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Luminescent Coupling in Perovskite Tandem Solar Cells; the advantages of
perovskite and luminescent coupling in photovoltaics

Introduction

Multijunction or tandem solar cells are photovoltaic cells made of multiple
semiconductor light absorbing layers. The advantage of having multiple absorber layers in a
solar cell is the potential for the cell to absorb a larger range of the solar spectrum. If the
absorber layers are correctly matched so that one layer absorbs low energy light while the
other layer(s) absorbs high energy light, the tandem cell can absorb more light than single
absorber cells. This can allow for tandem cells to have higher short-circuit currents (Jscs),
open-circuit voltages (Vocs), and power conversion efficiencies (PCEs) while using similar
amounts of materials and space as single junction cells. The first tandem solar cell was created
in 1979, and it consisted of a layer of Aluminum gallium arsenide and a layer of gallium
arsenide connected through a tunnel junction. As of 2020, the highest power conversion
efficiencies for tandem solar cells were over 40% for tandem solar cells with six absorber
layers.

While about 95% of commercial solar cells are single-junction silicon cells, many
other materials are being researched for use in both single-junction and tandem cells. One
material being actively researched for photovoltaic application is perovskite. Perovskites are
materials with the composition ABX3 where A is a monovalent cation, B is a divalent cation,
and X is a monovalent anion. Perovskite tandem solar cells have been gaining research interest
due to certain perovskites’ tunable bandgap, long-range charge transport, and high absorption
[1]. The bandgaps of inorganic-organic perovskites can be tuned from 1.2-2.2 eV by adjusting
the composition of their A, B, and X ions. Additionally, perovskites are ferroelectric, so they
can hold a polarization without an applied external electric field [6]. If light can induce a
voltage in a perovskite through the photovoltaic effect, perovskite could hold that voltage
which is helpful for use in solar cells. Perovskites can be paired with Silicon, other
perovskites, or other absorber layers for use in tandem cells. Silicon is a potentially good
material to pair with perovskites in tandem cells because the silicon refining process has been
optimized over the past decades. The first Silicon-perovskite tandem solar cells created in
2014 had efficiencies of 14%, and as of 2023, researchers have created perovskite-silicon
tandem solar cells with efficiencies of 33.7% [13]. While this paper will only focus on
perovskites in tandem solar cells, perovskites can also be used as the absorber layers in single
junction solar cells, and as of 2023, single-layer perovskite solar cells have reached PCEs of
25.7% [2].

One effect that has been studied in perovskite tandem solar cells, and tandem solar
cells in general, is luminescent coupling. When electrons recombine or move to lower
electronic energy level states in the top layer of a tandem solar cell, they can emit photons that
can be absorbed by the bottom junction of the cell, which is a process called luminescent
coupling. Luminescent coupling increases the amount of light incident on the bottom junction
of tandem solar cells, so it can change the output of the cells.

Perovskites and luminescent coupling are areas of active research in understanding and
improving the performance of tandem solar cells. Using perovskites and increasing the
luminescent coupling between tandem cell junctions has the potential to increase the voltage,
current, and efficiency of solar cells. This paper will first discuss how single junction and



tandem solar cells operate, then look at the advantages of using perovskite materials in tandem
solar cells and will finally look at three studies on the impacts of luminescent coupling in
tandem solar cells.

Photovoltaic Cell Operation

To understand why the use of perovskites and the tandem cell structure can increase the
efficiency and power output of solar cells, it’s important to understand how a single-layer solar
cell functions. Light incident on a solar cell generates both a voltage and a current, which allows
the cell to output power. A single layer solar cell consists of a single PN junction made of an n-
doped semiconductor layer and a p-doped semiconductor layer stacked together. Semiconductors
have a conduction band and a valence band that are separated by a bandgap. The conduction
band of a material is a set or band of electronic energy states that have energy levels that are all
close together (the states have similar energies). The valence band is another set of energy states
that are close together in energy level, but the states making up the valence band are at lower
energies than the conduction band states. Semiconductors are materials that have an energy
difference between their conduction and valence bands of about 1 eV. The difference between
the energy of the conduction band and the energy of the valence band is called the band gap of
the semiconductor. In a band diagram of a semiconductor, the band gap is the energy difference
between the valence and conduction bands, and there are no electronic energy states in the
bandgap. Fig. 2. shows an energy band diagram of a semiconductor, with the highest valence
band energy level labeled Ey, the lowest conduction band energy level labeled Ec, and the
bandgap energy labeled Eg.
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Fig. 2. A band diagram of a semiconductor with the highest valence band energy level Ey,
lowest conduction band energy level Ec, and band gap energy Eq.
At OK, the conduction band states of a semiconductor are unoccupied, and the valence
band states are occupied by electrons. As the temperature of the semiconductor increases, which
states (€) are occupied follows the Fermi-Dirac distribution in Eq. 1. below

1
Tl(S) = T‘Ef) Eq 1.
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where n(e) is the number of electrons in the energy state with energy &, & is the Fermi-
energy of the semiconductor (the energy difference between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the semiconductor), k is
Boltzmann’s constant, and T is the temperature of the semiconductor. Since electrons are
Fermions, the number of electrons per state € can be 0 or 1. For energy states below &5 (valence
band states), n(e) equals 1 when T=0K. For energy states above the Fermi energy (¢ > &),
when T=0K n(&)=0, which means there are no electrons in any of the conduction band states. As
T increases above 0K, the distribution of electrons shifts, and some of the electrons in the upper
valence band states are thermally excited up into the lower conduction band states. The number
of electrons n(¢) in each state € at T=0K and at a temperature T greater than OK are shown in
Fig. 3 below.
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Fig. 3 n(e) vs ¢ for a temperature T=0K and T>0K

The Fermi-Dirac distribution shows that when an external source of energy is provided
to a semiconductor, the energy can be absorbed by electrons in the valence band states, and
these electrons are then excited up into previously unoccupied conduction band states. This
leaves the valence band state unoccupied. In solar cells, semiconductors are used because
exciting electrons from lower to higher energy states creates a voltage and current across the
cell.

