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ORIGINAL PAPER
Combining Thickness Reduction and Light Trapping
for Potential Efficiency Improvements in Perovskite
Solar Cells
Marcos Soldera* and Kurt Taretto
In this contribution it is shown that the efficiency of perovskite solar cells
based on CH3NH3PbI3 can be increased further by combining thickness
reduction of the perovskite layer and light trapping. A physical model for the
current/voltage curve of pin solar cells is used to reveal the beneficial impact
of thinning on cell efficiency. If interface recombination is kept at moderate
levels, the model shows that there is a potential efficiency increase above
20% relative (þ3% absolute) when thickness is reduced from 500 to 200 nm,
provided total light absorption is maintained. A rigorous optical model is
employed to calculate light absorption on typical state–of–the–art layer stacks
patterned with sinusoidal grooves on ITO coated glass. The results suggest
that solar light absorption in a flat, 500 nm thick film, can be matched by a
200 nm thick perovskite layer on a sinusoidal texture, while using 300 nm
leads to several sinusoidal parameter combinations delivering the same light
absorption. Since the structuring step must be compatible with low cost
processing, it is shown that direct laser interference patterning (DLIP) is
capable of delivering þ3% absolute efficiency increase, while offering a
typical photovoltaic module cost reduction of 10%.
1. Introduction

The fast and promising evolution of perovskite solar cells in
terms of device efficiency and stability maintains a strong
momentumwithin the scientific community working in low cost
renewable energies. The ongoing improvements in device
performance are obtained through the optimization of perov-
skite preparation recipes, investigation of optimum deposition
conditions, role of electronic interfaces and functional layers,
and degradation mitigation.[1–5] Up until recently, in this
scenario of efficiency improvements through material and
interface quality enhancement, optical optimization studies did
not play amajor role. Specifically, in solar cells based on themost
widely spread photovoltaic perovskite CH3NH3PbI3 (or MAPI),
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optical optimization seems superfluous
because MAPI shows an extremely sharp
spectral absorption edge, being less than
1 μm thickness sufficient to completely
absorb sunlight with photon energies
above its bandgap. Evidently, an excellent
combination of mobility and lifetime
enables charge carriers to travel the whole
thickness required for complete light
absorption without major losses, yielding
high efficiencies.[6] However, as the effi-
ciencies of MAPI solar cells begin to lean
out the 20% efficiency mark� reaching the
range of state of the art silicon or thin film
CdTe or Cu(In,Ga)Se2 solar cells,[7] fine
tuning of the cell stack with regard to
optimum light absorption becomes mean-
ingful. Thus, recently, also the optical
optimization of the perovskite solar cell
structure seen as an optical stack has
attracted some attention.[8,9] Such strate-
gies are aimed to optimize layer materials
and thicknesses in the layer stack of
perovskite solar cells, ultimately maximiz-
ing the cell’s photocurrent.

Moreover, there is an additional, often

overlooked, efficiency enhancement route that becomes accessi-
ble through optical optimization. Indeed, it can be shown by
fundamental thermodynamical principles, that ideal pn cells
show an increase in open–circuit voltage VOC when thickness is
reduced, provided total light absorption remains unchanged.[10]

Notice that this implies that the fill factor FF also increases with
thickness reduction, since in ideal pn solar cells FF increases
monotonously with VOC.

[11] Notice also that under this efficiency
improvement route, light trapping participates primarily to
sustain the requisite of overall total light absorption at reduced
thickness, rather than to improve the photocurrent at a given
thickness. An additional requisite to enable improvements
through thickness reduction is a low surface recombination at
the interfaces of the absorbing layer.[10] Notably, the fulfillment
of this requirement seems accessible in current MAPI solar
cells, where low surface recombination velocities around or
even below 103 cm s�1 have been recently reported by different
authors.[6,12,13]

In order to confirm or reject the possibility to obtain concrete
benefits of thickness reduction in the specific case of MAPI solar
cells, in this work we model the electrical as well as the optical
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properties of MAPI solar cells with light trapping textures. Since
current MAPI solar cells are most likely pin type junctions, the
electrical model considers drift-diffusion physics in a pin solar
cell. This analytical model poses a practical base to quantify
the influence of thickness reduction on VOC, FF, and device
efficiency η, identifying conditions under which a thickness
reduction enhances η. The optical model is then applied to find
light trapping structures that would enable a thickness reduction
maintaining the maximum available photocurrent, while at the
same time being compatible with fast, low cost manufacturing
line (see Section 3.3).

In the modeling section presented next, we apply the
analytical pin solar cell model finding the electrical output
parameters as the thickness of the intrinsic MAPI layer is varied.
Next, we present the electromagnetic model for the optical
numerical simulations and the employed geometries, showing
their compatibility with large scale substrate structuring
and smooth film growth. In the results section we show the
dependence of maximum attainable photocurrents as a function
of geometrical structure parameters, and find suitable combi-
nations of these parameters to sustain photocurrent with
decreasing thickness. We then discuss the implications of the
found structures on series resistance of modules. Finally we give
an outlook towards the benefits of the proposed approach in
terms of power conversion efficiency enhancement and
reduction of manufacturing cost per watt peak.
2. Electrical Model

