Journal of Physics D: Applied Physics

PAPER « OPEN ACCESS

. . .. . . Recent citations
Optical and electrical optimization of all-perovskite I

pin type junction tandem solar cells maghets for optcal meesurements

. . . - Interface excess on Sh-doped TiO2
To cite this article: Marcos Soldera et al 2020 J. Phys. D: Appl. Phys. 53 315104 photocatalysts and its influence on
photocatalytic activity

Henry Gandelman et al

View the article online for updates and enhancements.

@ The Electrochemical Society
Advancing solid state & electrochemical science & technology

May 29 — June 2, 2022 Vancouver « BC « Canada

Abstract submission deadline: Dec 3, 2021

Connect. Engage. Champion. Empower. Acclerate.
We move science forward

This content was downloaded from IP address 181.20.143.187 on 18/11/2021 at 20:01


https://doi.org/10.1088/1361-6463/ab8851
https://doi.org/10.1016/j.tsf.2021.138767
https://doi.org/10.1016/j.tsf.2021.138767
https://doi.org/10.1016/j.ceramint.2020.08.169
https://doi.org/10.1016/j.ceramint.2020.08.169
https://doi.org/10.1016/j.ceramint.2020.08.169
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstUqMZcf0PojvmvAgOWSqex1Z1DvXY_LSi_-ANi9HWz7WsdN-qqw-J4jbiJhSuANSJ-R8v-sWyWLRZfyLcl0m2orh-ahNK9WxEG8TjO2gCIf9aNQHvgk4jlHvyXRnzUdef0uRP9Irgy9TpAa6flkdc-tKo3OHA-JvBRxww0aSbyKanHN6AL_ugwAMsAjs-y6diwU2OSZbRKNCBziuUhXrrm28NzUn8wGrgpNONosVSQTdaB-Ss1WFEG_1mHUmxgRlHoIfruzFglHeTznhqWhRUs3j0NjQJCejE&sig=Cg0ArKJSzKyfQxfeAU82&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/241/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DDLAds%26utm_campaign%3D241AbstractSubmit

OPEN ACCESS

10P Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 53 (2020) 315104 (13pp) https://doi.org/10.1088/1361-6463/ab8851

Optical and electrical optimization of
all-perovskite pin type junction tandem
solar cells

Marcos Soldera'>@, Alejandro Koffman-Frischknecht' and Kurt Taretto'

! Instituto de Investigacién y Desarrollo en Ingenieria de Procesos, Biotecnologia y Energfas Alternativas
(PROBIEN, CONICET-UNCo), 8300 Neuquén, Argentina
2 Institut fiir Fertigungstechnik, Technische Universitit Dresden, 01062 Dresden, Germany

E-mail: marcos.soldera@mailbox.tu-dresden.de

Received 24 October 2019, revised 5 February 2020 @
Accepted for publication 9 April 2020
Published 1 June 2020

CrossMark
Abstract
A definitive breakthrough of perovskite solar cells towards large scale industrialization is
believed to be the demonstration of higher efficiencies than conventional silicon technology,
suggesting the exploration of perovskite tandem cell configurations. Since high efficiency
tandem solar cells require careful optimization of photoactive as well as contact and additional
functional layers, we propose an optical-electrical model to obtain the optimum layer
thicknesses and the attainable electrical output parameters of two-terminal
perovskite-perovskite tandem solar cells. The optical model takes into account the coherent
propagation of light through the layer stack comprising two perovskite semiconductors and the
corresponding contact layers, while the electrical model assumes two series-connected
analytical current/voltage equations for pin solar cells. This model allows to assess the impact of
the main physical parameters on each perovskite layer without requiring the high specificity
needed in more rigorous numerical simulations. Efficiencies above 34% are predicted
considering available perovskites with non-optimum bandgap and contact materials already
proven in efficient laboratory solar cells. The requisite to attain such efficiencies is that
recombination at the interfaces between the perovskite and contact materials is kept low in both
bottom and top cells. Furthermore, within the assumption of non-optimum bandgaps of
currently available perovskites, the simulation results suggest that efficiencies around 37% are
possible when adopting contact materials with smaller absorption, more adequate refraction
indices, and lower resistivity.

Keywords: perovskite, tandem solar cells, electrical modelling, optical simulations, optimization
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1. Introduction due to their outstanding optoelectronic properties which boos-
ted single (i.e. monojunction) solar cell efficiencies beyond
23% [1]. Some of the extraordinary features these materi-
als offer are their relatively long electron and hole diffusion
lengths exceeding 1 pm, absorption coefficients well above
10* cm™!, high electronic defect tolerances and bandgap tun-

Original content from this work may be used under the terms -1: . . . .
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ther distribution of this work must maintain attribution to the author(s) and the [2-6]. Envisioning that state of the art single junction per-
title of the work, journal citation and DOI. ovskite solar cells are approaching their theoretical limit of

In the last decade, organic-inorganic perovskite semiconduct-
ors have attracted the attention of the photovoltaics community
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31% imposed by the Schockley—Queisser theory [7], new
approaches based on third generation photovoltaics need to be
conceived to surpass this limit. One of such concepts is the
use of multijunction solar cells, where the bandgaps of two or
more photoactive materials are engineered to absorb comple-
mentary portions of the solar spectrum, reducing thermaliza-
tion losses [8]. The Shockley—Queisser theory shows that if
silicon is used as the bottom absorber in two-junction tandem
cell, the ideal bandgap of the top semiconductor lies around
1.5-1.6 eV, which matches the bandgap of high-performing
perovskites, such as CH3;NH;Pbl; (MAPI, MA = methylam-
monium) [9], HC(NH2),Pbl; (FAPI, FA = formamidinium)
[10] and triple cation perovskites [11]. Using these materi-
als, efficiencies around 25% [12] and 28% [1] have already
been demonstrated in two-terminal tandem cells. However,
these cells remain in the efficiency order of the best silicon
single junction cells with a world record efficiency of 26.7%
[13]. Besides, it is not yet clear if the lifetime of the per-
ovskite sub-cell can even match the long lifetime of a typ-
ical silicon cell of more than 25 years. Despite all-perovskite
tandem solar cells could also suffer from a short lifetime,
their potential low processing costs make these devices an
attractive alternative to conventional silicon based photovol-
taics for niche markets. Recently, it was reported a mechan-
ically stacked all-perovskite tandem cell with an impressive
efficiency record of 25% [14], where the top absorber is the
perovskite CsgosFAgsMA 15Pbls ssBrg4s with a bandgap of
1.63 eV and the bottom absorber is a guanidinium thiocyanate
modified (FASnlI3)g¢(MAPbDI3)o4 perovskite with a bandgap
of 1.25 eV. Considering that the theoretical efficiency limit
for these materials is 45% [15], there is still plenty of room for
further optimization efforts.