Solar cells consist of a PN junction that is made of a p-doped and an n-doped
semiconductor layers that are physically connected. P-doped semiconductors are
semiconductors that have atoms (impurities) added in that have open electronic energy states
(defect states) in the bandgap that are only slightly higher in energy than the valence band
energy level. This allows electrons from the higher valence band states to be easily excited up
to these defect states and leave behind “holes” (spots where the electrons were) in the valence
band states. N-doped semiconductor materials have atoms (impurities) added in that have extra
filled electronic energy states (defect states) with energies slightly lower than the lowest



unoccupied conduction band states. Electrons in these defect states can be easily excited into
unoccupied, lower conduction band states. A band diagram of a p-doped and an n-doped
semiconductor are shown below in Fig. 4.
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Fig. 4. Locations of defect states in a p-doped semiconductor (these defect states are
unoccupied electron energy levels) and locations of defect states in an n-doped semiconductor
(these defect states are occupied electron energy levels). The vertical axis represents the energy
of these states (higher vertically on the band diagram shows a greater energy level).

When the p-doped and n-doped semiconductors are physically brought together, a PN
junction is formed. Right after the layers are brought together, electrons from the n-doped
material’s conduction band diffuse into the p-doped material’s conduction band, since there is
initially a higher concentration of electrons in the n-type layer’s conduction band than in the p-
type layer’s conduction band. Holes, “open spots” where electrons used to be, diffuse from the
p-type layer’s valence band into the n-type layer’s valence band, since the p-type layer’s
valence band initially has a higher concentration of holes than the n-type layer’s valence band.
Both the p-doped and n-doped layers are individually electrically neutral, but the gradient of
carrier (hole and electron) concentrations cause a diffusion of electrons to the p-doped side of
the junction and a diffusion of holes to the n-doped side of the junction. This is shown below in
Fig. 5.
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Fig. 5. An energy band diagram of a PN junction right after the P and N-doped layers
are connected. Electrons are represented as the red negative signs diffusing from the n-doped
conduction band to the p-doped conduction band, and holes are represented as blue plus signs

diffusing from the p-doped valence band to the n-doped valence band.



The build-up of holes on the edge of the n-doped layer (next to the junction) and the
build-up of electrons on the edge of the p-doped layer (next to the junction) leads to a potential
difference between the n-doped and p-doped layers. The build-up of holes and electrons on
opposite sides of the PN junction is shown in Fig. 6 below.
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Fig. 6. An energy band diagram of a PN junction after electrons have diffused from the
n-doped conduction band to the p-doped conduction band, and holes have diffused from the p-
doped valence band to the n-doped valence band. The build-up of opposite charges on either
edge of the junction creates the internal electric field E. The edge of each layer is marked with
a dotted line, and the area between the two lines is called the depletion region. Charges in the
depletion region are swept to either side of the junction by E and do not stay in that region.

Holes will continue to diffuse to the n-type side and electrons will continue to diffuse to
the p-type side until the internal electric field (labeled E in Fig. 6) generated from these built-
up charges gets strong enough to prevent further diffusion. The buildup of positive charges at
the edge of the n-doped side of the junction causes the n-doped layer to have a higher potential
than the p-doped layer, and this can be shown as “band bending” in the energy band diagram in
Fig. 7.

P-doped N-doped

. Fig. 7. The energy bands of the p and n-doped semiconductors after the internal
electric field and potential difference are established (this happens once the two layers have
been in contact long enough for net diffusion to start and end). In an energy band diagram, the
side where the electrons are at a higher potential is shown as vertically higher. Since the n-
doped side of the junction is at a higher potential overall, the n-doped side has a lower potential
for negatively charged electrons. The junction shown has “bent” energy bands.



Another way to visualize the band bending at a PN junction is through differences in
Fermi energy levels. The Fermi energy of a semiconductor is the difference in energy between
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). In the p-doped material, the Fermi energy level is right above the semiconductor’s
valence band, and in the n-doped material, the Fermi energy level is right below the conduction
band. A higher potential leads to a higher Fermi level, so the n-doped layer has a higher Fermi
energy level than the p-doped layer. When the p and n-doped semiconductors are brought
together, the valence band and conduction bands of each “bend”, to create one Fermi level for
the PN junction. The n-doped side is still at the higher potential for positive charges, so
negatively charged electrons have a lower potential at the n-doped side of the junction. This is
represented as the n-doped side being lower than the p-doped side in the PN junction band
diagram.
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Fig. 4. Band diagram of a PN junction, with the Fermi energy level of the material
shown as the dotted line.

For current to continuously flow from a PN junction, an external source is needed to re-
generate extra holes in the p-doped valence band and extra electrons in the n-doped conduction
band. In PN junction solar cells, photons from light can regenerate these excess electrons and
holes. When photons from light are absorbed by electrons in the defect energy states next to the
n-doped region’s conduction band, the electrons are excited up into the n-doped region’s
conduction band, and once again the n-doped conduction band has more electrons than the p-
doped conduction band. When photons are absorbed by electrons in the valence band of the p-
doped material, the electrons can be excited up into the extra defect energy levels in the p-
doped material, leading to the valence band of the p-doped material having more holes than the
valence band of the n-doped material. This once again makes the p-doped material’s potential
lower than the n-doped material’s potential, and electrons can flow from the conduction band
of the n-doped material to the p-doped material and through an external circuit. Light incident
on the solar cell can regenerate photo-excited carriers, regenerating a potential difference
across the PN junction, which leads to a current flowing from the solar cell that is able to
power an external load.

The current for the solar cell is provided when electrons in the PN junction’s valence
band absorb photons with energy equal to or greater than the band gap of the junction and get
excited into states in the junction’s conduction band. These electrons and the holes they leave
behind are considered free charge carriers that can contribute to current [12].



