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1 | INTRODUCTION

| Hong Liu' | Wenzhong Shen'?

Abstract

Many theoretical analyses for perovskite/c-Si monolithic tandem solar cells (TSCs)
have shown optical optimization and high efficiency limits, but they use many ideal-
ized assumptions and draw some unpractical conclusions for experiments. In this
work, we have introduced a composite method combining the finite difference time
domain and light path analysis for the first time. By using this method, we have sys-
tematically calculated perovskite/c-Si monolithic TSCs with inverted architecture
based on realistic solar cell parameters. Theoretical results have demonstrated very
good match of the experimental external quantum efficiencies of both subcells. More
importantly, from optical and electrical point of view, we have analyzed current losses
of such TSCs and proposed detailed optimization for achieving high efficiency. Finally,
we have presented improved configuration of perovskite/c-Si monolithic TSCs with
addition of pyramids structure in front surface, which can effectively increase the
tandem cell efficiency to 29.05%. This work can be served as a practical guidance

for the realization of high-efficient perovskite/c-Si monolithic TSCs.
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monolithically integrated (2-terminal) tandems. Compared with 4-ter-

Crystalline silicon (c-Si) solar cells occupy an important position in
photovoltaic market (over 90%) because of its low cost, high effi-
ciency, and mature industrialization. The world record efficiency of
26.6% reported by Yoshikawa et al® is extremely close to the Shock-
ley-Queisser efficiency limit, so further improvement becomes very
difficult. In recent years, many groups have studied perovskite
because of its high absorption coefficient, sharp absorption edge,
and tunable bandgaps. The efficiencies have increased from 3.8%? in
2009 to 22.1%° in 2017, but further enhancement also faces difficul-
ties. c-Si and perovskite have bandgaps of 1.1 eV and 1.5 to 2.3 eV,
respectively, which are suitable for spectrum matching so as to break
the limit for even higher efficiencies. Some theoretical calculations
have assessed efficiency limits of perovskite/c-Si tandem solar cells
(TSCs) with >30%.%” Tandem solar cells can be fabricated mainly with

2 different configurations: mechanically stacked (4-terminal) or

minal configuration,®** 2-terminal configuration has less complexity
and better feasibility in application fields.

To date, many experimental works*?"1¢ have been contributed to
reduce current losses and enhance the best matched short-circuit cur-
rent density in the perovskite/c-Si monolithic TSCs. The first experi-
mental record was 13.7% by Mailoa et al'? in 2015, and soon
increased to 23.6% by Bush et al** in 2017 with reduction of parasitic
absorption and recombination in different layers and interfaces by
using more suitable materials and fabricating thinner carrier transport
layers. Nevertheless, even the best optimized record has not yet
exceeded that for pure silicon solar cells® and far below its theoretical
prediction.> Therefore, more realistic approach for the mechanism
study would be necessary to understand such difference and search
for any possibilities to change that. Previously, many theoretical
works*71718 have thoroughly elucidated light trapping in top cell

and optimized front surface textures such as pyramids and inverted
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nanopyramids by using the finite difference time domain (FDTD) or
transfer matrix method (TMM). Shi et al® reported perovskite/c-Si
monolithic TSCs with inverted nanopyramids and achieved current
matching by adding a well-designed intermediate contact layer as
reflector for short wavelengths. Santbergen et al* simulated mono-
lithic perovskite/c-Si tandem devices with different textured configu-
rations and achieved the best matched short-circuit current density
by tuning interlayer/burial layer refractive index. However, these
results directly ignored parasitic absorption of some layers,* used
experimentally unreasonable thickness of perovskite layer,® or
overlooked some electrical properties.” More detailed theoretical
calculation is probably necessary to include those factors, which could
have played important role and cannot be simply approximated.