In order to improve the efficiency of the state of the art all-
perovskite tandem cells, the device structure comprising all
the photoactive, contact and functional layers must be care-
fully designed. Considering that, currently, pin junctions are
the most common device structure for perovskite tandem cells,
the selection of appropriate contact layers determines the built-
in voltage in each perovskite sub-cell, the internal electric field
and, to a large extent, the cell’s electric output parameters. The
selection of functional layers defines also the interface recom-
bination at the semiconductor/contact interfaces and the device
series resistance, which can strongly affect the resulting device
efficiency [16-18]. Moreover, optimization of the layer stack
is not only dictated by electrical performance alone, since the
maximum achievable sunlight absorbance depends strongly
on the complex refractive index of the chosen perovskites and
contact layers, as well as their thicknesses [19]. Therefore, the
influence of such large amount of variables on the device per-
formance can only be thoroughly analyzed using appropriate
optical-electrical models.

In this contribution, we combine well-established models
to predict the output parameters of two-terminal tandem cells
based in perovskite absorbers and state of the art contact lay-
ers. The optical behavior is simulated employing the general-
ized transfer matrix method [20, 21], which accounts for inter-
ference effects in the thin film layer stack, as well as absorption
within each layer and reflection at all interfaces. To optimize

the stack, a simulated annealing optimization algorithm is used
to maximize the resulting photocurrent with current match-
ing conditions between both sub-cells. The calculated pho-
tocurrent is afterwards used as input in an analytical drift-
diffusion electrical model [22], which provides the result-
ing power conversion efficiency and other electrical output
parameters. The impact of perovskite carrier transport prop-
erties, namely carrier lifetime and mobility, as well as inter-
face recombination velocity at the interfaces, internal built-in
voltage and series resistance on the device behavior is invest-
igated. Finally, design guidelines for selecting the contact lay-
ers’ materials are drawn from the simulations, aiming at all-
perovskite tandem cells with efficiencies approaching 37%.

This manuscript is organized as follows: section 2 proposes
a model to compute light absorption and electrical transport in
tandem solar cells based on perovskites. Section 3 presents the
results, discussing the practical implications and suggesting
general guidelines for designing high-efficiency all-perovskite
tandem cells. Section 4 explores the feasibility of increasing
the device efficiency by replacing contact layers based on the
results presented in section 3. Finally, in section 5 we draw the
main conclusions of the obtained simulation results.

2. Model features

In order to select the perovskite layers according to their
bandgap energies, we refer to [15], where the maximum the-
oretical efficiencies of tandem solar cells are evaluated as a
function of the top and bottom bandgaps Egop and Egpm,
respectively. According to [15], a tandem cell optimized
for AM1.5G illumination requires bandgaps of 1.61 eV and
0.94 eV for the series-connected top and bottom cells, respect-
ively. As stated above, there are many perovskite semicon-
ductors that have a bandgap close to 1.61 eV, however the
lowest bandgaps reported on perovskites are on the order of
1.2-1.3 eV [23-25]. Among the plethora of readily avail-
able perovskite materials, we adopt two compounds which
approach the best to the maximum theoretical efficiency,
namely Csp 0gFA0.02Pbl2.31Bro.61Cloos, With Egop = 1.75 eV
[26], and CH3NH3Sng gsPbg 1513, with Egpm = 1.17 €V [27].
According to [15], with the chosen bandgaps the theoret-
ical efficiency is close to the optimum of about 46%. These
perovskite materials are utilized throughout this work in the
optical and electrical calculations.

2.1. Optical model

Rigorous optical modelling allows to optimize the layer stack
in order to find the maximum attainable photocurrent keep-
ing the condition of current matching for series connected, or
two-terminals, tandem solar cell. In this study, the generalized
transfer matrix method [20, 28, 29] is used to calculate the
steady state electric field profile of solar radiation within the
layer stack, which in turn enables to calculate the absorption
in each layer as well as the total reflectance and the resulting
photocurrent. This model assumes that all materials are homo-
geneous, linear and isotropic, and all the interfaces are parallel
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and perfectly flat. As previous works have already shown, it is
feasible to achieve interfaces with roughness well below the
wavelength of visible light in perovskite-perovskite tandem
devices [30-32], which, in practical terms, can be regarded as
optically flat interfaces.

The air domain and the glass substrate are optically thick
and therefore light propagates incoherently through them, sup-
pressing the superposition of waves and interference phenom-
ena. It is also assumed that the substrate is non-absorbing.
Since the rest of the layers have thicknesses in the order of
the wavelength of the used standard AM1.5G spectrum, it is
assumed that light propagates coherently and thus interference
effects can play a major role. The position x and wavelength \
dependent absorbed electromagnetic power Q(x,\) in a layer
with a complex refractive index 7i(\) = n(\) + ik(\) is calcu-
lated from the resulting electric field profile E(x, \) as

0(x,\) = %ceon()\)a()\) E(x )], )

where ¢ is the permittivity of free space, c is the speed of
light and a/(\) = 47t(M\)/ ) is the absorption coefficient. Note
that Q represents the density of the dissipated electromagnetic
power in units of power per volume, typically W m~3. Then
the photocarrier generation profile G(x,\) in each of the pho-
toactive materials can be obtained directly from the absorbed
electromagnetic power as:

G, A)=0(x,A)/(he/A), 2

where £ is Planck’s constant. Finally, the maximum attainable
photocurrent in each sub-cell is calculated integrating the car-
rier generation profile as follows:

1200 nm drop, bim

Jnax = ¢ G (x,\)dxd), 3)

300nm 0O

where ¢ is the elementary charge, and d,oppum 1s the thickness
of the top or bottom perovskite layer, respectively.