Photons absorbed by electrons can regenerate a voltage in the photovoltaic cell by
exciting electrons up from the n-doped defect states to the n-doped conduction band and up
from the p-doped valence band to the p-doped defect states. When electrons go from a higher
energy state back down to lower energy states, the electrons “recombine” with the holes they
left behind in the lower energy state. When a previously excited electron goes through
recombination, it goes back down to the lower energy state it was previously in. There are a
variety of mechanisms of recombination in semiconductors, and one of these mechanisms is
radiative recombination. During radiative recombination, the energy lost by the electron going
from a higher energy state to a lower energy state is emitted as a luminescent photon. This
effect is particularly important in tandem, or multi-layer, solar cells.

Tandem Solar Cells

Instead of having a single PN junction, tandem solar cells contain multiple PN junctions
that can each absorb different energies of light. The PN junctions that make up a tandem cell
are vertically stacked on top of each other. In two junction tandem solar cells, the top PN
junction is made of a material with a larger bandgap and the bottom PN junction is made of a
material with a smaller bandgap. Since the top semiconductor layer has a large bandgap, it can
only absorb high energy photons. Low energy photons pass through the top sub cell and are
absorbed by the bottom sub cell with the smaller bandgap. This allows tandem cells to absorb a
wider range of the solar spectrum, giving them the potential to absorb more light and have a
higher power output than single-layer solar cells.

The sub cells that compose a tandem solar cell can be connected monolithically or
mechanically. In monolithic tandem solar cells, multiple sub cells are fabricated on top of one
another and are connected through tunnel junctions. On the other hand, in mechanical tandem
solar cells, sub cells are fabricated separately and then combined. Each sub cell in a mechanical
tandem cell has its own set of contacts, so current is collected separately from each layer. In
monolithic cells, each sub cell is connected in series like resistors, so the current coming out of
the entire cell is equal to the lowest current coming from one of the sub cells. To maximize the
current output by a monolithic cell, all the sub cells should have the same current, which is a
condition called current matching. Since the sub cells are not connected in series in
mechanically stacked cells, current matching is not relevant for mechanical cells. Current
matching is a major factor that impacts the optimal thickness and bandgap of the sub cells in
monolithic tandems. Some advantages of monolithic over mechanical cells are the reduced cost
of production from only having to create two contacts for the cell, the reduced parasitic
absorption in the cell at contacts (since there are less contacts in monolithic cells), and the
ability of more easily integrating monolithic cells into photovoltaic systems since they contain
2 terminals. The tandem cells focused on in the rest of this paper are monolithic cells that
require current matching.



Luminescent Coupling in Tandem Solar Cells

When radiative recombination happens in the top junction of a tandem solar cell, the
photons emitted can be absorbed by the bottom junction, as long as they have an energy equal
to or greater than the bandgap of the bottom junction. The absorption of photons by the bottom
junction that were produced by radiative recombination in the top junction is called
luminescent coupling. Luminescent coupling increases the current coming out of the bottom
junction, so it has an impact on the maximum current, voltage, and efficiency of monolithic
tandem solar cells.

Perovskites in Photovoltaics

The majority of solar panels are made of silicon, and about 95% of modules sold are
silicon solar panels [14]. Silicon has an optimal bandgap of 1.1 eV, which allows it to absorb
photons with wavelengths of 1130 nm and above. It is also one of the most abundant elements, it
is not toxic, and crystalline silicon is stable. Silicon solar panels typically have lifetimes of about
25 years [14], which is one of the longest for commercial solar panels.

While these factors make silicon the most commonly used material for absorber layers in
commercial solar cells, a wide variety of other materials are being researched for other
advantages as well. One material that is currently researched for use in solar cells is perovskite.
Perovskites are a category of materials that have the general formula ABX3, where X is either
oxygen or a halogen (F, Cl, Br, etc.), A is a larger cation, and B is a smaller cation. The A cation
is located in a cubo-octahedral site and the B cation is located in an octahedral site, creating the
structure shown in Fig. 7. below.

This image is under copyright. It can be viewed online in the publication “Perovskite
solar cells: An emerging photovoltaic technology” Nam-Gyu Park. Figure 2 (a).

Fig. 7. Perovskite unit cell structure

Perovskite materials are of interest, specifically for thin-film photovoltaics, because of
the materials’ ability to perform well even with defects. Silicon requires a high grade of purity to
be used in electronics, while perovskite materials can contain more defects and still function in
photovoltaic cells [8]. Additionally, perovskites can have high absorption coefficients, which
means that light incident on a perovskite layer is absorbed near the top of the layer. This allows
perovskite layers to absorb a significant amount of the solar spectrum even when they are thin,
making them a good candidate for thin-film solar cells. Additionally, perovskite layers can have
narrow and tunable bandgaps, allowing them to absorb lower energy photons that would pass
through materials with larger bandgaps. By changing the composition of the ions in the
perovskite or using multiple halogens blended for the X ion, researchers can adjust the bandgap
of perovskites, which is useful for perovskites in tandem solar cells. Perovskites also have long
diffusion lengths (the length an electron can travel before relaxing down to a lower energy state).




Finally, perovskites have high dielectric constants, which leads to low exciton binding energies
[1] and a higher potential across the material. Currently, perovskite cells are not commercially
available because 3D perovskites are not stable [2], but they are an active area in photovoltaic
research.

Perovskites with an oxygen X anion are particularly advantageous for use in solar cells
because of the material’s ferroelectricity. Ferroelectric materials are made of crystals that can
hold a dipole moment in the absence of an external electric field. Hysteresis curves have been
measured in perovskite, which shows that perovskites are ferroelectric. Hysteresis curves are the
loops on a graph of a material’s polarization (charge per unit area) versus the electric field
applied to the material. Fig. 8 below shows the measured hysteresis curves. While ferroelectric
materials can be useful for solar cells, hysteresis curves present a challenge because cells with
these curves have different voltages depending on which direction they are scanned (which
direction the external electric field is originally applied). While eliminating these hysteresis
curves are a current challenge of perovskite solar cells, the material’s ferroelectricity can still
work as an advantage in photovoltaics.

This image is under copyright. It can be viewed online in the publication “Polarization
twist in perovskite ferrielectrics” by Yuuki Kitanaka et al. Figure 1.

Fig. 8. Hysteresis curves in perovskite (polarization vs electric field) [15].