In this study, we have introduced a composite method combining
FDTD and light path analysis together for the TSCs or devices for the
first time. The combination, in addition with effective long wavelength
modification, can hopefully resolve the problems induced by the vast
scale difference between grid cells and devices using either FDTD or

analytical calculation alone. Comparing with other methods such as
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TMM, FDTD is easier to solve problems and get visual results in time
domain.?”2° We have thoroughly calculated perovskite/c-Si mono-
lithic TSCs absolutely relying on reliable experimental thicknesses
and materials. Simulated results have shown quite good match with
the latest and best experimental report of external quantum efficien-
cies (EQE) of both subcells.'* We have carried out detailed optimiza-
tion for achieving high efficiency in perovskite/c-Si monolithic TSCs,
including the cell configuration, thickness and bandgap of perovskite
layers, and current loss in different layers. It is found that there are sig-
nificant current losses in surface reflection of TSCs and parasitic
absorption of indium tin oxide (ITO) layer, which could be the main
ways for the further improvement in experiments. Finally, we have
further suggested that addition of pyramids structure in front surface
can effectively increase the TSC efficiency of 23.6% to 29.05%, which
has given light to the experimental research of real applicable high-
performance perovskite/c-Si tandem cells. This work could hopefully
facilitate a more detailed understanding of the optoelectronic mecha-
nisms of perovskite/c-Si monolithic TSCs and more significant

improvement of their performance in application.
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FIGURE 1 A, Schematic drawing of perovskite/c-Si monolithic TSCs with flat front surface and pyramid-textured rear surface. The parameters a,
P, and H denote the pyramid base angle, period, and height, respectively. B, Angular distribution and the 3-dimensional vector distribution for
A =1100 nm, P = 5.0 um, and H = 3.0 um. C, lllustration of the absorption process of the silicon layer. D, Simulated absorptance of both subcells in
perovskite/c-Si monolithic TSCs (the dotted lines) and the measured EQE of both subcells (the curves) [Colour figure can be viewed at

wileyonlinelibrary.com]
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2 | METHODS AND VALIDATION

The simulated monolithic TSCs considered here are the current world
record perovskite/c-Si TSCs with an efficiency of 23.6%.* The solar
cell, of which a schematic drawing is shown in Figure 1A, consists of
a 150-nm-thick lithium fluoride (LiF) antireflective layer, a 150-nm-
thick transparent conductive oxide layer of top ITO with a carrier
concentration of 2.0 x 10%° em™3, a 10-nm-thick electron transport
layer of PC¢oBM, a 464-nm-thick perovskite layer (Csg17FAgg3Pb
(Bro.17l0.g3)3, with a bandgap of 1.63 eV), a 28-nm-thick hole trans-
port layer of NiO, a 20-nm-thick transparent conductive oxide layer

of ITO with a carrier concentration of 5.0 x 10%° cm™

, and a
280-um-thick single-side-textured (SST) c-Si/amorphous silicon
heterojunction solar cell. This silicon solar cell includes a polished
front surface, a micron-sized pyramid-textured rear surface (ca.
5.0 um), a 300-nm-thick silicon nanoparticle (NP) layer (with a refrac-
tive index of 1.4), and a 200-nm-thick silver back layer. Other
amorphous silicon thin film layers whose thicknesses were less than
10 nm were eliminated from our optical model. The thicknesses of
all layers were all acquired from Bush et al,14 and the refractive
indexes and extinction coefficients of all materials were obtained
from the recent literatures.?*2> As a highly insulating layer, LiF had
negligible influence on the total absorption because of the extremely
low extinction coefficients and high work function.?! Therefore, we
fixed the thickness (150 nm), refractive index (1.39), and extinction
coefficient (approximate 0) of LiF layer.