2.1. Features and Assumptions

This section investigates the relation of solar cell output
parameters with perovskite thickness, obtained by an analytical
model for pin type solar cells[14] that was shown to deliver good
agreement with experimental data.[6] Here, the intrinsic i-layer in
thepin layer stack is theperovskite layer of thicknessdpvk,wherewe
assume an intrinsic carrier concentration of ni¼ 6�104 cm�3,[6] a
relative dielectric constant of ϵr ¼ 33.5,[45] and variable carrier
mobilities and lifetimes, which are assumed equal for both
electrons and holes, for simplicity. At the interfaces between the
perovskite and the surrounding doped layers � here given by
the hole and electron transport layers (HTL andETL, respectively),
the model assumes that minority carriers suffer a surface
recombination velocity, assumed equal for both contact types.
The difference inwork functions between theHTL and ETL layers
sandwiching the perovskite absorber determines the built–in
voltage Vbi of the cell. Since for a given transport layer there is a
range of possible work functions (depending on surface
conditioning), we take an intermediate value of the difference
inwork functions. AdoptingPCBM(lowest unoccupiedmolecular
orbital between 3.8 to 4.3 eV[15,16]) as ETL andNiO (work function
between 5.3 to 5.5 eV[17]) as HTL, we choose a moderate value for
the work function difference by letting Vbi¼ 1.2V. Regardless of
the specific material choice, such work function differences are
expectable also with other ETL and HTL layers for high efficiency
MAPI solar cells. The minority carrier properties are assumed
equal for electrons as well as holes. Both diffusion and drift
transport are taken into account, where the drift obeys the electric
Phys. Status Solidi A 2018, 1700906 1700906 (2
field in the i-layer, which is assumed homogeneous through the
perovskite by ðV � V0Þ=dpvk. Here, V is the externally applied
voltage and V0 a reduced built–in potential, which depends on the
actual built–in voltage Vbi (see appendix). Regarding the photo-
generation, for simplicity, the model considers a homogeneous
photogeneration rate G across the active layer. The validity of this
assumption depends on the thickness: if the thickness of the
perovskite layer is below 300nm, the photogeneration under
AM1.5G illumination becomes oscillatory across the layer and
varies by less than an order of magnitude between the maximum
and minimum values. With smaller thickness the photogenera-
tion rate becomes increasingly homogeneous due to the photons
reflected at the back of the cell being absorbed in their second pass
towards the front of the cell.[6] The error of assuming a constant
generation rate alsowith higher absorber thicknesswas verified by
numerical device simulations. We calculated solar cell output
parameters using the simulator software PC1D[18] with 500 nm
perovskite thickness, ideal contacts and the previouslymentioned
parameters, but including a position dependent photogeneration
rate resulting from AM1.5G spectrum illumination instead of a
constant photogeneration rate. The simulations delivered, at the
same short–circuit current, an 8% lower open–circuit voltage in
the cell simulated with the position dependent photogeneration
rate. The discrepancy drops to below 3% difference at 300 nm
thickness, which reinforces our results in the region of interest of
this work.

In the appendix we display the mathematical expressions
corresponding to the pin model, along with the analytical
current/voltage equation. When fitting experimental I(V) curves
of solar cells, it is important to notice that this model shows a
voltage–dependent photocurrent as well as a voltage–dependent
saturation current.[6] This enables obtaining physically more
meaningful and accurate fits than those delivered by a one–diode
model, but on the other hand simple relationships between for
example VOC and dpvk are not accessible. Therefore, the model
employed here serves to obtain analytic curves of the output
characteristics of perovskite solar cells with decreasing thick-
ness, with a minimum number of physical material parameters.
In order to maintain the condition of constant maximum
available photocurrent Jphoto;max, the adopted photogeneration
rate is varied with thickness according to G ¼ Jphoto;max=qdpvk. In
practice, this condition would only be achievable with increasing
light trapping when the thickness decreases; the conditions to
reach such light trapping are obtained within the optical model
presented in the next section.
2.2. Modeling Results