2.2. Electrical model

In order to model the current/voltage (J/V) characteristics of
the tandem cell, we consider each cell to be a pin-type struc-
ture, where the current density of each cell is related to the
voltage drop across each pin junction through the analytical
equation given in [33]. This physical model contains funda-
mental semiconductor material parameters, and also allows
for a straightforward addition of lumped series and shunt
resistances to take into account resistive losses. We believe
that such model is a good compromise solution between two
more extreme possibilities, namely the simple equivalent cir-
cuit of the solar cell with very few parameters [34, 35], and
the much more detailed numerical models based on the solu-
tion of nonlinear differential equations containing the trans-
port and generation/recombination of charge carriers in each
perovskite layer [36—39]. The equivalent circuit model is the
simplest possible model of a solar cell but lacks applicability

in pin solar cells where the photocurrent in general depends
on voltage, and cannot be necessarily represented by a con-
stant current—source. In particular, even in high efficiency per-
ovskite solar cells the photocurrent shows a voltage depend-
ence which substantially affects the current/voltage curve [33].
Moreover, many types of perovskite solar cells show hyster-
esis in the J/V characteristics, which require numerical mod-
els that provide a detailed description of ionic transport and
ionic trapping/detrapping at the interfaces of the perovskite
layer [40]. Fortunately, in the case of highest efficiency per-
ovskite solar cells, as obtained employing defect-engineered
perovskites [41], hysteresis is nearly suppressed, enabling
simplified analyses. Although the absence of hysteresis does
not necessarily rule out the presence of ions, the effect of ions
on the J/V curve is in principle reduced to a compensation of
the electric field within the perovskite layer, which in standard
MAPI cells was shown to be compatible with a reduction of
built-in voltage [42, 43]. Such a reduction of the electric field
affects the whole J/V curve by reducing charge collection as
well as increasing recombination (or dark current). Since in the
model adopted here charge collection as well as dark current
depend on the electric field, the incorporation of electrostatic
compensation by ions is included by taking built-in voltages
lower than what would be expected by the difference of work
functions of the layers contacting the perovskites.

Further assumptions contained in the analytical model
employed here are:

(a) low injection conditions, where the excess carrier density
produced by illumination or polarization does not exceed
the majority carrier density at each interface of the intrinsic
layer,

(b) alinear recombination rate using a lifetime 7,

(c) position independent electron-hole pair photogeneration
rate I', which is obtained as the spatial mean value of the
simulated position-dependent optical generation rate G(x),

(d) symmetric sub-cells, i.e. electrons and holes having
identical recombination lifetime 7, mobility u, and effect-
ive interface recombination velocity S at both interfaces of
each i-layer.

The electric fields in the intrinsic layers are derived from
the built-in voltages of the sub-cells Vy; assuming the relat-
ive dielectric constant in the perovskites epyx = 33.5, which
was measured in MAPI, the intrinsic carrier density n; and
assuming that the maximum possible gVy; values correspond
to the energy difference of work functions in the materials
surrounding the i-layer (see [33] for details). Lower V;; val-
ues are also assumed to account for possible field compens-
ation due to interface charging by ions, as discussed above.
Due to the lack of experimental data for the intrinsic car-
rier density in different perovskites, here we estimate »; in an
arbitrary perovskite material by taking as reference the value
nimapt = 6 x 10* cm™3 appropriate for MAPI [33] with the
relation

E —FE
n; = n; MAPICXp (%) s 4)
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where Egyapr = 1.58 €V is the bandgap energy of MAPI,
E, is the bandgap of the perovskite under consideration, k
is Boltzmann’s constant and 7 = 300 K is the assumed cell
temperature. Notice that equation (4) implies that the effect-
ive densities of states are assumed equal (see e.g. equation 28
in [44]).

We assume a series-connected tandem solar cell, where the
total current of each cell is the same in both the top and the bot-
tom cells, and where the total voltage V is given by the addition
V = Viep + Vi, being Vi, and Vi, the potential difference
developed across the top and bottom cells, respectively. Notice
that with the series connection, solving for the voltage instead
of calculating straightforwardly the current requires a numer-
ical solution using root-finding methods. The values of J are
swept across a suitable range in order to repeat the process and
obtain the voltage/current curve of each cell, and adding the
voltages obtained at each current in each cell to find the total
voltage of the tandem cell. Once the current/voltage curve is
obtained, the open-circuit voltage Voc, short-circuit current
Jsc, fill factor FF and efficiency 7 are calculated.

3. Results

3.1 Optimum light absorption

Not only the thicknesses of the perovskite absorbers have a sig-
nificant impact on the sunlight absorption and resulting pho-
tocurrent, but also the selection of the contact materials, in
terms of their complex refractive index, and their thicknesses
should be optimized to maximize the photocurrent delivered
by both sub-cells and simultaneously comply with the cur-
rent matching requirement. Given the relatively large num-
ber of contact layers used and the wide thicknesses ranges,
we used the simulated annealing algorithm, a metaheuristics
used to find a global minimum in a large search space [45, 46].
The optimization algorithm was implemented in MATLAB
R2018b using the function ‘simulannealbnd” of the Global
Optimization Toolbox. Two different cases were analyzed: on
the one hand, a tandem cell whose contact layers, i.e. transpar-
ent conductive oxides (TCO), electron/hole transporting lay-
ers (ETL/HTL) and metal back contact, were taken from state
of the art cells with experimental efficiencies exceeding 20%
[15, 47, 48], and on the other hand, a theoretical ideal tan-
dem cell with just three contact layers, i.e. between glass and
top perovskite (front), between both perovskites (middle) and
between bottom perovskite and metal contact (back). The layer
stack corresponding to the former case, labeled as ‘real cell’,
is shown in figure 1(a), while the stack belonging to the latter,
labeled as ‘ideal cell’, is shown in figure 1(b). In the ‘real cell’,
our optimization problem has as search variables the thick-
nesses, in the ranges shown in figure 1(a), of the top perovskite
absorber and all the contact layers, while the bottom perovskite
thickness takes a predefined value. In turn, in the ‘ideal cell’
it is assumed that the contact layers are perfectly transparent,
i.e. kK = 0 for all wavelengths, and that their thicknesses and
refractive index can be freely chosen in the ranges given in fig-
ure 1(b). Analogously, the perovskite materials are the same
as in the ‘real cell’ and only the top perovskite thickness is