First, we used FDTD simulations package in the Lumerical FDTD
Solutions software (version 8.17.1072, 2017a) to perform the optical
calculations and then to compute the TSC electrical characteristics.
FDTD is a time domain method by using finite difference approxima-
tions to solve Maxwell's equations.}?292%27 Except of neglecting
diffraction and local electric field effects, it is more intuitive than other
techniques and easier to get visual results which are good for design-
ing and analyzing simulated structure.?®*° We set corresponding
parameters in FDTD as follows. The incident light plane wave was
set to have a spectrum close to AM 1.5G (with A between 300 and
1200 nm) and was oriented in the negative z-direction (see Figure 1
A). The thicknesses, refractive indexes, and extinction coefficients of
different layers were set by adding corresponding structures and
materials in FDTD. We obtained the normalized reflectance R (A) and
the transmittance T () into c-Si using frequency-domain transmission
monitors set on the top surface of the total solar cell and on the inter-
face between ITO and silicon. We used the “power absorbed” (P,ps)
analysis group in the FDTD package to get the absorptance of specific
layers including the PC4oBM, perovskite, NiO, top ITO, and ITO layers
by surrounding corresponding layers. Perfectly matched layer bound-
ary conditions were used in the z-direction, and periodic boundary
conditions were used in the x-y directions.

We then directly acquired the reflectance and the absorptance in
top layers from the frequency-domain transmission monitor and the
P.bs analysis group, respectively. The electron extraction was effective
and sufficient because of appropriate work function resulting in

forming an accumulation layer between ITO and PC4oBM,31-33

so we
assumed internal quantum efficiency of unity in the simulated mate-

rials. We can thus obtain the short-circuit current density (Js.) by

integrating the photon flux of the AM 1.5G solar spectrum with the

corresponding absorptance. The Js. was calculated using Equation (1):
I/ — T TAE .56 (0)Pass ' ()l ey

where Eam1.56(A) is the incident photon energy flux and q is the elec-
tron charge.

We can calculate the J;. of most layers including the PC,oBM,
perovskite, NiO, top ITO, and ITO layers, but the Js of the silicon layer
cannot be obtained in this way. This is because the difference in scale
between the top and bottom cells (1 vs. 280 um) makes the P, calcu-
lations in the silicon layer prohibitively memory intensive or even
makes it not accomplishable. Shi et al® obtained the J.. of silicon by
subtracting the J;. of the top layers from the full-spectrum current
density calculated with an internal quantum efficiency of 1, but the
simulated Js. of silicon with this method is larger than that measured
experimentally especially for A > 1000 nm because of the ignorance
of the rear surface reflection for long wavelengths. Gee et al**
obtained the absorptance of silicon by assuming that the rays inside
the silicon followed a random angular distribution. Nevertheless, a
random angular distribution cannot be used to correctly describe the
real light path here, as the incident light and reflected light paths are
still fairly vertical.

Here, we proposed a hybrid method of FDTD with light path
analysis to effectively simulate some special device structures, which
cannot be directly treated by FDTD. Indeed, we used a frequency-
domain transmission monitor (Re.) positioned at the interface
between ITO and silicon to get the light incident into silicon bottom
cell. After absorbing by silicon, some of photons arrived in the silicon
rear surface. Then, we used a frequency-domain transmission monitor
positioned at the top of the silicon back surface (red dotted line shown
in Figure 1A) to better understand the light path inside the silicon
layer. By converting from vector coordinates to angles measured from
the vector directions to the positive z-axis, we can get the angular
distribution of the light reflected by the back surface of silicon. The
3-dimensional vector distribution for A = 1100 nm along with the
angular distribution is presented in Figure 1B. The reflected light with
the angular distribution comes back toward the internal front surface
of the silicon layer with a transmittance (Tg) and a reflectance (Rint
(6,8")). By iteratively summing the absorptance over the different pos-
sible reflection angles, we can calculate a more accurate absorptance

value in the silicon layer. The absorptance of silicon is given as®*

Pabs™ = (1-Rext)x[(1-To)