Figure 1 shows the resulting output parameters: efficiency η,
short–circuit current density JSC, open–circuit voltage VOC, and
fill–factor FF, as a function of the perovskite thickness dpvk. The
maximum photocurrent density was assumed at Jphoto;max ¼ 22
mAcm�2, matching current experimental data of efficient
cells,[19–21] and the sunlight absorption of the particular layer
stack employed in this work (see below), assuming perfect
carrier collection (or unity internal quantum efficiency). These
calculations use material parameters obtained from previous
analyses by different methods,[6,22–24] yielding: bulk lifetime
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 1. Modeled conversion efficiency η, short circuit current density
JSC, open–circuit voltage VOC and fill factor FF for a thin film pin solar
cell as a function of perovskite thickness dpvk. The parameters are
calculated with three recombination velocities Sint at the interface of the
i-layer. The maximum available photocurrent is kept constant at
22mA cm�2. With decreasing thickness, JSC and FF increase, regardless
of Sint, while VOC increases only at extremely low interface recombina-
tion velocities.
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τ¼ 1μs, mobility μ¼ 0.05 cm2 V�1s�1 (see below for analyses
using different values). Overall, we see that the efficiency increases
when the perovskite thickness decreases. As a parameter we
adopted the interface recombination velocity Sint (see Figure 1),
which is the quantity that should ideally be negligible in order to
maximize the benefits of thickness reduction, here reflected by the
curve with Sint¼ 0 (dotted line). Interestingly, Figure 1a shows that
the efficiency increases even at highSint¼ 106 cms�1 (dashed line),
and with an intermediate interface recombination, Sint¼ 103 cm
s�1 (solid line), the efficiency increases by more than 20% relative
(Δη¼þ3.3% absolute) when reducing the thickness from dpvk
¼ 600nm to dpvk¼ 100nm.Amoremodest reduction of thickness,
from 500 to 200nm, still yields a 12% relative efficiency increase
(Δη¼þ2% absolute). Notice that the main contribution to the
efficiency increase stems from the fill factor FF (Figure 1d), which
for the intermediate case with Sint¼ 103 cms�1 shows a 20%
relative increase in the studied thickness range (see below for
details). Since several reports point to an inherently low interface
recombination velocity in CH3NH3PbI3 perovskites,[6,12,13] the
benefit of thickness reduction seen in Figure 1 seems a feasible
improvement path in solar cell optimization.
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Let us deepen our interpretation of the results.
Figure 1b shows the increase of the short–circuit current
density, which with decreasing dpvk occurs regardless of interface
recombination. This originates from the increasing collection
probability of photogenerated carriers, not only because of the
smaller thickness at equal lifetime and mobility, but also as a
special feature of the pin solar cell, since the electric field
increases when reducing dpvk. Regarding the open–circuit
voltage (Figure 1c), we notice that the chosen interface
recombination velocities lead to three different behaviors: the
highest Sint¼ 106 cm s�1 yields a decrease in VOC of 50mV when
reducing dpvk from 600 to 100 nm, Sint¼ 103 cm s�1 behaves
neutrally, and the curve with Sint¼ 0 shows an increase in VOC of
50mV (see dotted line in Figure 1c). For comparison, the case
with Sint¼ 0 agrees with the thermodynamic prediction for an
ideal pn junction, where ΔVOC ¼ �VtΔdpvk=dpvk.

[10] Indeed, with
a thermal voltage of Vt¼ 25mV, centering the discrete derivative
around dpvk ¼ 250 nm and taking Δdpvk ¼þ500 nm, we obtain
ΔVOC ¼�50mV, agreeing with our model. The fill–factor FF
contributes the most to the efficiency boost, showing a steady
increase with decreasing thickness (Figure 1d). Our calculations
show that the increase comes from both, a higher photocurrent
at the maximum power point (not shown in Figure 1), and an
almost equally higher maximum power point voltage (except
when Sint¼ 106 cm s�1). It can be understood from thermody-
namical considerations, that the higher voltage originates from
an increased photocarrier concentration in the thinner cells,[10]

while the higher photocurrent is due to superior photocarrier
collection in thinner samples where the electric field is stronger.
This is again a consequence of the working principle of the pin
structure, contrasting with the traditional view of ideal pn
junction solar cells, where FF depends only on VOC.

[11]

We are aware of the fact that the results shown here depend on
the specificmaterial parameters, which are currentlymuchunder
debate. Although the choice of the values ofVbi, τ and μ adopted in
the results in Figure 1 correspond to J(V) curve fitting of
experimental results in state of the art devices (discussed in detail
inRef. [6]),hereweshowfurther calculations varying twoordersof
magnitude in μ and τ, but keeping μτ¼ 5� 10-8 cm2V�1, which is
the same as in the calculations shown in Figure 1. The curves in
Figure 2 are calculated using μ and τ values indicated in the inset,
andSint¼ 103 cm s�1 (thus, the solid line inFigure 2 is the sameas
in Figure 1). Let us mention that perhaps one of the less known
parameters in perovskite solar cells is the built–in voltage. When
calculating the output parameters with �0.1V different built–in
voltages, we again obtain efficiency enhancements towards
thinner cells, which are highly similar to the results of Figure 2.

Figure 2 shows that taking Δdpvk ¼�500 nm as from 600 to
100 nm, the enhancement in efficiency is Δη> 3% absolute
(Δη¼ 2% when Δdpvk ¼�300 nm), regardless of the combina-
tion of μ and τ. This result is not trivial, since the model depends
on the one hand on the product μτ (see Eq. (9) in the appendix),
and, independently, on the mobility μ, Eq. (11). The highest
efficiency is obtained with intermediate μ and τ values, which is a
consequence of the balance between bulk and interface
recombination.[25] This balance can be understood rationalizing
the influence of different μ and τ combinations on the open–
circuit voltage (Figure 2c). Although the interface recombination
is the same in all three cases, we again obtain decrease/increase/
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 2. Modeled conversion efficiency η, short circuit current density
JSC, open–circuit voltageVOC and fill factor FF for a thin film pin solar cell as a
functionofperovskite thicknessdpvk. Theparametersarecalculatedwith three
sets of carrier mobility μ and lifetime τ, maintaining the product μτ. Although
all three setsprofit similarly from thickness reduction, thehighest efficiency is
obtainedat intermediateμand τ. The calculations keepa constant valueof the
interface recombination velocity Sint¼ 103 cms�1 and the maximum
available photocurrent of 22mAcm�2.