(a) Real cell

ick)
, (optica" "
gIaS

(b) Ideal cell

Figure 1. Cell stacks implemented in the optical simulations. The
real cell (a) has defined functional layers (PCBM = phenyl-
C61-butyric acid methyl ester, PEDOT:PSS = poly(3,4-ethylene
dioxythiophene) polystyrene sulfonate), whereas in the ideal cell (b)
the perovskite layers are surrounded by perfectly transparent contact
layers, whose refractive indices are to be determined through
optimization algorithms. Except the thickness of the bottom
perovskite, the thickness of each layer is optimized to deliver the
highest possible photocurrent under AM1.5G 100 mW cm™>
illumination and fulfilling the current matching requirement.

optimized, while the bottom is fixed at a given thickness. For
simplicity, it is assumed that the refractive indices of the ideal
contact layers are constant over the whole spectral range. The
used indices of refraction of state of the art materials can be
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Table 1. Refractive index n values for the front, middle and back
layers of the ‘ideal cell’ case (see figure 1(b)) as a function of the
bottom and top perovskite thickness, dym and drop, respectively.
From a solely optical performance perspective, the ideal contact
layers are assumed to be perfectly transparent (x = 0) and their
refractive indices are optimized to yield the maximum photocurrent
Jmax fulfilling the requisite of current matching between both
sub-cells.

Layer dpm drop n
800 499 1.8
Front 500 427 1.9
300 294 2.0
800 499 3.1
Middle 500 427 2.6
300 294 2.0
800 499 5.0
Back 500 427 3.1
300 294 1.4

found in table 3 and figures S1 and S2 of the supplementary
information (SI) (stacks.iop.org/JPhysD/53/315104/mmedia)
and references therein.

In an actual device, the maximum photocurrent is reduced
by recombination and transport losses, yielding the photo-
current Jpho(V), which, more markedly in pin solar cells,
depends on the voltage between the terminals of each cell.
Thus, Jpnet(V) tends to Jmax at high reverse voltages (provided
no shunt losses are present) or when recombination turns neg-
ligible in the solar cell. Figure 2 shows the resulting max-
imum photocurrent Jy,,x as a function of the chosen bottom
cell thickness dyy, for the series-connected tandem solar cell
with optimized functional layer thicknesses. The results for the
real cell stack of figure 1(a) are shown with diamonds, with the
resulting optimum thickness of the top cell dy,, shown next
to each symbol, while triangles represent the results for the
ideal cell stack of figure 1(b) and the respective values of diqp.
The optimized refractive indices and layer thicknesses of the
ideal tandem cell for three selected bottom perovskite thick-
nesses dp, are shown in table 1 and in table SI of the SI,
respectively. We notice that the addition of absorbing func-
tional layers in the real cell reduces the attainable photocur-
rent by 1-2 mA cm™2, regardless of the chosen thickness for
the bottom cell. This directly implies a relative efficiency loss
of 5%—10% when turning from the ideal to the real device. The
results also indicate that in the real cell, dyop is between 10%
and 30% thinner than in the ideal cell, depending on the value
of db[m-

Figure 3 shows the calculated reflectance and absorbance
in the (a) ‘real’ and (b) ‘ideal’ cells, for a fixed dypy, = 800 nm.
In the real cell, it was found that the absorbances in the SnO,,
PCBM, the ITO layer between the perovskites, and Cg are
negligible, and therefore are not shown in figure 3(a). Below
each perovskite label the calculated photocurrent is shown
and, analogously, the photocurrent loss associated to parasitic
absorbance and reflectance is indicated next to each contact
layer and reflectance labels, respectively. In the ‘ideal cell’,

T T I T I T T T I T I T | T I T I

_ 20~ ideal cell
“.‘E - GE YK—
Q | 527 —_—— A\
E 19 i i ﬁe}_\ A" _
= 519

%18 sz N 469 518
- | A w2 ]
= 362/ a9y AN real cell

e 17 A 360,&’0 1
5 | & 4ot |
8 294 / /<>
g6 A & 365 _
s 294 .
g 15 _dlop [nm] —
E - .
= 268

© 14— —
E A I I N S R

0 200 400 600 800 1000 1200 1400 1600 1800 2000
thickness d,,. [nm]

Figure 2. Calculated maximum photocurrent at AM1.5G spectrum
irradiation of all-perovskite tandem solar cell connected in series, as
a function of the chosen bottom cell perovskite thickness dpm.
Diamonds correspond to optimizations using state of the art
electron/hole transport layers (ETL/HTL, respectively), while
triangles correspond to ideal layers with optimized optical constants
that favor optical coupling into the cells. The optical optimization
procedure assumes the layer structures depicted in figure 1, using
perovskites with gaps Egop = 1.75 eV and Egpyq = 1.17 €V, with
the optimized top cell perovskite thickness diop indicated next to
each calculation point.

the total absorption is especially strong in the visible spec-
trum, where the reflectance is below 5%. A higher reflect-
ance of 10%—-15% is observed in the 300-400 nm spectrum
due to an increased reflectance at the air/glass and glass/front
contact layer. In turn, in the near-IR spectrum, interference
fringes are seen due to weak absorption in the bottom per-
ovskite. The optimized ‘real cell” shows a photocurrent of
nearly 17 mA cm~2, which is 9% lower than the photocurrent
calculated in the ‘ideal cell’. This decrease is mainly attrib-
uted to parasitic absorbances in the front ITO and PEDOT:PSS
layers, as well as an increased overall reflectance, due to
non-optimized refractive indices matching of the front con-
tact materials. Advanced light management strategies such as
using anti-reflective coatings [49], light diffusers placed on
the glass substrates [50, 51], a textured front contact [52] or
up/down-converters coatings [53, 54], could further reduce
the reflectance in the 300400 nm range and NIR spectrum,
increasing the maximum attainable photocurrent—at a cost of
higher manufacturing complexity and time.