+So0'[ToRw(8)(1-To) + ToToRur(8)Rn:(8,6') (1-To) + -] |,
(2)

where, as illustrated in Figure 1C, Ry is the normalized reflectance at
the initial interface, Ty is the transmittance of an incident light at angle
O propagating from the top to the bottom surface of silicon layer, Ry,
(8) is the normalized rear surface reflected angular distribution, and
Rint (6,8") is the normalized front surface reflected angular distribution
for an incident light at angle 6. The incident light for A < 1000 nm is
rapidly absorbed and does not reach the rear surface, so the calcula-

tion is only valid for long wavelengths.
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Next, we used the Shockley diode model to study overall perfor-

mance of realistic perovskite/c-Si solar cell. This model has been used

and verified in many papers35'38

and can give correct relationships of
electrical characteristics. The open-circuit voltage (V) calculated from

the Js. by the Shockley diode equation is given as
voc:’%Tln(JiH), @)

where k, is the Boltzman constant and T is the room temperature
(298 K). Jo is the diode saturation current density which can be

obtained from experimental results: for different top perovskite cells,

JoPerovskite) \was derived from the current density-voltage curve of

the perovskite solar cells acquired from recent literatures,*1#3740

while Jo™ = 8.51 x 1072 mA/cm? was derived from the world record
silicon heterojunction solar cell reported by Taguchi et al** with

Voe = 0.75 V and Ji = 39.5 mA/cm?. The fill factor (FF) was calculated

using the well-established expression.*?

_ka qvoc
Voc q In(ka +0.72

koT
voc+%

FF =

The efficiency n of the simulated solar cell was obtained by

FFxJscxV.
n= Wc/d:g (5)

Finally, we show in Figure 1D the plot of the simulated absorp-
tance of both subcells in the monolithic TSCs, together with the mea-
sured EQE of both subcells.’* We have already assumed that every
absorbed photon generates a hole-electron pair, so the simulated
absorptance is equal to the EQE. It is clear that the simulated absorp-
tance is very close to experimental EQE especially at wavelengths
ranging from 400 to 1200 nm. The main differences between the
absorption and EQE curves are at wavelengths ranging from 800 to
1000 nm. One possible reason is from the thin amorphous silicon thin
film layers (normally ~5 nm) being omitted in the simulation for simpli-
fication, which may increase the reflectance value. Secondly, it may be
induced by the difference between the chosen thickness of silicon in
the simulation and the real value in the experimental samples.** The
proposed theoretical value may be lower than the real experimental
thickness so that the simulated absorptance of silicon subcell is lower
than the experimental EQE. By integrating the absorptance and EQE
spectra over the AM 1.5G spectrum, we found that the simulated
perovskite top cell and silicon bottom cell generated 18.9 and
18.1 mA/cm?, respectively, which is very close to the measured results
of 18.9 and 18.5 mA/cm?. The differences between the absorptance
and EQE yield less than 2% in the difference of J, which is quite
small for the simulation. The calculated cell's electric parameters
(Jse 18.1 mA/cm?; Voe 1.66 V; Eff. 23.7%) have little difference with
realistic experimental parameters (Jo 18.5 mA/cm? V. 1.62 V; Eff.
23.6%),** and can already prove the validity of the calculation
method.*® The reflection and parasitic absorption in the top ITO layer
both play an important role in the current loss. Their optimization will

be discussed in Section 5.

3 | PEROVSKITE/C-SI MONOLITHIC TSCS
WITH VARYING PYRAMID SIZES IN REAR
SURFACE

As a general principle, the geometry of the reflective rear surface
determines the absorptance for long wavelengths in a silicon cell.
Optimizing the pyramid-textured rear surface is thus a premise for
achieving maximum efficiency in perovskite/c-Si TSCs. Baker-Finch

