticjem, int,0 where Pparasitic is the probabﬂity thatan
internally emitted photon is parasitically absorbed. From pes and pparasitic» we have
Precycled = 1 — Pesc — Pparasitic> the fraction of internally emitted photons that are re-absorbed, and hence
recycled, in the active region (compared to the precycied = 1 — Pesc that applied in section 3.2 for the case of
negligible parasitic absorption).

Below, we assume for simplicity that the parasitic absorption affects incident photons, and hence i,
negligibly, which could be the case for example if the parasitic absorption is weak enough, happens only on the

8
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back-side of the solar cell, or only for propagation angles from which light is not incident from. To show how
parasitic absorption affects V., from equation (13), we can solve for:

kT J kT
Voo=—1n ; N = . = Vz)c,rad,nofparasitic + —In (Uext)- (14)
q ]em,ext,() + ]parasitic,O + ]nr,O q
Here,
kT j
‘/(;)c,rad,nofparasitic =—1In L (15)
q ]em,ext,O

is the V. that would result in the absence of parasitic absorption and non-radiative recombination, and

o ]em,ext,O o pesc Mint
Next = . . - (16)
]em,ext,O + ]parasitic,O + ]nr,O 1 — precycled nint

Jem, int ,0

wherestill ., = - -
m.t Jem, int,0 Fhuro o . .
of the system in sucha way that j . o — 0, the emission properties, and hence ., and consecutively

jem,ext,O’ is expected to change at the same time. Then, as seen from equation (15), due to the change in jem’ext’ 0
the radiative limit for V. differs from Vi rad,no—parasitic- Importantly, from the first part of equation (14) we see
thatalso with non-negligible parasitic absorption, Vi is enhanced if j, ... oand hence p,_is decreased.

To highlight some of the possible impacts of parasitic absorption (of internally emitted photons), let us
consider the case of an optically thick active region and parasitic absorption only taking place at the bottom side
for simplicity. Here, by optically thick region, we denote a region that is so thick that all above-bandgap photons
are absorbed before making a round trip between the top and bottom interface. For simplicity, we adopt a ray-
optics approximation where light propagates as rays in the active region. Note that in a nanostructured active
region, a dedicated analysis of the Purcell effect and diffractive light scattering within the active region might be
needed for more accurate analysis of the emission and absorption of light [38].

In this ray-optics case, the upper limit on parasitic absorption at the bottom interface of the cell is obtained
when all the internally downward emitted photons that reach the bottom interface are absorbed there. This case
gives equivalent loss in V,,. as emission into a refractive-index matched, inactive substrate (see for example figure
55in [14]). Thus, in this case of the optically thick cell in the ray-optics approximation, the maximum loss in V.
due to a perfectly absorbing back-mirror is the same as when having the solar cell on an inactive, refractive-index
matched substrate. In terms of p,._ and Pparasitic? if we assume full emission to the top hemisphere (which

. The Vo rad,no— parasitic is @ hypothetical concept: if we manage to modify the optics

.. .. . . . Prarasitic
maximizes p,_), the upper limit on absorption at the bottom mirror is given by === = (Meer1)? / (Miop )2 where

Pesc

fcan is the refractive index of the cell. With typical n.y = 3.5 for asemiconductor, and by assuming n,,,, = 1at
the top side, we find Poarasitic = 12.25%p, _as the upper limit in the ray-optics approximation for the parasitic
absorption in the back-mirror.

esc

3.5. The benefit of emission management for varying 7., and parasitic absorption

Here, we investigate quantitatively the benefit of management of emitted photons for the non-concentrated
900 W m™* AM1.5D sunlight. Since j... .o = fescem, int .0
terms of the external emission of photons through equation (14). If we assume that the internal radiative
recombination process stays constant, thatis, if j, ;. ,staysconstantwhen j, . ,isvaried, thenachangein
Jem,ext,0 COTTEsponds to an equal relative change in p, . Thus, we can relate the results for varying external optical
properties, interms of j, . .. o, to changes in internal optical properties, in terms of .