Figure 3. Schematic representation of the (a) simulated layer stack (see
text for details) and layer thicknesses, and (b) the modeled sinusoidal,
one dimensional texture with its optimization parameters.
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neutral behaviors ofVOCwith decreasing thickness. The increase
is achieved in the case with the highest μ, because if bulk lifetime
is low and interface recombination velocity moderate, the highly
mobile carriers are able to reach the interfaces and benefit from a
lower interface recombination. Thinning the absorber allows
increasingly more carriers to reach and recombine at the
interfaces, yielding the behavior seen on the dashed curve of
Figure 2c. Conversely, low mobility in a bulk with high bulk
lifetime yields higher absolute VOC values, but as the thickness is
reduced, more carriers reach the surface, losing the profit of high
bulk lifetime (Figure 2c, solid curve). As a result of these trends,
the highest efficiency is obtained with intermediate μ and τ
values (Figure 2a, dashed curve). This result has been studied in
detail in organic bulk heterojunction solar cells, where optimum
mobilities for different recombination parameters can be
found.[25]

The improvements of using thinner absorber layers obtained
with the electrical model rely on maintaining the maximum
photocurrent. In the next section, we show the simulation results
Phys. Status Solidi A 2018, 1700906 1700906 (4
obtained with the optical model, which let us identify possible
geometries that could sustain a high maximum photocurrent as
thickness is reduced.
3. Optical Simulations

3.1. Device Structure and Model Setup

The simulated layer stack shown in Figure 3a is composed of a
sodalime glass superstrate, a transparent front contact made of
the transparent conductive oxide (TCO) indium tin oxide (ITO),
NiO as HTL, the absorber layer is the perovskite CH3NH3PbI3,
PCBM as ETL, and finally silver is used as rear contact.
The optical properties of these materials were taken from the
Ref. [26–28]. The sketch in Figure 3a indicates also the thickness
of each layer. In order to obtain an accurate description of the
light propagation and absorption within each layer of the cell
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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stack, Maxwell’s equations must be solved rigorously using the
finite element method (FEM) to obtain the three-component
steady state electric field, which is represented by complex
values.[29]

Our simulations are aimed to enhance light absorption in the
semiconductor by the interaction of light with periodical patterns
realized on the front electrode, forming a textured electrode
surface. We restrict the geometrical textures to those achievable
by direct laser interference patterning (DLIP), amethod based on
the overlap of two or more pulsed laser beams with different
optical paths. An interference pattern is obtained on the sample,
where at themaximum intensity positions thematerial is ablated
while at the minima the material remains nearly unaffected.
This method meets industrial standards such as high processing
speeds (1–5m2min�1), single step processing since it does not
require pre– or post-manufacturing steps, and it does not
produce significant amounts of hazardous waste.[30,31] Among
the vast variety of pattern shapes that can be fabricated with
DLIP, the periodic 1D sinusoidal groove, shown in Figure 3b,
offers the advantages of high simplicity and low processing time,
while for the purpose of simulation, the least computational
effort and computing time. Figure 3b shows schematically the
texture parameters, namely the sine period p and height h and
theminimum ITO thickness tmin. The period was swept between
p¼ 0.3 μm and p¼ 3 μm, while the height was varied from
h¼ 100 nm to h¼ 500 nm. Although the simulations shown
here were done with a fixed tmin¼ 100 nm, below we discuss the
impact of tmin on the lateral resistance of ITO. Notice that the
combination of the period and height values yields aspect ratios
AR¼ h/p, from AR� 0.03 to AR� 1.7. In the text below, the
possibilities and limitations to produce such textures by DLIP
are discussed.

We assume that conformal growth of the perovskite layer on
the textured ITO substrates corresponds to an idealization that
can be only physically feasible on low aspect ratio substrates, for
example AR< 0.1, or for very thin perovskite films, for example.
d< 100 nm. Consequently, in all the simulated geometries we
have used a non-conformal growth model[32] based on the
principle of isotropic growth, where at any point over the
underlying surface the layer grows along the normal direction of
the surface. At low aspect ratios and for thin layers this model
yields the same layer profile as the conformal growth. Despite
insufficient experimental analyses of perovskite growth on
micro/nano textured substrates are available in the literature, we
consider that this growth model is a far better approximation to
the real case than the ideal conformal growth model.
Additionally, the isotropic growth model yields constant
thickness in the surface’s normal direction, implying a uniform
mean electric field along the surface normal. The uniform field
enables a straightforward consistency with the analytical drift–
diffusion model for flat cells introduced above.

To obtain a standardized photocurrent the simulations
assume an incoming AM1.5G 100mWcm�2 spectrum in the
wavelength range from 300 to 850 nm. Longer wavelengths are
neglected since the perovskite does not absorb them signifi-
cantly. Since the solar radiation is essentially non-polarized,[15]

the solar spectrum is split into two components with the same
electromagnetic energy, namely a transverse electric mode (TE)
with the electric field along the groove direction, and a transverse
Phys. Status Solidi A 2018, 1700906 1700906 (5
magnetic mode (TM) with the magnetic field along the groove
direction. Then the results are averaged for each simulation step.

Notice that the glass substrate is the only material in the stack
that has a thickness much larger than the simulated wavelengths
and therefore incoming lightmust be treated incoherently in this
subdomain. Among the several approaches to address this
issue,[33–35] we implement in our model the phase elimination
method,[33] which has the advantage of requiring only two
simulation runs to accurately model the incoherent propagation
of light in the substrate and the coherent propagation in the rest
of the layer stack. On top of the air domain, a perfectly matched
layer (PML) with the same refractive index as air is defined for
the purpose of absorbing all outgoing radiation and avoi
ding subsequent re-entering of spurious reflected light.[36] The
lateral boundary conditions are assumed periodic to account for
diffraction of incoming light.