3.2. Influence of optoelectronic parameters

The electrical output parameters obtained by modeling the
J(V) curves according to the model of section 2.2 are obtained
using the parameters shown in table 2. The photogeneration
rate I" corresponds to the spatial mean value of the genera-
tion rate profile calculated with the optical model at each per-
ovskite layer thickness. Alternatively, it can be calculated from
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(a) Real cell
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Figure 3. Reflectance (black) and absorbance (various colors) in
the (a) ‘real’ and (b) ‘ideal’ cells, for a fixed dpyy = 800 nm. In the
real solar cell, only the main parasitic absorbances are shown: NiOy,
PEDOT:PSS, ITO and Ag. Next to each label are shown the values
obtained for the attainable photocurrent (in the perovskite layers)
and the photocurrent losses (in all other layers).

I'top.btm = Jmax/qdiop,pim, Where the subscripts ‘top,btm’ indic-
ate the corresponding perovskite.

An additional parameter not contained in table 2 is the
series resistance, which is only utilized and explicitly indic-
ated in the last study, shown in section 3.2.4. All other results
shown in this subsection assume no series resistance effects.

3.2.1. Carrier mobility and lifetime.  Figure 4 gives the (a)
simulated power conversion efficiency 7, (b) short circuit cur-
rent density Jsc, (c) open—circuit voltage V¢ and (c) fill factor
FF for a tandem cell as a function of lifetime 7 (x-axis) and
mobilities 1 = 10! em? Vs~! (dashed), p = 10° cm? Vs~!

A s=10*cmis
35 |- -
2 ﬂ S=10° cm/s
=

<l ~a— \ &
25 :l-l-:l-l 1 1 |1||;|| 1 31 11T
llblll T T T T
r:‘E 17.0 S T LI
o h‘.- ]
<
E
3

FF [%]

Illlill 1 L1 1 117

1a6*
lifetime 1 [s]

Figure 4. Calculated efficiency 7, short circuit current density Jsc,
open circuit voltage Voc and fill factor FF for a series—connected
perovskite—perovskite tandem cell with top and bottom gaps

Egop = 1.17 €V, Egum = 1.75 €V, and absorber thicknesses of
diop = 401 nm, dpyn = 800 nm. Blue and black curves correspond to
low and high interface recombination velocities of § = 10? cm s !
and S = 10° cm s~ !, respectively. The different line type in each
curve set corresponds to different mobilities g 107! em? Vg™
(dashed), 10° cm® V=' 57! (solid) and 10" ecm* V™' s~ (dotted).
With the chosen near-optimum bandgaps of existing perovskites,
conversion efficiencies above 30% are attainable only with low
interface recombination velocities.

(solid) and 2 = 101 cm? Vs~! (dotted). The range of lifetime
values chosen here covers the range of experimental values
obtained by different direct and indirect methods in various
perovskites [33, 55, 56]. The corresponding photogeneration
rates are calculated according to the optimization of the layer
structure of figure 1(a) for dym = 800 nm and dio, = 401 nm.
All three parameters, namely 7, p and S, are assumed equal
in the bottom and top cells. Two sets of curves distinguish
between high interface recombination velocity S = 10° cm
s~! (blue), and low interface recombination § = 10?> cm s~!
(black). In the case where S = 10? cm s~ ! (black), the dot-
ted lines corresponding to the highest mobility are not seen
because they overlap with the thick solid lines where ;1 =
10° cm? Vs~!. The results shown in figure 4 reveal that tan-
dem cells with material parameters present in state of the art
perovskites and optimized layer thicknesses, device efficien-
cies well around 30% should be feasible. According to our
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Table 2. Values or ranges of different material parameters utilized to compute the current-voltage characteristics at room temperature.

Parameter Bottom cell Top cell

Perovskite CH3NH3Sn gsPbo. 1513 Cs0.08FA(.02Pbl2.31Bro 61 Clo.os
Bandgap E; (eV) 1.17 1.75

Relative dielectric constant epyk 335 335

Intrinsic carrier concentration n; (cm™>) 1.66 x 10° 2.24 x 10°

Photogeneration rate I” Depends on thickness Depends on thickness
Minority carrier lifetime 7 (s) 5x 1077-107* 5x1077-107*

Carrier mobility p (cm?> V™! s 10712102 10712107

Interface recombination velocity S (cm s7h 10°-10° 10°-10°

Built-in voltage Vi, (V) 0.585-1.17 0.875-1.75

results, the mandatory requisite to surpass 30% efficiency is
to achieve low interface recombination velocities below 102
cm s~!, including series resistance effects (see below). Such
low recombination velocities seem feasible within a range of
preparation methods and contact layer materials, as shown by
different photoluminescence measurements and model fits on
different perovskite solar cells [33, 56, 57]. In subsection 3.2.3
interface recombination effects are studied in more detail.

Notice also that mobility plays a much more important role
when high interface recombination is present (blue curves in
figure 4). A higher mobility enhances the short circuit cur-
rent and fill factor, due to a higher current at the maximum
power point (not shown in figure 4). Contrarily, higher mobil-
ity reduces the open circuit voltage, since carriers reach more
likely the high recombination interfaces than with a lower
mobility [55].