In figure 3 (a), we show the benefit for V; of restricting j,, ... , by the emission restriction factor
1 < F < 526 (that can be tuned for example by varying the size of the emission cone—see supporting
information equation (S6)). The results are shown for varying 7, ;...» which is the initial value of 7, that applies
atF = 1, that is, before any emission restriction. In more detail, we assume emission only to the top side, and use
the above calculated value of jem,ext,O,top = 2.36%107' mA/cm? for Jem,ext,0 3L F = 1, that s, for emission at full
emissivity into the full hemisphere in the top air side. For F > 1, we use j... . 0 op JFfor j. ool
equation (14). Note that as we restrict the external emission with F > 1, n,,, drops from 7, ; ... (figure 3(b)),
except for 7, ;i = 1 where ., = 1forall F.In figures 4(a) and (b), we show the benefit of maximally
restricting the emission for varying 7, ;...

From these figures, we see that for an external luminescence efficiency 7, ;. < 0.1, there is not much point
in restricting the external emission of photons: at the maximum emission restriction of F = 526 for the
AM1.5D incident light, the gain in V. is just 2.5 mV for Mextinit = 0-1> which increases to 59 mV for
= 0.9. At 7y ;i = 1, we finda maximum increase of 162 mV in V;, which corresponds to an increase

, we choose to analyze the photon management in

next,init




10P Publishing

J. Phys. Commun. 3 (2019) 055009

N Anttu et al

@iy o o
10 n. .. .=1
next,init:1//_ extinit 0.99
12 0.99 1 7 \
0.95
115 B
_ 09
T 1 |
>° 05
—
1.05 1
0.1
1r 1
0.01
0.95 | | | | | | | | | . . . . . . . . .
1 50 100 150 200 250 300 350 400 450 526 1 50 100 150 200 250 300 350 400 450 526

F - emission restriction F - emission restriction

Figure 3. (a) Benefit of emission restriction on V.. Here, we consider a solar cell with E; = 1.34 eV and we assume that emission
occurs only to the top side, thatis, j,., .; opor = 0- F = 1 corresponds to the case without emission restriction, in which case emission
occurs at full emissivity to all angles at the top air side. F = 526 corresponds in turn to the case where the emission cone is restricted to
match the incidence cone of 2.5° half angle of the AM1.5D solar spectrum. Here, we show results for varying initial 7,y ; .., whichis
the value of 1), at F = 1. (b) The drop in 7,,, with increasing emission restriction F.
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Figure 4. The same system as in figure 3. (a) V, for varying 7)., ;. thatappliesat F = 1. We show V, for F = 1 (no emission
restriction) and F = 526 (full emission restriction). (b) The maximum boost in V,. by emission restriction, which is given by the
differencein V,. at F = 1 and F = 526 shown in (a). (c) The emission restriction factor F that yields 95% of the maximum voltage
boostat F = 526 shown in (b). (d) The relation between 7, ;.. and Poarasitic /Pesc at F = 11in the absence of non-radiative

recombination.

by 15% from the initial V,,. of 1.08 V. We expect a similar relative increase in the solar cell efficiency 7,y (since
we assume that j_ stays constant), which in this case of a radiatively limited cell gives an increase from the
conventional Shockley-Queisser limit of 1, /&~ 33% to 77,y ~ 38% (see figure 2(b) for the IV curve of the
Npy ~ 33%with 7, = 1 and F = 1).
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From figure 4(c) we see that for 7, ;. < 0.5, itis enough with F = 25 to obtain 95% of the voltage boost
obtained at the maximum F = 526. The requirement on Fincreases rapidly for 7, ;.; > 0.9, and for
Next,init = 0-98, F = 200 is needed to obtain 95% of the maximum voltage boost.

The 7, iy 18 affected by both non-radiative recombination and parasitic absorption. As seen from
equation (16), parasitic absorption and non-radiative recombination enter 7),,, in the same manner. Then,
assuming zero non-radiative recombination for the moment, thatis, when 7, , = 1andhence j, = 0, wecan
translate the initial 7., ;. to the initial ratio of p, . i /Pusc shown in figure 4(d). Note that p,, i /e — 0
when 7, i — 1. Infigure 4(d), the sphere marks the point Posiic _ 352 — 1225 that corresponds to a fully

esc

absorbing back mirror in the ray-optics approximation, or alternatively to parasitic absorption in a refractive-
index matched inactive substrate of the same n = 3.5 as the solar cell. In that case, 7, = 0.0755 and the
maximum gain in V. is just 2 mV by restriction of the emission on the top side (figure 4(a)). Additional non-

_ . . Pparasitic - .
radiative recombination drops 7,,, further from the values given by "p— in figure 4(d), leading to even lower

esc

Vo gain with the emission restriction on the top-side.