Once the electric field vector E is obtained, the average
electromagnetic energy density absorbed in a material with
complex index of refraction ~n(λ)¼ n(λ)þ iκ(λ) is defined as[37]

Qðx; y; λÞ ¼ 1
2
ce0nðλÞαðλÞ Eðx; y; λÞj j2; ð1Þ

where λ is the free space wavelength of the plane electromag-
netic wave, c is the speed of light in vacuum, e0 is the
permittivity of free space, and α is the absorption coefficient
defined as α¼ 4πκ(λ)/λ. The free carrier photogeneration rate is
proportional to the energy absorbed in the perovskite layer
according to

Gðx; y; λÞ ¼ Qperovskiteðx; y; λÞ=ðhc=λÞ; ð2Þ

where h is Planck’s constant. Finally, in short circuit conditions
we consider that all the photogenerated carriers are extracted
through the contacts of the solar cell. This implies that the
maximum available photocurrent density is given by the integral
of the photogeneration rate in the volume and over the simulated
spectrum, according to

Jph;max ¼ q
Z 850nm

300nm

Z
V

GdVdλ=S; ð3Þ

where q is the elementary charge and S is the projected solar cell
area in the substrate plane.

The electromagnetic model is implemented with the software
COMSOL Multiphysics. For a detailed description of the electro-
magnetic model and its implementation in COMSOL see Ref. [38].
Themesh is generated byCOMSOLusing triangular elementswith
the constraint that theminimumeffectivewavelength is at leastfive
times larger than the element size in each subdomain.[29] With this
consideration, typical mesh sizes range from 20000 to 70 000
elements, depending on the geometry parameters.
3.2. Numerical Simulation Results

Figure 4 shows the calculated maximum photocurrent Jph,max of
structured solar cells with a perovskite layer as defined from the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 4. Calculated maximum photocurrent as a function of the
sinusoidal groove period p and height h. Three different perovskite
thicknesses dpvk were tested, (a) 100 nm, (b) 200 nm, and (c) 300 nm.
Dashed lines show the photocurrent of flat devices with the same
perovskite thickness.
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isotropic growth model described previously, having the
thickness dpvk: (a) 100 nm, (b) 200 nm, and (c) 300 nm, with
the pattern period p and height h as parameters. For comparison,
we include the maximum photocurrent calculated for the
corresponding flat perovskite solar cells (dashed horizontal
lines) with the same absorber thickness. In the three subfigures
we observe two general trends: highest Jph,max are obtained
either with shorter periods p, or larger groove heights h. A
notable exception occurs in the specific range of periods between
p¼ 0.5 μm and p¼ 1.5 μm, when dpvk¼ 300 nm (Figure 4c),
which shows that the highest photocurrents are obtained at the
lowest pattern heights, that is h¼ 100 nm and h¼ 200 nm. In the
case of cells with dpvk¼ 100 nm (Figure 4a) the maximum
relative increase in Jph,max compared to the flat device with the
same thickness can be as high as 39%. When the perovskite
thickness is increased to 200 nm (Figure 4b), the relative
maximum photocurrent enhancement is 13%, while in the case
of the 300 nm thick perovskite (Figure 4c), the relative increase is
only 5%. As the absorber thickness increases further the
photocurrent enhancement relative to the flat device continues
to drop (not shown in Figure 4) and for dpvk¼ 500 nm the
increase is negligible.
Phys. Status Solidi A 2018, 1700906 1700906 (6
As we have discussed in previous contributions, it is
expected that the patterns with periods comparable to the
wavelength of incoming light promote the diffraction of light
into multiple modes that travel within the semiconductor
along oblique directions.[38,39] This yields an enhancement in
the optical path inside the perovskite and therefore an increase
in the absorption and maximum photocurrent. The textures
with periods larger than the simulated wavelengths, that is
p> 1.5 μm, can still benefit from two optical phenomena,
namely the refraction of light at the TCO/HTL interface with
the following oblique propagation of light within the
semiconductor, and the increased absorption probability
caused by multiple reflections of light between adjacent facets
of the pattern. However, as can be deduced from the rather poor
photocurrent increase for periods larger than 1.5 μm seen in
Figure 4, these effects appear to be hardly beneficial for solar
cell performance. We also see that in some cases the textured
solar cells deliver even less photocurrent than the correspond-
ing flat device, which is due to increased parasitic light
absorption (see discussion below).