3.2.2. Dependence on built-in voltage.  The previous calcu-
lations assume the ideal situation where the built-in voltage in
each perovskite layer equals the bandgap, i.e. QVibtm = Egptm
and qVyip = Egop- The prospects of reaching these condi-
tions in practice are likely, in view of the diverse experimental
surface modification methods available for the tuning of the
work function of contact materials (see, e.g. the case of Cgg
[56], TiO, [57], SnO, [58] and spiro-OMeTAD [59]). Nev-
ertheless, since the built—in voltage can be severely reduced
by ion accumulation at inappropriate interfaces [42], it seems
appropriate to quantify the incidence of Vi pm and Vi op 0N
the efficiency of the tandem cell. Obeying a high efficiency
criterion, here we choose dpy, = 800 nm and dy,p = 401 nm,
interface recombination velocities of S = 10> cm s~! in all
perovskite interfaces, and a diffusion length L = 1600 nm,
obtained with ;1 = 1 cm? V™! s™! and T = 1 ps, exceeding
the thickness of each perovskite layer. According to the results
shown in figure 4, these parameter values enable efficiencies
well over 30% with built-in voltages matching the bandgaps.
Figure 5 shows the calculated efficiency varying each
built—in voltage between half the value of the corresponding
bandgap (begin of each axis) and the value of the bandgap
(end of each axis). In the studied range, the built-in voltage
of the top cell has a stronger incidence on efficiency than the
built-in voltage of the bottom cell. In order to exceed 30% effi-
ciency under these conditions, it can be seen from figure 5 that
qVvi1op must exceed 0.5 X Egop by at least 300 mV. Notice,

ngtOP
=
9,
>‘5
L
0.9
0.5E, ., 5 07 08 09 10 14
Vi eV
O'5Eg,btm Ve (V] Eg,btm

Figure 5. Calculated tandem cell efficiency depending on the
built-in voltage of the top Vi op and bottom Vi, pim cells,
respectively. The calculations assume recombination velocities at
contacts of S = 10% cm s~ in the top and bottom cells, mobilities of
p=1cm? V™! 57! and minority carrier lifetimes of 7 = 1 ys.
Efficiency increases when both the top and bottom built-in voltages
approach the maximum value corresponding to each perovskite
bandgap, with a larger incidence of the built-in voltage of the top
(larger bandgap) solar cell. Efficiencies above 30% require that the
built-in voltage of the cell with larger gap is at least 300 mV higher
than half the bandgap.

from figure 5, that the efficiency gains obtained by increasing
the built—voltage slow down when approaching the highest Vy;
values.

3.2.3. Different interface recombination velocities in
top/bottom cells.  In section 3.2.2 we noticed that the inter-
face recombination affects strongly the efficiency of the tan-
dem solar cell, finding that high interface recombination velo-
cities of 10® cm s~! prevent the solar cell from reaching
30% efficiency, even at the highest considered mobilities and
minority carrier recombination lifetimes. In this subsection
we investigate the influence of interface recombination in
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Figure 6. Dependence of cell efficiency (values indicated on each contour line) as a function of bottom/top cell interface recombination
velocity Spim,top, respectively. The calculations use the perovskite thicknesses dym = 800 nm, diop = 401 nm (see figure 2). The mobility and
lifetime of the top cell varies from (a) (low fuop, high Tiop) to (c) (high fiop, low T1op), keeping the diffusion length constant.

more detail, allowing for different recombination velocities
at the interfaces of the top and bottom cells. The influence of
interface recombination is ensured by selecting T products
corresponding to diffusion lengths that exceed each cell thick-
ness, concomitantly corresponding to our criterion of finding
conditions for high efficiency cells. Therefore, we choose
mobility and lifetime values in the top and bottom cells meet-
ing the respective ratios Liyp/diop = 4 and Lygn/dyim = 2 with
thickness values dpy, = 800 nm, di,, = 401 nm. Figure 6
shows the calculated efficiencies of tandem cells having inter-
face recombination velocities Siop, Shim, Obtained with bottom
cell parameters fipym = 1 cm® V7! s7!and 7y = 1 us, and
the following top cell parameter combinations: fip = fbtm/10,
Ttop = 10 X Tpuy in plot (a), fop = Hbtms Ttop = Tbtm in plot
(b), and Hiop = 10 X fibtms Ttop = Toun/10 in plot ().

In general, for all three plots, efficiencies clearly above 30%
become accessible if one of both cells interfaces show moder-
ate (~10* cm s~!) recombination velocities. Remarkably, it
is not mandatory that both cells have low interface recombina-
tion simultaneously to reach efficiencies higher than 30%. Fur-
thermore, having unequal mobilities and lifetimes in the top
and bottom cells may yield higher efficiencies than the tandem
cell with balanced carrier transport properties (figure 6(b)).

The region of figure 6(a) with Sy, < 10 cm s~! shows
higher efficiency than the case of equal parameters of
figure 6(b) because of the tenfold higher lifetime. The higher
lifetime implies higher fill factor and open circuit voltage, and
the lower mobility of this case does not impact significantly
the photocurrent at short circuit, resulting in a 1% absolute
efficiency enhancement. With high mobility and low lifetime
required to maintain the diffusion length (figure 6(c)), the open
circuit voltage and fill factor limit the overall efficiency of the
tandem cell to 32% regardless of the low interface recombin-
ation velocities.

The results shown in figures 6(a)—(c) assume the ideal case
of no series resistance. When performing calculations with a
series resistance of 2 {2 cm?, the overall efficiency levels seen
in figure 6 are reduced by approximately 2% absolute, and the
trends observed in figure 6 remain unchanged. The following
section inspects further the influence of series resistance.