et al*

reported that the characteristic base angle a shown in
Figure 1A of the pyramid texture was close to 50° to 52°. In addition,
Shi et al® reported the relationship of reflectance at fixed period (P) or
height (H), that was, P had an influence on the position of reflectance
minimum, while H mainly influenced the magnitude of reflectance. We
optimized the size (P and H) of pyramid-textured rear surface within
that base angle a range after making a trade-off between the effects
of P and H. Figures 1B and 2A to C show the angular distributions
of the light reflected by the pyramid-textured rear surfaces in
the perovskite/c-Si TSCs with 3 different pyramid sizes (for
A = 1100 nm): P = 5.0 um and H = 3.0 um in Figure 1B, planar in
Figure 2A, P = 1.5 um and H = 0.9 um in Figure 2B, and P = 2.5 um
and H = 1.5 um in Figure 2C, respectively. In comparison with a planar
rear surface in Figure 2A, a pyramid-textured rear surface increases
the average reflected angle, which increases absorptance, as the light
path is longer. The average reflected angles of the 3 different sizes
of pyramid-textured rear surfaces are 29° in Figure 2B, 45° in
Figure 2C, and 43° in Figure 1B. Therefore, the best size to achieve
highest average reflected angle is P = 25 um and H = 1.5 pm.
Figure 2D shows the reflectance of the perovskite/c-Si TSCs with a
planar rear surface and the 3 different pyramid-textured rear surfaces.
For A = 1100 nm, the highest reflectance is 0.975, with the planar rear
surface, and the lowest reflectance is 0.92, with P = 5.0 um and
H = 3.0 um. It is obvious that a larger size leads to a lower reflectance.
As a conclusion, we need to find the right trade-off between the
reflectance and absorbed light path to get the maximum absorptance.

By using Equation (2), we calculated the absorptance of TSCs with
different rear surface textures in Figure 2E. The Ji. calculated using
Equation (1) from 1050 to 1200 nm are, respectively, 1.16 mA/cm?
for planar, 2.14 mA/cm? for P = 1.5 um and H = 0.9 um, 2.30 mA/
cm? for P = 25 um and H = 1.5 um, as well as 2.28 mA/cm? for
P =5 um and H = 3 um. Compared with the planar rear surface, the
Jsc of the pyramid-textured rear surface with P = 2.5 um and
H = 1.5 um can be increased by a factor of 2 from 1.16 to 2.30 mA/
cm?. The best geometric parameters were found to be P = 2.5 um
and H = 1.5 um, different from those used in experiment with ca.
P =50 um and H = 3.0 um. That is, we can still optimize the size of
pyramids of back surface in Bush et al** to get the best absorptance
at long wavelengths.

To prove the veracity of our simulation, we further compared with
the EQE results, reported by Werner et al,*® of perovskite/c-Si TSCs
on double-side-polished (DSP) and SST silicon bottom cells without
antireflective layer. The detailed structures are as followed: ITO
(150 nm)/Sprio-OMeTAD (150 nm)/perovskite (MAPbl;, 300 nm)/
PC4oBM (20 nm)/ITO (30 nm)/silicon (300 um)/ITO (100 nm)/Ag
(150 nm) with a micron-sized (ca. P ~5 um) pyramid-textured SST
and a DSP rear surface. We show in Figure 2F the plot of the
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P=15pmand H=0.9 pmand P = 2.5 um and H = 1.5 um. D, E, Reflectance and absorptance of the perovskite/c-Si monolithic TSCs with planar
and 3 different pyramid sizes (for wavelengths between 1050 and 1200 nm). F, Measured (red line) and the simulated (black line) absorptance ratio
of SST and DSP TSCs [Colour figure can be viewed at wileyonlinelibrary.com]

measured absorptance ratio (red line) of SST and DSP TSCs, together
with the simulated ratio (black line). For wavelengths between 1050
and 1120 nm, the simulated and measured ratios are extremely
consistent. For wavelengths between 1120 and 1150 nm, the simu-
lated ratio is higher than the measured ratio, which is because of the
extinction coefficient of silicon in the bandgap (1.124 eV) being not
accurate enough.