Figure 5 gathers the absolute maximum photocurrents
(closed symbols) of the structured devices of Figure 4 for each
simulated pattern period p and absorber thickness dpvk. It is
worth noting that state of the art DLIP technology cannot be
used to fabricate textures with aspect ratios higher than
AR¼ 0.4 on oxides. Therefore, we show in Figure 5 with open
symbols the photocurrent obtained from devices where
AR< 0.4, which are therefore compatible with current DLIP
technology. Dashed lines in Figure 5 correspond to the
photocurrent delivered by flat solar cells with the indicated
perovskite thickness. Notice that at 600 nm thickness, the
photocurrent of the flat devices nearly saturates at its
maximum possible value for a flat cell with the chosen layer
sequence (calculated at 22.5mA cm�2 at infinite thickness, not
shown in Figure 5–right). Since in this work we are interested
in the benefits of light trapping upon thickness reduction,
Figure 5 is better understood choosing a desired value of Jph,
max and comparing the required thickness for the structured
versus flat device, obtaining the allottable thickness reduction.
For example, the value of Jph,max corresponding to a flat,
500 nm thick cell, can be obtained with structured solar cells
with dpvk¼ 300 nm down to dpvk¼ 200 nm (simulation data
above the flat 500 nm line in Figure 5). Also, these results
should be compatible with DLIP–processing compatible
structures (AR< 0.4, open symbols). This example suggests
that upon structuring, the photocurrent can be maintained
when the thickness decreases by a factor between 2 and 3
(depending on the geometrical parameters). The enhance-
ments in efficiency Δη of thinning the absorber from 500 to
200 nm were discussed above for perovskite pin cells, being
Δη¼ 2 to 3% �above a flat 500–600 nm thick solar cell–
possible at moderate interface recombination velocities. In
practice, special care should be laid on the deposition of the
HTL, perovskite and ETL on the textured substrates, since the
interface quality can play a major role in the performance. In
addition to the fundamental physical benefits, thickness
reduction enables cost reduction through reduced material
usage, and therefore compensates in part the cost of using
thicker TCO substrates.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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igure 5. The left plot shows with closed symbols the absolute maximum photocurrent
alculated for the textured solar cells for each simulated period and with open symbols
e maximum photocurrent calculated for textured devices, whose pattern has an aspect
tio lower than 0.4. The right plot indicates the maximum photocurrent delivered by flat
olar cells as a function of the perovskite thickness.
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Let us proceed to a spectral analysis of light absorption and
photogeneration. As a general trend, we have observed that
the gain in photocurrent upon using structured substrates
corresponds with a decrease in reflectance over the whole
simulated spectrum, with a stronger impact in the 600–750 nm
wavelength range. A deeper insight into the optical losses is
possible with Figure 6, showing the reflectance R, absorbance A
of the perovskite, and the parasitic absorbance in the (a) flat solar
cell and (b) structured device with p¼ 750 nm and h¼ 200 nm.
In both cases dpvk¼ 200 nm. The numbers next to the R and
Aparasitic labels in the graph point out the current losses
associated to the reflectance or parasitic absorption, respectively.
Figure 6. Absorbance of the perovskite layer, contact layers (parasitic)
and reflectance R for the (a) flat device and (b) patterned device with
texture parameters p¼ 750 nm and h¼ 200 nm. In both cases the
perovskite layer is 200 nm thick. The numbers in brackets indicate the
photocurrent (next to the perovskite), and the photocurrent losses due to
parasitic absorption and reflectance, respectively. The pie charts show the
contribution of each contact layer to the parasitic absorbance loss.
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Next to the Aperovskite label it is shown the calculated
Jph,max. The periodic pattern on the substrate clearly
reduces the reflectance in the whole studied
wavelength range, especially in the red-near
infrared spectrum. Nonetheless, this reduction of
reflected light does not correlate straightforward to
the photocurrent enhancement, since the parasitic
absorption increases after structuring too. Quanti-
tatively, the photocurrent loss due to reflected light
is decreased by 3mAcm�2 upon structuring, while
the current loss associated to parasitic absorption
increases 1mAcm�2 and therefore the photocur-
rent increases 2mAcm�2. As shown in the pie
charts in Figure 6, the current loss due to
absorption in ITO surpasses the combined losses
in the rest of the contact layers in the flat device as
well as in the structured one. Notice also that in the
structured device the contribution of the absorption
in ITO in the photocurrent loss is more pro-
nounced than in the flat device. Consequently,
further efforts to reduce optical losses in these
devices should be aimed at reducing the absorption
in the front contact, by means of optimizing its thickness or by
replacing it with a more transparent material with similar
electrical characteristics.

Experimental work needs to be done to verify our hypotheses
and validate the calculated efficiency enhancements of MAPI
solar cells on DLIP structured substrates. This task can become
challenging due to the multiple factors that can affect the films
formation upon growing on patterned substrates. For the sake of
simplicity, the simulations shown here assume that the electronic
quality of the interfaces and in the perovskite bulk does not
deteriorate significantly when using these laser structured
substrates instead of the flat TCO coated glass. Despite there
has not been reported a significant amount of experimental
perovskite solar cells on textured substrates yet, recent experimen-
tal results hint to the validity of this assumption. On the one hand,
MAPI solar cells fabricated on randomly structured FTO coated
substrates delivered a 14.5% increase in short-circuit current
compared to a reference device,[40] and on the other hand, MAPI
solar cells prepared on periodic inverted nanocones yielded a
photocurrent increase of 38% relative to the flat device.[41] In both
cases the enhanced photocurrents, and device efficiencies, were
attributed to an effective light trapping effect. Both results suggest
a negligible deterioration ofmaterial parameters of the perovskite
deposited on structured substrates. At least in the case of the
randomly texturedcell,[40]where theopen-circuit voltage remained
equal, recombination parameters cannot have deteriorated. On
another note, organic and a-Si:H/μc-Si:H tandem solar cells have
been prepared on DLIP processed substrates, showing photo-
currents and efficiencies enhanced by 9–21%.[42–44] Since the
values of FF and VOC remained nearly unchanged compared to
reference devices, we can, on the one hand, discard a noteworthy
decreaseof shunt resistance in thestructuredsolarcells, andonthe
other hand, suggest that the patterning on the TCO does not
modify significantly the surface recombination velocity of the
active layers. Nevertheless, these observationsmust still be proven
onperovskite solar cells deposited onDLIPpatterned substrates to
test our model.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3. Cost Analysis Including DLIP