The above analysis of emission restriction, which reduces the recombination current j,.(V), was done for
non-concentrated sun light. In contrast, if external optics is used for concentrating sun light by a factor of C,
which is expected to lead to a higher short-circuit current j_bya factor of C, the V, can obtain a boost, as seen
from equation (14), evenif 1), , is low due to strong non-radiative recombination or parasitic absorption [2, 9].
Note that in practice, with increasing C, heating of the cell and series resistance becomes increasingly limiting
factors for the boost in V,.. Note that when 7,,, = 1, thatis, when all recombination is radiative and when no
parasitic absorption occurs, there is equivalence between angle restriction of emission to reduce j,, (V) and
concentration of incident light to increase j,., where C = Fgives the same V,,. with the two approaches to
increase Vo [16] (see equation (14) where, j,_would be increased by the factor of Cor j ., o decreased by the
factor of F—note that for this case of 7)o, = 1, j,,.o = 0and j, o = 0)-

3.6. Direct versus diffuse incident light

Above, we focused on the 900 W m ™~ > AM1.5D direct and circumsolar solar spectrum for which the light is
incident from a cone of 2.5° half angle [4]. In case we restrict the emission on the top side to match that incidence
cone in order to enhance the V, as in figures 3 and 4, we should use a mechanical system to track the sun with the
solar cell. Without solar tracking, for most of the day, the sun would be beyond the 2.5° incidence acceptance
cone, and the cell would not generate any short-circuit current and hence no power.

Compared to the AM1.5D spectrum, the AM1.5G global tilt spectrum contains also sky and ground diffuse
scattered light and has an intensity of 1000 W m 2 [4]. Hence, if we are in illumination conditions that follow the
AM1.5G spectrum but use a sun-tracking cell optimized for the 2.5° half angle with zero absorption and
emission outside of this cone, we expect to miss out on more than 99% of the 100 W m 2 of diffuse illumination
(the 2.5° incidence cone corresponds approximately to 1/526 =~ 0.2% of the light incident from the full
hemisphere). This missing out of the diffuse light would reduce the j,. potential by ~10%, leading to a 10%
relative decrease in the solar cell efficiency 7py. The relative gain in V,,. enabled by the angle restriction outside of
this 2.5° cone is on the other hand maximally 15% (at 7),,, ;.;; = 1) and drops to 10% already at 7, ; ;, = 0.985
(see figures 4(a) and (b)). Hence, if we don’t absorb such diffuse light when present, we need a solar cell of
extremely high external luminescence efficiency to gain in 7, from the boost in V, due to angle restricting the
emission of all above bandgap photons.

However, we could in principle tailor the emission/absorption properties such that the angle restriction
applies only in a limited wavelength range close to the bandgap energy where the emission pre-dominantly
occurs, whereas we could allow diffuse light of shorter wavelengths to still enter the solar cell for absorption [13],
aslong as we use a solar tracking system. For the below example analysis, we introduce a wavelength A esriction
above which we restrict the angular emission. In terms of the absorptance and emissivity,

Atop (A, 0, @, pol) = eop (N, 0, ¢, pol) = latallincidence angles for A < Aregriction to allow for absorption of
the short-wavelength diffuse light, whereas for Aresriction < A < Ags €1op (A, 6, @, pol) = 0for § > 2.5°and
ewop(A, 0, ¢, pol) = 1for 6 < 2.5° (for the calculation with angle dependent emissivity, we use equation (S3) in
the supporting information; and for calculation of short-circuit current in equation (2), when A > Aestriction

(A < Arestriction) We use for I (M) the values given by the AM1.5D (AM1.5G) spectrum).