4 | PEROVSKITE/C-SI MONOLITHIC TSCS
WITH VARYING BANDGAPS AND
THICKNESSES OF PEROVSKITE LAYERS

In this section, to achieve the best matched short-circuit current den-
sity, we have simulated various perovskite/c-Si monolithic TSCs with 6
different bandgaps (Eg) of perovskite layers from 1.51 to 2.30 eV and
12 different perovskite layer thicknesses (d,,) from 200 to 750 nm. The
thicknesses of the other layers were kept as in the previous section, as
shown in Figure 1A. To calculate the absorption, we used the refrac-
tive indexes and extinction coefficients of perovskites with different
bandgaps given in Ndione et al,24 and calculated the absorption curve
using FDTD. The bandgaps were from perovskites of different compo-
sitions, and the samples were tested with reproducible experiments.2*
In short wavelength, the extinction coefficients remain almost
unchanged for different bandgaps, while the extinction coefficients
in long wavelength are negatively proportional with the bandgaps.
We then calculated the Jo PVt and the J, 5" using Equation (1).
The results presented in Figure 3A, B reveal that, in general, a larger

(Perovskite)

dp leads to a larger Js in the top cell and a smaller Jo " in

the bottom cell. Meanwhile, a larger Ej results in a smaller J, (Perovskite)

in the top cell and a larger J, " in the bottom cell. Therefore, there
exists a region in which the J, Perovskite)

to the J,.5" in the bottom cell.

in the top cell can be equal

To further elucidate the light splitting mechanism, we have pro-
vided the wavelength dependence of the overall absorptance on the
parameters d, and Eg, respectively. Figure 3C, D shows the absorp-
tance of perovskite and silicon layers for various Egs (from 1.51 to
2.30 eV) at fixed d,, (450 nm). An increase in Eg results in a decrease
in absorptance for a fixed wavelength. Therefore, the E; determines
the maximum absorptance of the perovskite layer at fixed d,. When
E; is larger than 1.8 eV (700 nm), it is impossible to equalize
Jo Perovskite) gnd J, S by tuning d,. Figure 3E, F illustrates the absorp-
tance of the perovskite and silicon layers for different d,s (from 200 to
500 nm) at fixed Eg (1.62 eV). Obviously, at wavelengths ranging from
300 to 500 nm, the absorptance of the perovskite layer is not depen-
dent on dp. This is because most of the light is absorbed by the top
ITO layer and the perovskite layer. So, it does not reach the bottom
of the perovskite layer. At wavelengths ranging from 500 to 700 nm,
an increase in d,, leads to an increase in absorptance for the perovskite
layer, which indicates that we can equalize JoPeV*t) and J, ) by
tuning d, at fixed Eg. The dotted curves in Figure 3A, B represent
the regions where JoPerovskite) and J. 57 are matched. Along these 2
curves, the common value of Jo Perovskite) and J, 57 is equal to ca.
18.3 mA/cm?, slightly larger than the experimental result of
18.1 mA/cm?2.4

5 | PEROVSKITE/C-SI MONOLITHIC TSCS
WITH OPTIMIZING CURRENT LOSSES

In Section 4, we have achieved the best matched short-circuit current
density by tuning perovskite layer thicknesses (dp) and bandgaps (Eg).
However, the cell surface reflection and parasitic absorption in the
ITO layer still play an important role in the current loss. Therefore,
we analyzed the current loss in different layers of the best-matched

perovskite/c-Si TSCs discussed in Section 4. As shown in Figure 4A,
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obviously, the cell surface reflection plays the most important roles in
current loss and the minimum is ca. 6.9 mA/cm?. The second loss
comes from the parasitic absorption in the top ITO layer (ca.
2.1 mA/cm?). Besides, the values of parasitic absorption in PC¢oBM,
NiO, and other layers are ca. 0.5, 0.2, and 0.1 mA/cm?, respectively.
These losses in surface reflection and top ITO layer will induce ca.
6% of efficiency drop compared to the whole, which can explain the
limit of current experimental result as long as they keep flat in front
surface. Therefore, optimizing the cell surface reflection and the para-
sitic absorption in the top ITO layer is the best way to enhance the
efficiencies of the monolithic TSCs.