Ferroelectric materials are useful for photovoltaics because they can enhance the charge
separation of electron-holes pairs that carry current from the solar cell. The internal electric field
held by ferroelectric materials can be 1 to 2 orders of magnitude greater than the electric field
strength at a non-ferroelectric PN junction. The internal electric field is also found throughout the
ferroelectric material, further allowing ferroelectrics to increase charge carrier separation in solar
cells [1]. “Nalwa et al. reported that doping with ferroelectrics leads to localized enhancements
of electric field in photovoltaic active-layer with a resulting internal quantum efficiencies [ratio
of total electron-hole pairs generated to photons absorbed] of ca. 100%, and the PCE of the solar
cell is consequently increased by nearly 50%, indicating a much more efficient dissociation of
singlet-excitons and charge-transfer-excitons as the result of the enhanced electric field” [1]. If a
perovskite’s polarized form is favorable, it can be ferroelectric and useful for separating charge
carriers as an absorber layer in photovoltaic solar cells.

Since a number of perovskites are ferroelectric, there is a physical property of perovskite
that makes its polarized form favorable. To see why the polarized structure of a perovskite with
oxygen is physically favored, we can compare the dielectric constant of a perovskite material to a
known equation for the dielectric constant of any material that is ferroelectric because of a
permanent dipole moment. This will determine if perovskite’s ferroelectricity comes from a
permanent dipole, or if there is another physical cause of perovskite’s ferroelectricity.

When an external electric field is applied to a material, the atoms in the material can
become polarized, and the polarization points in the same direction as the applied electric field.
We will start by looking at the polarization of an individual atom, and this can then be applied to



molecules and materials. The induced polarization P (dipole moment per unit volume) of an
atom with an atomic polarizability a by an external electric field E is given by [9]

P = «E Eq. 1.

When an atom becomes polarized, the external applied electric field E slightly shifts the
positively charged nucleus of the atom in one direction and the negatively charged electron cloud
in another. A second electric field is induced between the nucleus and electron cloud that points
towards the direction that the electron cloud shifted in, opposite of the applied electric field. This
induced field and the applied field contribute to the total electric field, Etotal, in the material.

Materials that have a polarization P that is proportional to the total electric field E;ptqr
(the net electric field from the applied field and the field induced by the polarization) are called
linear dielectrics, and their polarization follows the equation

P =€ XEtotal Eq. 2

where € is the permittivity of a vacuum and is used to cancel out units, and ¥ is the
electric susceptibility (a constant of proportionality). Another value used in solving for the
effects of polarization is the displacement D, which can be defined as the average electric field
inside a dish-shaped hole in the material that is perpendicular to the polarization. The
displacement is proportional to the applied electric field

D =€ Eypta1 Eq. 3
with €€, (1 + x) Eq. 4.

where € is the permittivity of the material and €/€ is the dielectric constant of the
material. Eq. 4. is a general expression for the dielectric constant of a material with a
displacement D, total electric field Etotal, and electric susceptibility x. The known equation for
the dielectric constant of any material that is ferroelectric because it contains a permanent dipole
is

where Tc is the critical temperature, the highest temperature the material can reach before
it stops being ferroelectric (at temperatures below Tc the material is ferroelectric, at temperatures
above Tc the material is no longer ferroelectric).

Next, we can determine if perovskites’ ferroelectricity is caused by a permanent dipole by
deriving an equation for the dielectric constant of barium titanate and comparing it to Eq. 5.
Barium titanate is a perovskite with a cubic unit cell that has a titanium 4+ ion at the center,
barium 2+ ions at the corners, and oxygen 2- ions at the face.

To find the dielectric constant of barium titanate, we can start by calculating the
perovskite’s polarization P. The local electric field, which is the electric field at one atom in the
perovskite, 1S Eiocal. Eiocal 1s the net field resulting from the applied electric field E and the
electric field resulting from the polarization (the field that comes from the other ions acting on
the atom we’re looking at). The perovskite is made of different types of atoms per volume N;
which have polarizabilities a;. The total polarization of the perovskite barium titanate is equal to



P = Zi EocarNia; Eq. 6

where i is each of the different kinds of atoms in the perovskite.
The dielectric constant, €, of the perovskite can be found from the ratio of the field’s
displacement over the total electric field inside the dielectric Ey¢q1, OF

|P|

|Etotal|

e= P

|Etotal|

=14 4n( ) Eq. 7

Then, if the local electric field is related to the total electric field by,

4P
Eiocat = Etotar + S Eq. 8

becomes

total
P YN

- 41T
Etott  1-—-XiNia;

Which can be combined with Eq. 6 and rearranged for the dielectric constant € as

8
P) YN

€= 1+4n (E ey

Eq. 10

3 e )
As Y.; N;a; approaches 2o € goes to infinity, so € varies as );; N;a; becomes an amount s
smaller or greater than 3/4m. This can be represented by the equation

4
?T[Zl'Ni(Xl‘ =1-s Eq 11
When s << 1, combining Eq.s 9 and 10 and solving for € gives
€= 3/s Eq. 12

Assuming that near the critical temperature T, s varies linearly with the temperature T of
the material, then it is also the case that

s = B(T —T,) Eq. 13

where £ is 1/(kT) (k is Boltzmann’s constant) and T is the critical temperature.
Substituting Eq. 12 into Eq. 11 gives the dielectric constant for barium titanate as

~ 3/B _ 105 ~ _
€= -~ ——-5= B(T —T,) Eq. 14

The given equation for the dielectric constant of materials that are ferroelectric due to a
permanent dipole follows



3Tc
€= — Eq.5

Since the equation for the dielectric constant of barium titanate does not match Eq. 5, the
perovskite barium titanate likely does not have a permanent dipole moment that causes its
ferroelectricity. When an external electric field is applied to a perovskite, including barium
titanate, the differently charged cations and anions are pulled in opposite directions. When each
of these ions are displaced from one another, a restoring force between the two is established. If
the electric field created by this polarization increases at a faster rate than the restoring force, the
ions shift asymmetrically and a dipole moment is induced. However, since Eq. 5 and Eq. 14 are
not equivalent, this dipole must not be a permanent dipole causing the perovskite’s
ferroelectricity.