Since the structuring process implies higher fabrication costs,
here we estimate the potential impact of the addition of DLIP
processing step on the total perovskite photovoltaic module
manufacturing costs. To cover a broad spectrum of possible
mass production alternatives, we follow three cost analysis
models for perovskite modules which consider different contact
materials, deposition technologies and device configurations.
Model I is based on the analysis reported in Ref. [45] for pin
perovskite modules which proposes the use of low cost contact
materials such as screen printed NiO and ZnO and low
temperature processes. Model II represents the cost analysis
corresponding to the sequence C presented in Ref. [46], where
the nip perovskite module is fabricated with high temperature
processes such as sintering and metal thermal evaporation, and
the expensive P3HT is used as hole transport layer. Finally,
model III stands for the sequence L1 of Ref. [46] which
represents a limiting situation of the model II where the costs of
processing the active layers and back contact turn negligible.
According to Ref. [47] the DLIP manufacturing cost in 2015
was approximately 3.62 $m�2 for processing TCO materials
taking into account one operator working 52 weeks, 39 h a week
with 100% overhead and the cost necessary for acquiring the
equipment distributed in 3 years at maximum fabrication speed.
Based on these assumptions we envisage two distinct scena
rios, which we define as pessimistic and optimistic. Within the
pessimistic scenario we suppose that DLIP technology is already
mature and its processing costs would not decrease further
from the last reported value of 3.62 $m�2. Additionally, in this
scenario we assume a sub-standard DLIP versatility, capable of
delivering only sub-optimum textures that imply an efficiency
boost of only 1.5% absolute. Turning to the optimistic scenario,
we expect that further development of DLIP technology sinks the
manufacturing costs to 1.8 $m�2, and themodule efficiency gain
through light trapping can readily reach our calculated value of
3% absolute.

Naturally, since the initial, that is prior to DLIP processing,
module efficiency is critical for the correct estimation of final
costs, we propose two reasonably module efficiencies as a
starting point, namely 14 and 18%. The cost calculation results
are shown in Table 1, which summarizes the estimated
reduction in module costs in American dollars per watt peak
($/Wp) after the efficiency improvement through DLIP
processing according to the three proposed models and under
the two envisioned scenarios. We observe that the estimated
module costs can be significantly reduced upon structuring with
Table 1. Estimated module cost after the DLIP processing step considering
scenarios are proposed: in the pessimistic one the DLIP processing cost is
while in the optimistic one the DLIP technology cost is reduced to 1.8 $m�

Initial module cost [$/Wp]

Initial efficiency η [%] Model I Model II Model III Model I

14 0.47 � 0.39 �4.7

18 0.37 0.7 0.29 �2.7
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DLIP reaching a maximum saving of 15%. In the worst case
scenario the cost reduction drops to 1–5%, but it still could imply
a meaningful enhancement towards lowering the cost of
perovskite photovoltaics.

Current DLIP technology can achieve a manufacturing
throughput of 0.5–1m2min�1[47] on TCO substrates, and
therefore it could imply an increase in the module processing
time from 0.7–2 to 1.2–3minm�2.[45,46] It is expected that the
ongoing development of DLIP technology should continue to
reduce the processing time and costs in the short term,
making this technology even more suitable for low cost
photovoltaics.
3.4. A Note on Electrical Resistance Losses

In non-structured (i.e., flat) solar cells, the TCO thickness is
chosen as an optimum thickness that balances parasitic light
absorption, series resistance, and manufacturing and material
costs. Since several TCO structuring methods are subtractive,
meaning the final effective TCO thickness is smaller than the
initial thickness, it is straightforward to realize that in structured
solar cells, the optimum initial TCO thickness shifts to a
different position depending on the desired final texture. If we
depart from a substrate with a TCO thickness optimized for a flat
solar cell, after structuring the resulting series resistance of the
cell will be higher, yielding a lower fill factor and a decreased
efficiency. In order to minimize fill factor losses due to series
resistance, one could choose a higher initial TCO thickness, or,
accept a limited resistance increase with negligible impact on fill
factor. Here, we ponder the impact of structuring on resistance
in terms of the effective TCO thickness after structuring. It is
straightforward to calculate the effective thickness teff required to
obtain a given TCO layer resistance RTCO in a sinusoidally
structured TCOwith pattern height h (i.e., sine amplitude of h/2)
and minimum thickness tmin (cf. Figure 3b), which yields
tef f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tminðhþ tminÞ

p
. For example, setting tmin¼ 100 nm and

h¼ 200 nm, making t ¼ hþ tmin ¼ 300 nm total TCO thickness
before subtractive structuring, we obtain teff ¼ 173 nm. This
means that, compared with a flat, 300 nm thick TCO, this choice
of structuring parameters implies an increase in layer resistance
by a factor 300/173¼ 1.73. Conversely, we can establish a desired
RTCO and find out the required initial TCO thickness by solving
the equation above, which yields

t ¼ h=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh=2Þ2 þ t2ef f

q
: ð4Þ
three cost analysis models (described in the text). Two possible
3.62 $m�2 and the efficiency boost by light trapping is 1.5% absolute,
2 and the efficiency gain climbs up to 3% absolute.