3.2.4. Dependence on thickness and series resistance.
Since Jmax increases beyond dym = 800 nm (cf Figure 2), it
seems meaningful to calculate the efficiencies also at higher
thickness values, even if in principle it seems unfeasible to
prepare such thick layers with good quality using current pre-
paration techniques. Notice that although higher dy, ensures
higher J,x, the actual photocurrent Jpho in a pin solar cell
depends not only on transport and recombination losses, but
also on the electric field within the i-layer. Since a given set
of contact materials establishes the built-in voltage in the per-
ovskite absorber, the electric field in equilibrium increases
in thinner cells, favoring photocarrier collection, resulting in
an increased efficiency. Furthermore, lower thickness favors
higher open circuit voltage values and fill-factor, provided
recombination velocity at the interfaces between the per-
ovskite and contacts is moderate to low (<10% cm s~ 1) [60].
Both observations lead to the possibility of higher efficiencies
at absorber thickness that are below the optically calculated
optimum thickness values. From a fabrication point of view,
lower thicknesses imply in principle lower processing times
and material consumption, although a higher probability of
pinhole formation and thus smaller shunt resistance [61]. So
far we adopted a bottom cell thickness of dpy, = 800 nm, as
a compromise between maximization of light absorption and
maximum layer thickness constrained by state of the art pre-
paration methods. Here, we explore the electrical output para-
meters in the whole range of dpy, from 300 nm to 2000 nm,
disregarding possible thickness limitations imposed by current
preparation methods.

The optical optimization through a careful selection of con-
tact layers bears a large benefit for tandem efficiency. Figure 7
shows the calculated output parameters of the tandem cell with
the real (blue symbols) and ideal (black symbols) contact lay-
ers optimized following the optical optimization of section
2.1. At given bottom cell thickness above 400 nm, optimum
contact layers yield 1 mA cm~? increase in photocurrent (fig-
ure 7(b)) with a potential efficiency improvement between 6%
to 8% relative (figure 7(a)), independently of the impact of
series resistance. Conversely, at a given efficiency level, e.g.
1 = 34% (dashed line in figure 7(a)), the adoption of optically
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Figure 7. (a) Calculated efficiency 1, (b) short circuit current
density Jsc, (c) open circuit voltage Voc and (d) fill factor FF for a
series—connected all-perovskite tandem cell as a function of the
thicknesses of the bottom perovskite dym, with the thickness of the
top perovskite following the optimum values of figure 2. The
calculations are performed for the ideal case where all contact layers
have optimum optical constants and thicknesses (black symbols),
and the case of a cell with real optical indices for the ETL and HTL
layer (blue symbols, see text for details). Each case is calculated
without series resistance and with a series resistance of

Rs = 2 Q cm?, representing a high series resistance situation. The
interface recombination in both cells are set to S = 10° cm s, all
carrier mobilities to = 1 cm? V™! s7!, and recombination
lifetimes 7 = 1 ps.

ideal contact layers allows a reduction in bottom cell thickness
by a factor larger than 2, e.g. from 1000 nm to 400 nm.

4. Towards minimum-loss contact layers

Many contact layers were already investigated to improve
the efficiency of single junction perovskite solar cells [16—
18], focusing not only in the alignment of energy levels with
the perovskite energy bands, but also in the development of
low temperature deposition methods for perovskite capping
layers. In order to achieve the highest efficiencies in tandem

Table 3. Refractive index range of selected materials. Superscripts
represent the wavelength ranges where n values were taken: a:
300-1100 nm, b: 300-900 nm, c: 400-1100 nm. The rightmost
column indicates the potential function as a contact layer in the
tandem cell.

Material Refractive index range Function
(Mmin—max)

Transparent conductive layer

FTO [57] 1.6-2.3% Front

ITO [58] 1.3-2.4* Front, middle

AZO [59] 1.6-2.3° Front, middle

170 [60] 1.8-2.0¢ Front, middle

Hole transport layer

NiOy [61] 1.9-2.1* Front, middle

CuSCN [62] 1.9-2.3° Front, middle

MoO; [66] 1.8-2.2% Front, middle

P3HT [67] 1.9-2.4% Front, middle

PEDOT:PSS [68] 1.4-1.7° Front, middle

Electron transport layer

SnO; [69] 1.8-2.0* Middle, back

Ceo [70] 2.0-2.4% Middle, back

PCBM [68] 1.9-2.2° Middle, back

perovskite cells, these contact layers must have good elec-
tronic properties as well as optical characteristics suitable
for the optical optimization presented in section 2.1. Recall-
ing table 1, the optimized thicknesses and refractive indices
of the contact layers in the ‘ideal cell’ depend strongly on
the bottom perovskite thickness dp,. In this ideal case, the
optimization assumes that each contact layer, namely front,
middle and back, is a single homogeneous material, disreg-
arding the fact that in practice, each layer may be a com-
pound of more than one material layer (e.g. a front layer
composed by a transparent conductive material and a HTL).
Furthermore, this idealization assumes for simplicity that the
real part of the refractive index n is constant in the whole
wavelength range, although real materials show a wavelength
dependence.

Refractive indices for some of the materials commonly
used as TCO, HTLs and ETLs are presented in table 3,
showing their minimum and maximum values, 7y, and np,x
respectively, for the wavelength range between 300 nm and
1200 nm. While some materials like NiOyx and CuSCN (cop-
per thiocyanate) have a decreasing dependence of n with
wavelength, the majority of organic materials show non
monotonic curves (see figure S1 of SI). From the optical
optimization perspective, a criterion to select contact layers for
tandem solar cells is that the ideal n values shown in table 1 are
contained in the range (7min, Zmax) Of a chosen real material.
For the front contact, all HTL and TCO materials presented in
table 3 fit this criterion, with the exception of PEDOT:PSS. For
the middle layer, TCO, HTL and ETL materials have n ranges
that contain the ideal n, but only for dy,, = 300 nm. For the
back layer, the ideal n lies outside the ranges for all the selec-
ted materials. However, it is expected that the impact of this
layer in the optical performance will be negligible, because
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eventually nearly all the radiation that passes through the back
layer will be reflected back at the Ag contact.

As stated above, the optimization with ideal contact lay-
ers assumes they are perfectly transparent, i.e. kK = 0. In real
materials, the non-zero values of k lead to parasitic absorp-
tion which can reduce drastically the photocurrent and the
device efficiency, as was mentioned in section 3.1. Figure
S2 in the SI shows a comparison between absorption coeffi-
cients « of real contact materials listed in table 3 and the per-
ovskites used throughout this work. The comparison is made
in the wavelength ranges where each layer can have a sig-
nificant impact, assuming that the perovskite absorbs all the
wavelengths below its bandgap.