Barium titanate’s induced dipole is not a permanent dipole and must not be the only
factor causing the material’s ferroelectricity. It can be shown that the local electric field Eiocal (the
electric field on a specific atom coming from both the applied and induced fields) in perovskite
increases the effects of the polarizability of the titanium ion, which is what causes the barium
titanate’s ferroelectricity.

To observe how the local electric fields in the barium titanate unit cell enhance the
polarizability of the material and cause its ferroelectricity, we can find the percent of the
perovskite’s polarization that is ionic and the percent of the polarization that is electronic. Ionic
polarization is polarization caused by ions that are asymmetrically displaced relative to each
other after the application of an external electric field [16]. Electronic polarization is the
polarization caused by negative clouds of electrons being shifted away from the positive nuclei
of atoms [10]. The refractive index n for barium titanate is 2.4, which gives an electronic
contribution to the polarizability from

n%¢-1

= 4?”2 N;a;(electronic)=0.61 Eq. 15

n2+2

after plugging in given values of «; for barium, oxygen, and titanium. If the electronic
contribution to the conductivity is 0.61, then the ionic contribution to the polarizability is 1-0.61
= 0.39, which means that 39% of the total polarization of the barium titanate is ionic. The
following derivation shows that the perovskite structure enhances the polarizability of the
titanium ion that causes the 39% ionic contribution to the polarization, which is what makes the
perovskite structure ferroelectric.

For barium titanate, the local electric field is equal to the sum of the local electric field at
each lattice point. The local field at each lattice point is the sum of the applied field and the
polarization of the ions surrounding it. The local electric field (Eiocar) at the Ba, O’ (Oxygen in
line with the Ti ions), O’ (oxygen surrounding Ti ions in a square), and Ti ions are given by

Egqa = Pga/(Npa)(@ga) = Egpplica + 911Pa + q12Pri + q13Po’ + q14Pons
Eo = Por/(No)(@p') = Eappriea + 921Pa + 922Pri + 423P o + q24Pon
Eon = Porr/(Nor) (@) = Egppliea + 931Ppa + q32Pri + q33Po" + q34Pon



Er; = Pri/(Nri)(a@ri) = Egppiiea + 941Ppa + qa2Pri + qa3Po’ + qaaPon
Eq. 15

Where q,, are coefficients calculated from lattice sums for dipole arrays, and have the
values

q11 = q22 = Q21 = q12 = q33 = 41/3
a1
qi3 = (31 = ? — 8.668

41
Q34 = 443 = q14 = (441 = ?+ 4.334

a1

423 = (32 = ? + 30.080
41

q24 = Q42 = EN 15.040

4r
quq = ? — 4.334

Eq. 16

. 4 . . .
Since g,3 and q3, are much greater than ?n, they lead to the interactions between the Ti

and oxygen ions that are in line with the Ti ions (directly above and below) to be particularly
strong. The strong interactions between the Ti and O’ ions cause a stronger field at the central Ti
ion of the perovskite.

In order for BaTiOs to be ferroelectric, Eapplica must be able to equal 0 when P does not
equal 0. For this to happen, the polarizations in Eq. 15 must have nontrivial solutions when
Eapplied 1s equal to 0, and the determinant of the qxx values has to equal 0. When the determinant
of these values equals 0 and we assume that the Ba, O’, and O polarizabilities are electronic and
the Ti polarizability is ionic, the value of ay; that causes the determinant of the q values to equal
0 is 0.95*102* cm®. This leads to

= Nrgar; = 0.062 Eq. 17

Which is much less than the 39% of the polarization that must be ionic. Since the ionic
polarization only comes from the Ti ion, and the Ti ion’s polarization (0.062) is six times less
than the ionic part of the polarization (0.39), the strong electric field along the lines of the O’ and
Ti ions in the lattice strengthens the ionic polarization.

Another way to explain perovskites’, specifically barium titanate’s, ferroelectricity is that
it is likely caused by a displacement of the O’ and Ti ions into a meta-stable state. When an
external electric field is applied to the perovskite, the positive Ti ion and the negative O ions that
were originally placed along the same line are displaced slightly in opposite directions. This
creates a polarization, and the Ti and O ions experience an attractive force opposing the direction
of their displacement. These two forces balance out. Once the Ti and O ions settle into their
displaced states, there is an energy barrier between that displaced state and the lower energy non-
displaced (original) state. Since it would take energy to break the Ti and O ions from their
displaced states back into their original state, for low enough temperatures (temperatures below



T¢), the ions stay in the displaced state and the perovskite remains polarized even if the external
electric field is no longer applied. Since perovskites can hold a polarization without the
application of an external field, they are ferroelectric and a good candidate for photovoltaic
applications.

Studies on Luminescent Coupling in Tandem Solar Cells

One effect in perovskite tandem solar cells that is being studied is luminescent
coupling. Luminescent coupling has been observed and measured in a variety of tandem
solar cells, including perovskite cells. Using perovskite materials as one or both of the
layers in two junction tandem solar cells leads to devices that have the advantages of
perovskite layers (band gap tunability, ferroelectricity, and high absorption coefficients),
and also have the possibility of absorbing a wider range of the solar spectrum. Another
advantage of creating tandem solar cells with perovskite layers is the possibility of
luminescent coupling between tandem cell layers, which can boost the Jsc and PCE of the
solar cell. This section will focus on the predicted, simulated, and measured impacts of
luminescent coupling on two junction monolithic tandem solar cells, both made with
perovskite and other material layers. The effects of luminescent coupling on both
perovskite-silicon and GalnP-GaAs two junction tandem cells have been studied, and the
results of these studies on luminescent coupling could potentially be broadly applied to
tandem cells that experience luminescent coupling. Luminescent coupling also impacts the
optimal thickness and bandgap of the perovskite layer in perovskite tandem solar cells, so it
is important to factor in the effects of luminescent coupling when designing perovskite
tandem solar panels.