Pessimistic scenario Optimistic scenario

Relative cost variation [%] Relative cost variation [%]

Model II Model III Model I Model II Model III

– �3.7 �15.4 – �14.9

�5.0 �1.3 �12.0 �13.0 �11.3
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For example, if RTCO should correspond to a planar TCO
thickness teff¼ 150nm, a light trapping structurewith h¼ 200nm
must have an initial TCO thickness t¼ 280nm (implying
tmin¼ 80nm). Aiming at a specific value of RTCO effectively
imposes a restriction on the optical optimization procedure. The
light trapping structure should be optimized for maxi
mum photocurrent in terms of h and period pwith the restriction
that forachosenh, the total thickness tmustobeyEq. (4), assuming
that the laser processing does not modify the resistivity of
the material.
4. Conclusions

This contribution investigates the potential efficiency improve-
ment of CH3NH3PbI3 based solar cells through a combination
of perovskite thickness reduction and light trapping. It is
found that the fill factor impacts the most on the efficiency
boost obtained by thinning plus light trapping. The modeling
results show that there is a potential 20% relative (3%
absolute) efficiency increase in solar cells prepared with
CH3NH3PbI3 with state–of–the–art physical transport and
recombination parameters when reducing the perovskite
thickness from 500 to 200 nm. The requirements to access
this efficiency boost are a good level of light trapping and
interface recombination velocities not much higher than
1000 cm s�1, which seems feasible in view of recent experi-
mental evidence.[12] Detailed optical simulations at AM1.5G
spectrum illumination show that the required level of
light trapping must not be necessarily extreme: sine–shaped
patterned ITO substrates with structure periods and pattern
heights below 1 and 0.3 μm, respectively, with a 200 nm thick
perovskite layer, are sufficient to achieve nearly the same
light absorption as in a flat, 500 nm thick perovskite absorber.
The proposed textured ITO is readily achievable with
industrial–grade direct laser interference patterning,[30,47]

suggesting a practical route to enhance module efficiency on
optimized devices and reducing the final manufacturing
costs per watt peak. In order to obtain experimental data on
the possibilities of light trapping in perovskites, first experi-
ments on light absorption in perovskites deposited on DLIP
structured ITO substrates are currently undertaken in our
laboratory.
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Appendix

The analytical drift-diffusion model of Ref. [6] assumes
negligible photovoltaic contribution of the doped layers, only
Phys. Status Solidi A 2018, 1700906 1700906 (9
the intrinsic layer (i-layer) is considered the photoactive
material. The electric field is modeled taking into account the
built-in voltage Vbi given by the work function and/or doping of
the layers on each side of the i-layer. Part of Vbi drops at the
interfaces of the perovskite layer, leaving a reduced voltage
V0<Vbi for the intrinsic layer, which is approximated by the
expression

V0 ¼ Vbi � 4Vt � 2VtW
1
2

Vtdpvk
VbiLi

� �2

e
Vbi
2Vt

 !
; ð5Þ

where the symbol W represents the Lambert-W function, the
thermal voltage Vt¼ kT/q (being k Boltzmann’s constant, T
the absolute temperature, and q the elemental charge), Li
is the dielectric Debye-Hu ̈ckel length of the intrinsic semicon-
ductor given by Li ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ere0Vt=ð2qniÞ

p
,[48] with er the relative

dielectric constant, e0 the permittivity of vacuum,
and ni the intrinsic carrier concentration. The remaining
physical assumptions and parameters corresponding to
the specific case of perovskite solar cells are detailed in
Ref. [6]. The analytical current/voltage delivered by the
drift-diffusion model using the electric field ðV � V0Þ=dpvk is
given by[6]

JðVÞ ¼ JdarkðVÞ � JphðVÞ; ð6Þ

where Jph is the photocurrent density given by

JphðVÞ ¼ Jph;maxFCðVÞ; ð7Þ

where Jph,max is the maximum photocurrent and the voltage-
dependent global collection efficiency FC is given by

FCðVÞ ¼ 2
L
dpvk

� �2

� β1 þ β2
� � 1þ β1�β2�Sdpvk=D

β2þSdpvk=D

� �
e�β1=2

1þ β1�Sdpvk=D
β2þSdpvk=D

� �
e�

β1þβ2
2

� β1

8<
:

9=
;: ð8Þ

The effective diffusion constant D is obtained from the
effective mobility μ from Einstein’s relation D¼Vtμ, and the
effective diffusion length is given by L ¼ ffiffiffiffiffiffi

Dτ
p

. Here, β1 and β2
are dimensionless quantities given by

β1;2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dpvk
L

� �2

þ V � V0

2Vt

� �2
s

� V � V0

2Vt

� �
ð9Þ

where the � sign refers to β1 and β2, respectively. As seen
from the above equations, the photocurrent depends on
voltage through the voltage dependence of β1 and β2. At
sufficiently low bias, Eq. (8) yields FC¼ 1, resulting the
maximum photocurrent.

The dark current density is given by

JdarkðVÞ ¼ J0ðVÞ � ðe V
2Vt � 1Þ

; ð10Þ
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where J0 is a voltage-dependent reverse saturation current density
given by

J0ðVÞ ¼
2qniD
dpvk

� β1 þ
β1 þ β2

Sdpvk=Dþ β2
Sdpvk=D� β1

� �
e
β1 þ β2

2 � 1

0
BBB@

1
CCCA : ð11Þ

Notice that in terms of a one–diode model,[14] the voltage-
dependent terms contained in J0 increase the slope of Jdark,
which can be interpreted as an effective and voltage dependent
ideality constrained between the values 1 and 2.
Keywords
cost reduction, efficiency improvement, light trapping, perovskite solar
cells, pin solar cell
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