In general, the most effective way to improve reflection is to tex-
ture the front surface of bottom silicon solar cells,*> because the thick-
ness of top perovskite solar cell is too thin compared to the common
size of pyramid texture. Therefore, we added a pyramidal front surface
into our structure as shown in Figure 4C (the thicknesses and mate-
rials of others layers were kept identical to those in Figure 1A). We

optimized the sizes of pyramid-textured front surface (period (Pyp))

and rear surface (period (Ppottom)). The base angle a is within the base
angle range discussed in Section 3. In Figure 4B, we show the short-
circuit current loss caused by reflection (Js®). The minimum is
reached when Py, and Ppotiom are equal to ~1 and ~2.5 um, respec-
tively, as marked by a dotted oval in Figure 4B. Compared with the
value 6.9 mA/cm? of a structure with flat front surface as shown in
Figure 4A, the minimum short-circuit current loss can be reduced to
2.9 mA/cm? in the optimized pyramid-textured front and rear surfaces
of the best-matched perovskite/c-Si TSCs.

Holman et al?? reported that the top ITO layer, which serves as an
antireflection coating, should have a uniform thickness for a given
structure. The thicknesses of top ITO layers are both 150 nm in arti-
cles reported by Werner et al'*® and Bush et al.** In addition, the
absorptance of ITO is mainly determined by extinction coefficients
which can be easily tuned by carrier density.?>*® Therefore, we just
optimized the current loss in the top ITO layer by tuning the carrier
densities of the top ITO layer but not changing the thicknesses. The
refractive indexes and extinction coefficients of different carrier
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densities of ITO materials were obtained from the recent literature.?2
Figure 4D shows the absorptance of different top ITO layers with
carrier densities ranging from 2.5 x 10*’ to 6.0 x 10%° cm™. We can
easily conclude that, for wavelengths between 300 and 500 nm, a
higher top ITO carrier density leads to a lower absorptance of the
top ITO layer, but for wavelengths between 500 and 1200 nm, it is the
opposite. We also can see that the absorptance at wavelengths
between 300 and 500 nm is much higher than that at wavelengths
between 500 and 1200 nm. Hence, there is a best top ITO carrier den-
sity for the lowest current loss in the top ITO layer. We calculated the
current loss in different top ITO layers with various carrier densities
from 2.5 x 10 to 2.0 x 10%° cm™2 as shown in Figure 4E. The lowest
current loss in the highest conductivity top ITO layer is ca. 0.9 mA/
cm? with a corresponding carrier density of 5.0 x 10*? cm™3. After this
optimization, we can further increase short-circuit current density by
1.2 mA/cm? (absolute).

6 | DISCUSSION

In previous sections, we have optimized the size of pyramid-textured
rear surface, the thickness (d,) and bandgap (Eg) of the perovskite
layer, the current losses in the top ITO layer, and the reflection,
respectively. We have also calculated the electrical characteristics of
the best current matched perovskite/c-Si monolithic TSCs as shown in
Table 1.

On the upper part of Table 1, the monolithic TSCs, as shown in
Figure 1A, have the following structure: flat front surface/LiF
(150 nm)/top ITO (150 nm, with a carrier concentration of
2 x 10%° cm™3)/PC¢oBM (10 nm)/perovskite (material, E; and d, as

seen in Table 1)/NiO (28 nm)/ITO (20 nm, with a carrier concentration

of 5.0 x 10%° cm™3)/c-Si (280 um)/silicon NP (300 nm)/Ag (200 nm)/
pyramid-textured rear surface (Ppottom ~2.5 um). The best efficiency
is 25.28% when the material of the perovskite layer is FAgg5Csg.15Pb
(Broloe)s (Eg = 1.76 eV). Its absorption and reflection characteristics
are shown in Figure 5A. The best-matched current Ji. is ca.
18.25 mA/cm?. Besides, the current losses in the top ITO layer,
PCs0BM, and reflection are ca. 2.13, 0.52, and 6.81 mA/cm?, respec-
tively. Compared with the experimental efficiency of 23.6%,** we
can increase the efficiency by 1.68% (absolute) through optimizing
the material of the perovskite layer. In addition, we can easily fabricate
the corresponding devices by using the method reported by Bush

et al*

and only simply changing the material and thickness of the
perovskite layer.