Effects of Luminescent-Coupling on Monolithic Tandem Cells: GalnP-GaAs Cells

The effects of luminescent coupling on GalnP/GaAs monolithic tandem solar cells can
be estimated analytically and measured experimentally, and the conclusions about the impacts of
these effects can be applied to luminescent coupling in tandem solar cells in general, including
perovskite tandem solar cells. In “Analysis of Multijunction Solar Cell Current-Voltage
Characteristics in the Presence of Luminescent Coupling”, the effects of luminescent coupling
on GalnP/GaAs tandem cells were modeled analytically using the ideal diode equation with a
luminescent current added, and by experimentally measuring the short circuit current (Jsc), open
circuit voltage (Voc), and power conversion efficiency (PCE) of GalnP-GaAs cells. The study
found that luminescent coupling impacts the Jsc, Voc, and PCE of monolithic tandem solar cells,
which is why luminescent coupling impacts the optimal design of monolithic tandem cells and is
being studied in perovskite tandem solar cells.

The study first derives a set of equations needed to plot the J (current density) vs V
(voltage) curves of a tandem cell that experiences luminescent coupling. The effects of
luminescent coupling on the current coming from the bottom junction of the tandem cell is also
modeled in “A review of modeling of luminescent coupling effect in multi-junction solar cell
based on diode equation”, which follows a similar derivation [11]. From these two papers, the
equation for the J vs V curves for a two-junction cell with luminescent coupling can be derived



by first finding expressions for the voltages of both sub cells, substituting a luminescent
coupling current density (JLc) into that equation, and then plotting the tandem cell JV curves.

The current density (current/unit area) output by a single junction of a tandem solar cell,
Jout, can be represented by the circuit in Fig. 8 below;

J
o
N
current scource
da
] diod
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— —
| ! |
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Fig. 8 The equivalent circuit of the current density output by a single junction solar cell
(Jour), with a total recombination current density in the cell of Jic, and a photocurrent Jpn
provided by sunlight.

The recombination current density in the single junction solar cell, Jiec, reduces the
current density output by the cell, Jout, that comes from Jpp, so that Jou=Jpn-Jrec. Eq. 18 below
gives the total current output by the junction (junction 1)

JV) = Jor,i [EXP (i_‘;t) - 1] + Joz,i [exp (%) - 1] —Jrn Eq. 19

The Joi,; and Jo2,i terms represent the currents from diode one (Ja1) and diode 2 (J42) in
Fig. 8, and are the radiative and non-radiative recombination currents in the junction. Jph is set to
be negative by convention, and the total current output by the cell will be 0 or negative. The
equations for the recombination current densities from both of the diodes come from the ideal
diode equation with an ideality factor of 1 (n=1) for Jo1,;, and an ideality factor of 2 (n=2) for
Jo2,i. The equation for current density through an ideal diode is

qVv
J=JoeGr™V Eq. 20

where J is the net current density flowing through the diode, Jo is the dark saturation
current density (the current density flowing through the diode when it is in the dark), q is the
absolute value of the charge of an electron, V is the applied voltage across the terminals of the
diode, n is an ideality factor between 1-2 that increases as the current through the diode



decreases, k is Boltzmann’s constant, and T is the temperature of the diode in kelvin [12]. The
Joii term in Eq. 19 represents the radiative recombination current density in the top sub cell, and
the Jo2 term represents the non-radiative recombination current density in the ith sub cell.

We can set Jo=0, meaning that there is no non-radiative recombination in the solar cell.
This is not completely realistic but will not significantly change the result of the analysis. This
changes Eq. 19, the current output by a single junction of the tandem cell, to

JOV) = Joui [exp (52) = 1] = Jon Ea. 21

We can also create a term for the luminescent coupling (LC) current density (the current
density of electrons from LC being absorbed by the bottom junction), by setting the LC current
density Jic, as a fraction of the radiative recombination current density (the Jo; term in Eq. 21).
This gives

Jic() = NijJo1,j [exp( ) - 1] Eq.22

as the luminescent coupling current density between the top and bottom sub cell of a
tandem cell, where “j” is the index of the bottom junction (V;j is the voltage of the bottom
junction) and “1” is the index of the top junction. The luminescent coupling current is a function
of the current output by the entire tandem cell, J. 7 is a LC efficiency which can vary from 0 to 1
(0 being no LC between sub cells, 1 meaning that all of the radiative recombination in the top
sub cell is absorbed by the bottom sub cell through LC).

If Eq. 20 is solved for Jo1,; and then substituted into Eq. 21, we can get the following

expression for the LC current between sub cells

Juc =ijJ +Jpn1) Eq. 23

Eq. 22 is the equation that we can use to describe the LC current between the top and
bottom sub cells of a two junction tandem solar cell.

Now that we have an equation for the LC current, the next step in plotting the J vs V
curves of a tandem cell with LC is to find equations for the voltage of the top (Vi) and bottom
(Vj) sub cells. To get an equation for the voltage of the top (i) sub cell, we can take the inverse
of Eq. 21 to get

Eq.23 V,(J) = —1 n[1 +’””h]

01,L

which represents the voltage of the top sub cell (i) as a function of the tandem cell’s
output current J. To find an equation for the bottom sub cell’s (j) voltage, we can add the
expression for the LC current (Eq. 23) to the right side of Eq. 21, and then take the inverse again
to find

V() = %Tln[l + [entlie) gy 0g

01,i



Plugging the equation for LC current (Eq. 23) into Eq. 24 gives the voltage of the bottom
sub cell as

J+Jph2+Mi;U+]pPh1)

Jo1,2

20) ="q—Tln[1 + ] Eq. 25

When we compare Eq. 25 and Eq. 23, we can see that adding the LC current into the
bottom sub cell’s photocurrent adds an extra “n; j(J + Jpp,1)” term into the In in Eq. 25. This
extra term increases the bottom sub cell’s voltage, Vj(J). This suggests that stronger luminescent
coupling (a larger 1) should increase the voltage of the bottom sub cell. This also predicts that
LC increases the voltage of the entire tandem cell, since the tandem cell voltage is a sum of the
individual cell junction voltages.