In figures 5 and 6, we show the benefit of such angle restriction around the bandgap energy. First, the short-
circuit current j,_drops monotonously as Aregtriction i decreased (figure 5(a)) since less and less of the diffuse light
is utilized. As Aregiriction is decreased from 925 to 400 nm, the drop in j,_is approximately 3 mA cm 2, 0r 10%
relative, close to the upper limit of 10% given by the fraction of diffuse light in the incident spectrum. In
contrast, V, in figure 5(b) increases initially with decreasing A estriction sSince the emission of photons is restricted
more and more. However, there appears a limit beyond which a decrease in Apegyiction does not appear to increase
Voc. This plateau region originates from the exponential decay of the emission with increasing photon energy (see
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assuming negligible contribution from the diffuse light in the incidence cone of 2.5° half-angle.
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Figure 6. The same system as in figure 5. (a) Optimum Aetriction that gives the maximum relative increase in 7jpy shown in (b). The
rugged, fluctuating features in the optimum Ajegyriction Originate from the rugged features in the incident AM1.5D/AM1.5G solar
spectrum. (b) Maximum relative increase in 7jpy by optimum choice of Ayestriction cOmpared to the case of no emission restriction.

figure 5 in [18]): a restriction of emissivity in a region with negligible emission to start with has negligible effect
on the V,.. Actually, there is instead a very minor decrease in V,,. with further decrease in Ajestriction due to the
decreasein j, . Note that with decreasing 7)., ;.- there is less relative boost in V; by the emission-angle
restriction. Then, the very minor decrease in V;, due to the decreasing j;_ starts to dominate at a larger Arestriction
over the increase due to emission restriction, and the on-set of the apparent plateau-region red-shifts with
decreasing 7),,, ;.;; as seen in figure 5(b).

Due to these opposing trends in V. and j,. when Aregiriction is decreased from the bandgap wavelength, a peak
in npy shows up for some intermediate Aegyriction (figure 5(c)). The value of this optimum Aegyriction depends
strongly on 7, . .., the external luminescence efficiency before any angle restriction is applied (figure 6(a)). For
small values of 77, ; .., the value of Arestriction 15 close to the bandgap wavelength of 925 nm. That is, in a solar cell
that is strongly non-radiatively limited, we should simply aim to maximize j,_ by not using angle restriction at
all. Also, the maximum relative gain in 7)py by such angle restriction shows strong dependence on 7, ; ;.- The
maximum relative gain in 7py shown in figure 6(b) is 14% and occurs at Arestriction = 790 nm for 7, ;o = 1.

The maximum relative gain drops to 3% at 7, ;; = 0.8 and to 1% for 7, ., = 0.5.

Thus, there can be benefit of angle restricting the emission also when diffuse incident light is present. Such
wavelength dependent angle restriction could be realized for example with a dielectric angle-restrictor
multilayer, with which a 3.6 mV increase in V,,. has been demonstrated for a GaAs cell [13].

Note that there are conditions where the ratio of diffuse light intensity to direct light intensity can increase
well past the expected 10% of the AM1.5G spectrum, for example due to cloudy weather or smog. In such cases,
due to the stronger drop in js. with angle restriction, the benefit of angle restriction of emission, even if applied
only around the bandgap, is expected to diminish even if 7y, is very high.
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4. Conclusions

We performed a Shockley-Queisser detailed balance analysis of the benefit of external and internal management
of emitted photons in a single-junction solar cell. We started from a diode-equation and connected the solar cell
performance to the LED performance. In this way, we could predict the benefit of restricting the external
emission of photons for varying internal and external luminescence efficiency. Specifically, we predicted a
negligible practical benefit of managing externally emitted photons if the external luminescence efficiency is
below 10%. Also, we connected the external emissivity to the probability that an internally emitted photon
escapes the solar cell. Then, we could explain that we should minimize the probability that an internally emitted
photon escapes, as long as we can ascertain that the photons that still manage to escape, escape into the cone
from which light is incident from.

Here, we would like to point out that for design optimization, it could be important to be able to
discriminate parasitic absorption from non-radiative recombination in order to know which process limits V.
more. A measurement of 1, by temperature dependent electroluminescence measurements could shine light
on the strength of the non-radiative recombination, but care must be taken to avoid artefacts, especially if
considering a nanostructured solar cell due to a possible temperature dependence in p.. [38].

In the end, we compared the benefit of managing the emission of photons for (i) the AM1.5D spectrum in
which all light is incident at nearly normal angle and (ii) the AM1.5G global tilt spectrum for which we assumed
10% diffusively incident light. We showed that for such partially diffuse incident light, there can be an up to 14%
relative boost in efficiency by emission management.
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