After addressing all the optimizations, on the lower part of Table 1
, the monolithic TSCs, as shown in Figure 4C, have the following struc-
ture: pyramid-textured front surface (P, ~1 pm)/LiF (150 nm)/top

ITO (150 nm, with a carrier concentration of 5 x 101 cm™3)/PC¢oBM

TABLE 1 Efficiencies and the corresponding parameters of the best
current matched perovskite/c-Si monolithic TSCs with flat and pyra-
mid-textured front surfaces

d, Jsc (mA/ Vi

Texture Material E; (eV) (nm) cm?) (V) n(%)
MAPbI; 1.56 272 18.26 1.75 24.28
FA0.85Cs0.15PbBrl, 1.62 418 18.26 1.66 23.96
FAQgsCSO‘ispb (Br0‘4|0'6)3 778 18.25 1.82 25.28

1.76

Pyramid FAgg5Cso 15Pbls 1.51 240 20.51 1.53 24.44
MAPbI; 1.56 290 2047 1.76 27.96
FAossCsosPbBrl, 162 470 2045 167 2654
FAO.85C$0‘15Pb (Br0‘4|0'6)3 820 20.44 1.83 29.05

1.76
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(10 nm)/perovskite (material, E; and d,, as seen in Table 1)/NiO
(28 nm)/ITO (20 nm, with a carrier concentration of 5.0 x 10%° cm
73)/c-Si (280 pum)/silicon NP (300 nm)/Ag (200 nm)/pyramid-textured
rear surface (Ppottom ~2.5 um). Accordingly, the best efficiency is
29.05%, and the best-matched current Js is ca. 20.44 mA/cm?. Its
absorption and reflection characteristics are shown in Figure 5B. We
can enhance the efficiency by 3.77% (absolute) compared with the
best flat front surface result of 25.28%. In this case, the current losses
in the top ITO layer, PC¢oBM, and reflection are ca. 1.73, 0.57, and
2.59 mA/cm?, respectively.

As for the preparation method,'* the deposition methods of ITO,
PCsoBM, and LiF, such as sputtering, pulsed chemical vapor deposi-
tion, and atomic layer deposition, can be easily transferred to the fab-
rication process of pyramid-textured perovskite/c-Si TSCs, as shown
in Figure 4C. However, it is difficult to fabricate a uniform perovskite
layer above a pyramid-textured front surface using traditional
methods, such as 1-step precursor solution deposition,*” 2-step
sequential deposition,*® and dual-source vapor deposition.*’ There-
fore, we have to find a new method to achieve it. Fortunately, there
may be some newly developed methods to achieve it, such as an
electric field-assisted reactive deposition approach reported by Zhou
et al®® and a solvent-free deposition method reported by Chen
et al.>! Therefore, we can be confident that efficiencies above 29%

can be achieved in perovskite/c-Si monolithic TSCs.

7 | CONCLUSIONS

In summary, we have introduced a composite method combining
FDTD and light path analysis together for the tandem cell or devices.
We have presented the optimized results of perovskite/c-Si mono-
lithic TSCs with flat and pyramid-textured front surfaces from optical
and electrical point of view by using this method. We have found an
optimized set of pyramid parameters Pyottom ~2.5 um in rear surface
that enhances the absorption in long wavelengths (A > 1000 nm).
The best-matched short-circuit current density in a planar inverted
structure is restricted by parasitic absorption in top ITO (ca. 2.1 mA/
cm?) and in cell surface reflection (ca. 6.8 mA/cm?). By using the opti-
mized carrier density of top ITO (5 x 10*? cm™) and sizes of pyramids
in front surface of bottom silicon solar cells (P, ~1 pum), the parasitic
absorption in top ITO and in reflection is reduced to 1.7 and 2.5 mA/

cm?. Finally, the best-calculated efficiency of 29% is achieved at

1.76 eV perovskite bandgap and FA( g5Csp 15Pb (Brgslo)s perovskite
material in monolithic configuration. These results will provide useful
guidelines for the realization of high-efficient perovskite/c-Si mono-
lithic TSCs.
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