Equations 23 and 25 can be added together and then plotted to give the J vs V curves for
the two junction tandem cell. The tandem cell’s J(V) graph when the cell is top junction limited
is shown below in Fig. 9, and the tandem’s J(V) curve when the cell is bottom junction limited
and current matched is plotted in Fig. 10. To understand the impacts of LC on the Jsc, Voc, and
PCE, the LC efficiency n was varied between 0 and 0.9.

This image is under copyright. It can be viewed online in the publication “Analysis of
Multijunction Solar Cell Current-Voltage Characteristics in the Presence of Luminescent
Coupling” Friedman et al. Figure 2.

Fig. 9. (a) The J (current density in mA/cm?) vs voltage (in V) for the two junction tandem cell
when it is top junction limited (J;5*T<J,EXT). The maximum power point is shown as an x. The
dotted line represents a cell with no LC between junctions, and the solid line is a tandem cell
with a high (n = 0.9) LC efficiency.

Fig. 10. (b) The JV curves of the two junction tandem cell when it is bottom junction limited
(red curves) (JiEXT>1,EXT) and the two junction tandem cell when it is current matched (green
curves) (J1EXT=J,EXT), Both cases have a curve with no LC ( = 0) and strong LC (n = 0.9).

From figures 9 and 10, the effects of LC on the tandem cell can be studied. The Jsc of a
cell 1s the maximum current on the cell’s JV curve, which happens at the point on the curve
where V=0. For the top junction limited and current matched tandem cells, the Js of the tandem
cell stay the same whether or not the cells experience LC. However, when the tandem cell was
bottom junction limited, the tandem cell’s Js increased by about 1 mA/cm? when the cell’s LC
efficiency 7 increased from 0 to 0.9. When the tandem cell is bottom junction limited,
increasing LC increased the Js of the bottom sub cell, which increased the Jsc of the tandem cell
as well.

Figures 9 and 10 can also show how the V. of the tandem cell changes when LC
strength is varied. The V. of a junction is the maximum voltage on its JV curve. The top and
bottom junction limited sub cells along with the current matched cell all had a slight increase in
their Vocs when the LC efficiency was increased. When LC efficiency increases, there are a




greater number of photons absorbed in the bottom junction, which should induce a higher
potential across the bottom junction. Increasing the voltage across the bottom junction increases
the voltage of the entire tandem cell, since the tandem cell’s voltage is the sum of each of the
individual sub cell voltages.

Finally, figures 9 and 10 can show the impacts of LC on the maximum power output of
the two-junction tandem cell. The maximum power point of each of the six cell conditions is
marked as an “X” on the curves in figures 9 and 10. For the tandem cell that was top junction
limited, there was no difference in the maximum power point of the cell with and without LC.
For the tandem cells that were bottom junction limited and current matched, the cells with
strong LC had a slightly bigger (further to the right or higher up) maximum power point than the
cell without LC. The maximum power point of the tandem cell increased most significantly with
the increase in LC when the tandem cell was bottom junction limited. When the tandem cell is
bottom junction limited, increasing LC increases the current output of the tandem cell, which
increases the cell’s power output.

Overall, figures 9 and 10 predict that introducing strong LC in two junction tandem solar
cells can increase the Jsc and maximum power output of the cell when it is bottom junction
limited.

To measure the impacts of luminescent coupling experimentally, the study “Analysis of
Multijunction Solar Cell Current-Voltage Characteristics in the Presence of Luminescent
Coupling” also synthesized GalnP-GaAs cells with varying top junction thicknesses and doping
levels, and measured the cells’ Jsc, Voc, and PCE. The method used to measure the effects of
luminescent coupling on the GalnP-GaAs tandem cells is described in “Measuring IV Curves
and Sub cell Photocurrents in the Presence of Luminescent Coupling”. Sub cell photocurrents
were measured using a xenon lamp with LEDs that emitted shorter (470 nm) and longer
(850nm) wavelength light. The Js of both the GalnP-GaAs cells and a reference cell were then
measured at each of these wavelengths. When the shorter wavelength of light from the lamp was
incident on the cell, the researchers assumed that all of the light was absorbed by the top sub
cell, and that the measured Js. of the tandem cell was equal to the Js of the top sub cell. When
the longer wavelength light from the lamp was incident on the cell, the researchers assumed that
all of the light passed through the top sub cell and was absorbed by the bottom sub cell, and that
the measured Jsc of the cell was the Jsc of the bottom sub cell. Once the Jscs for each of the sub
cells of both the GalnP-GaAs tandem cell and the reference cell were measured, the effects of
luminescent coupling on the tandem cell’s Jsc could be found by subtracting the reference cell’s
Jsc from the GalnP-GaAs tandem cell’s Jsc. The difference was equal to the current boost created
by the luminescent coupling. The resulting Js, Voc, and efficiency of the tandem are shown
below in Fig. 11.

This image is under copyright. It can be viewed online in the publication “Analysis of

Multijunction Solar Cell Current-Voltage Characteristics in the Presence of Luminescent
Coupling” Friedman et al. Figure 5.




Fig. 11. Vo, Js, fill factor, and efficiency (PCE) of GalnP/GaAs tandem cells with weak
luminescent coupling (n = 0) and strong luminescent coupling (n = 0.9) as functions of the top
junction thickness (GalnP layer).

For all thicknesses of the GalnP top junction, stronger luminescent coupling led to
slightly (but not significantly) higher Vs for the tandem cell. The maximum V. of the cell
occurs at a thickness of 0.5 um, but increasing the top junction thickness to 1.5 um only
negligibly decreases the V.

LC had varying impacts on the cells’ Jscs. When the top junction thickness was between
0.5-1um, the tandem cell was top junction limited and LC did not impact the cell’s J or Js.. Once
the top sub cell thickness is greater than 1.0 um, the cell becomes bottom junction limited, since
less of the light incident on the cell passes through the top junction and becomes incident on the
bottom junction of the cell. Once the cell is bottom junction limited (when the top cell thickness
increases), increasing luminescent coupling keeps the total J and Js of the bottom sub cell from
decreasing, and the tandem cell J and Js is greater for higher luminescent coupling strengths.