Together with the optical constants, the energy alignment
between perovskites and contact layers needs to be considered
for a proper material selection. Although the bulk electron
affinity and work function of materials may serve as a start-
ing point to select the contact materials sandwiching each
perovskite layer, they cannot be used rigorously as a mater-
ial selection criterion, since their values are very sensitive
to preparation and post-processing methods [62]. Therefore,
in principle we can assume that all the materials listed in
table 3 are potentially applicable to the proposed tandem
configuration.

Following the guidelines discussed so far, it is next pro-
posed to interchange the PEDOT:PSS and middle ITO lay-
ers, with the materials CuSCN and AZO, respectively, for
the stack of figure 1(a), and optimize the new stack with
a fixed bottom perovskite thickness of dp, = 300 nm. As
it can be seen in the tables 1 and 3, these materials modi-
fications should imply an improvement in the light absorp-
tion since the refractive indices of CuSCN and AZO are
closer to the ideal ones. The optimization algorithm gives
a maximum photocurrent Jyx = 15.45 mA cm~2 for this
alternative cell, which is 11% higher than the photocurrent
delivered by the original stack configuration and approaches
the value Jmax = 15.96 mA cm~—2 of the ideal cell (see figure 2
with dpmm = 300 nm). Consequently, with the enhanced
Jmax = 15.45 mA cm™2, the electrical model predicts that the
efficiency of the optimized alternative cell reaches 32% (see
figure 7(a), with dpy, = 300 nm), representing an improve-
ment of 14% (relative) to the initial efficiency. The optimized
thicknesses of this tandem cell are listed in the Table S1 of the
SI under the label ‘Alternative’.

5. Conclusions

In this contribution we have combined a well-established
optical model based on the generalized transfer matrix
approach with a drift-diffusion analytical current/voltage char-
acteristics to model two-terminal all-perovskite tandem cells.
From the simulations, a deeper insight into the impact of
optoelectronic parameters on the electrical output parameters
was obtained. For instance, it was observed that the surface
recombination velocity at the perovskite/contact interfaces is
a major limiting factor to obtain tandem cells with efficien-
cies clearly above 30%. Interestingly, unbalanced electronic

transport properties between the top and bottom cells can have
even a positive effect on the device efficiency compared to per-
ovskite absorbers with identical properties.

The optical optimization allows us to identify the con-
tact layers that have a large contribution to the parasitic
absorbance and photocurrent loss. Furthermore, the optim-
ization algorithm can provide guidelines to select not only
the optimum thickness for all the contact layers but also
the optimum materials, based on their refractive index, to
avoid reflectance and maximize sunlight absorption in the per-
ovskites.

The simulations results suggest that in order to achieve tan-
dem cells with efficiencies above 30% the device should com-
ply with the following requirements:

e Photocurrent losses associated to parasitic absorbances and
reflectance lower than 2 mA cm ™2 and 7 mA cm ™2, respect-
ively, to ensure a maximum photocurrent not lower than
16 mA cm ™2,

A modest (~10* cm s™!) to low (~10% cm s—') surface
recombination velocity at the perovskite/contact interfaces
in both sub-cells.

A mobility-lifetime product on the order of 10 cm? V!,
which implies a diffusion length of ~1500 nm, surpassing
the perovskite thickness.

Built-in voltages corresponding to at least 300 mV above
half the bandgap.

Series resistances not higher than 2 €2 cm?.

We would like to emphasize that these requisites are ful-
filled by current high-performing perovskites and single junc-
tion solar cells based on such materials. The difficulty is there-
fore to concomitantly comply with these requirements in both
perovskite sub-cells stacked as a monolithically tandem cell.
Especially challenging is to obtain a low-bandgap perovskite
(E; ~ 1.2 eV) with good electronic transport properties sim-
ilar to state of the art MAPI or triple cation perovskites, and
therefore this should be the main task for community efforts
aiming at high efficiency tandem cells.
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Appendix

In the following, the current J—voltage V equation derived ori-
ginally in [22] and used throughout this work is presented. The
electric field F in the intrinsic perovskite layer with thickness
d is given by

F=(V-V)/d, &)

where the voltage drops at the perovskite interfaces reduce the
built-in voltage Vy,; to the voltage V| given by
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Vo=V —4V, - 2V,\W (; <
where W is the Lambert-W function, V; = kT/q is the thermal
voltage (k is Planck’s constant, T is temperature and g is the
fundamental charge), L; is the dielectric Debye—Hiickel length
of the intrinsic semiconductor given by L; = \/cV,/ (2qn;),
with ¢ the semiconductor permittivity and »; the intrinsic car-
rier concentration. The physical assumptions and electronic
parameters corresponding to perovskite semiconductors and
solar cells are described in detail in [33]. The JV equation
obtained with the drift/diffusion model for p-i-n cells is

J(V) = Jaark (V) = Ipn (V) , @)
where Jp(V) is the photocurrent density
Jph (V) = Jmach (V)a (8)

where Jpx 1S the maximum photocurrent and the voltage-
dependent global collection efficiency F.(V) is given by

—B,— B1
> 1+(@4@4yﬁ§e—7
L B24-8d/D
FC(V):Z(d) X (51+ﬁ2)1 B1—Sd/D _ Bi1t8s _ﬁl
T\ Brsap)e
)]

The effective diffusion coefficient D is obtained from
the effective mobility p using Einstein’s relation D = Vu,
whereas the effective diffusion length is given by L = /D71
with 7 the carrier effective lifetime. The dimensionless quant-
ities 31 (plus sign) and 3, (minus sign) are given by

e () - () + ()

The dark current density is given by

V-V
2V,

V-V

2V, (10)

%szhmx@%—g, (11)

where Jy is the voltage dependent reverse saturation current
density given by

2 niD —+
W) =202 gy g DR (12)
(Sd/DfﬁI)e = 1
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