When luminescent coupling was weak (7 =0), the Jsc of the tandem solar cell is equal to
the smallest Jsc coming from one of the sub cells. In this case, once the top junction reaches a
high enough thickness and the cell becomes bottom junction limited (the bottom sub cell’s Js is
smaller than the top sub cell’s Js), the Jsc of the tandem cell is equal to the bottom sub cell’s J.
However, when the tandem cell is bottom junction limited and luminescent coupling is
increased (1 >0), the current from luminescent coupling boosts the Js of the bottom sub cell,
and the Js of the tandem cell increases. This is shown in Fig. 12 below. Stronger luminescent
coupling mitigates the decrease in the tandem cell’s Jsc when the cell is bottom junction limited,
allowing the top sub cell to stay thicker without decreasing the tandem cell’s Js. “Thus,
luminescent coupling mitigates and can in principle eliminate the need for optical thinning in
multijunction solar cells” [3].

This image is under copyright. It can be viewed online in the publication “Analysis of

Multijunction Solar Cell Current-Voltage Characteristics in the Presence of Luminescent
Coupling” Friedman et al. Figure 4.

Fig. 12. The current density output by the top junction (J:**T) and bottom junction
(J.5XT), and the current density output by the bottom junction when the cell has a LC efficiency
of 0.9 (JT°).

By measuring the Jsc and Vo of GalnP-GaAs tandem cells with strong and weak
luminescent coupling, the paper found that for top junction limited cells, strong luminescent
coupling increased the V. of the cell. For bottom junction limited cells, strong luminescent



coupling increased the V. and PCE of the cell. Stronger LC could eliminate the need to have a
thin top sub cell layer to keep the J and PCE of the tandem cell higher, which is an advantage of
LC. Understanding the impacts of LC guides the optimal thickness of the top cell layer for
tandem cells. This finding can likely be generally applied to monolithic tandem solar cells in
general, since regardless of the materials used, it seems as if increasing the thickness of the top
layer can increase the amount of light absorbed in the top layer, decreasing the amount of light
incident on the bottom layer(s) and causing the tandem cell to be bottom junction limited. If the
tandem cell has strong luminescent coupling efficiency between the top and bottom layers,
excess current generated in the top junction can be transferred to the bottom junction, which
increases the current output and efficiency of the tandem cell. This could suggest that in
perovskite tandem solar cells, perovskite top layers could be slightly thicker while still
maintaining high cell currents and efficiencies.

Effects of Luminescent Coupling in Perovskite Tandem Solar Cells

The effects of luminescent coupling were also studied in silicon-perovskite tandem
solar cells in the study “Perovskite/Silicon Tandem Solar Cells: Effect of Luminescent
Coupling and Bifaciality”. In the study, researchers simulated luminescent coupling between
the perovskite and silicon layers. The results predict that luminescent coupling will increase the
PCE and power output of the tandem cells when the perovskite layer bandgap is smaller.

In silicon-perovskite tandem solar cells, perovskite is used as a top layer since it has a
higher bandgap than silicon, allowing it to absorb higher energy photons. Lower energy
photons pass through the perovskite top-layer and can be absorbed by a smaller-band gap
silicon layer. The effects of luminescent coupling on silicon-perovskite tandem cells are
studied using optical simulations in GenPro4 by Jéger et. al. in “Perovskite/Silicon Tandem
Solar Cells: Effect of Luminescent Coupling and Bifaciality”. The simulations measured the
power output of the cell when the bandgap of the perovskite top cell layer and luminescent
coupling were varied. The results are shown in the figure below.

This image is under copyright. It can be viewed online in the publication “Perovskite/Silicon
Tandem Solar Cells: Effect of Luminescent Coupling and Bifaciality” Jager et al. Figure 3.

Fig. 5. Graph of the output power density of the tandem cell (in mW/cm?) vs the top cell band
gap (in eV), when the luminescent coupling efficiency was varied from 0-100%.

When luminescent coupling was increased, the power conversion output of cells with
lower perovskite band gaps increased. When the perovskite band gap is low, photons with lower
energy can be absorbed in that layer, and less light passes through the top layer. This reduces the
amount of light incident on the bottom layer, reducing the bottom layer’s current and the tandem
cell becomes bottom junction limited (the current output by the entire cell is equal to the current
coming from the bottom layer). Increasing LC did not change the optimal bandgap of the
perovskite layer, but it greatly increased the power output of the cell when the perovskite layer
had a low bandgap. For all strengths of luminescent coupling, the optimal bandgap of the
perovskite layer was 1.71 eV.



Conclusion

The use of perovskites and strong luminescent coupling in tandem solar cells can create
higher efficiency solar cells. Since perovskites are ferroelectric, they are able to hold a voltage
without the application of an external electric field, which assists charge separation and can boost
the voltage across a solar cell. Perovskites are also of interest for use in tandem solar cells
because they can have narrow and tunable bandgaps. Tandem solar cells contain multiple
absorber layers that each absorb a different range of the solar spectrum, allowing them to absorb
more light and potentially have a higher power output than single junction cells.

One important effect in perovskite tandem solar cells (and tandem solar cells in general)
is luminescent coupling, which happens when luminescent photons emitted in the top junction of
a cell are absorbed in lower tandem cell layers. Luminescent coupling impacts the Jsc, Vo,
optimal thickness, and the efficiency of tandem solar cells, so measuring luminescent coupling
and understanding luminescent coupling in the cells can guide the cells’ design. The effects of
luminescent coupling can be measured using simulations in GenPro4, analytically by using the
two-diode model, and experimentally by measuring the Jsc, Voc, and efficiency of two junction
tandem cells. Luminescent coupling allows monolithic tandem cells to output a higher current
and power when they are bottom junction limited, have thicker top cell layers, or have top layers
with low bandgaps. Overall, tandem solar cells that have strong luminescent coupling and are
made of perovskite materials can potentially output more power than other tandem solar cells.
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