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Abstract

Based on the continuity equations and Poisson’s equation, we developed a numerical model
for perovskite solar cells. Due to different working mechanisms, the model for perovskite solar
cells differs from that of silicon solar cells and Dye Sensitized Solar Cells. The output voltage
and current are calculated differently, and in a manner suited in particular to perovskite
organohalides. We report a test of our equations against experiment with good agreement.
Using this numerical model, it was found that performances of solar cells increase with charge
carrier’s lifetimes, mobilities and diffusion lengths. Open circuit voltage (V) of a solar cell
is dependent on light intensities, and charge carrier lifetimes. Diffusion length and light
intensity determine the saturated current (Js.). Additionally, three possible guidelines for
design and fabrication of perovskite solar cells are suggested by our calculations. Lastly, we

argue that concentrator perovskite solar cells are promising.

*To whom correspondence should be addressed
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Introduction

Perovskite was first induced to solar cells by Miyasaka et al. in 2009.! They rapidly devel-
oped, and Power Conversion Efficiencies (PCEs) reached 20%.% " Excellent electron and hole

E 10-12

diffusion ability®® and very wide absorption wavelength range with high IPC of per-

ovskite materials contribute to the solar cell’s high performance. Theoreticians? %

are trying
to find fundamental reasons for the performance, as experimentalist have done. %1920 Struc-
tural and electronic properties of different phases of CH;NH,Pbl; have been discussed. '418:21:22
They attribute the high performance to the low band gap and large static dielectric con-
stant. Frost et al. have suggested that transport along domain boundaries makes polarisation
improve performance.?*?* We studied the energy landscape of CH;NH,Pbl, and found that
polarisation makes a positive contribution through screening.?? Although these theories have
shown that perovskite materials have good electronic properties, it is still not fully under-
stood how these properties affect light harvest and charge movement in its solar cells. To
make this clear, numerical simulations are needed. Using the numerical model reported be-
low, we can analyze how basic electronic parameters directly and quantitatively play roles
in solar cells.

Theoretical simulations for silicon solar cells have developed for more than 40 years.
In the late 1970’s, computer-aided numerical analysis of silicon solar cells was developed
by solving Poisson’s equation and the hole and electron continuity equations.?® The effect
of interface states on high-performance amorphous silicon solar cells?® and the effect of
electrical mismatches in photovoltaic cell interconnection circuits have been discussed in
detail.?” The PC1D program was distributed by UNSW, 2829 it is widely used for silicon solar
cell analysis and optimization, such as modeling of free-carrier absorption,?® enhancement of
optical absorption,3? wafer thickness optimization®' and optimization of device structure.??
Numerical models for Dye Sensitized Solar Cell (DSCs) and Bulk Heterojunction (BHJ)
organic solar cells are also developed.3># With these numerical methods, details of charge

movement in solar cells and how a factor affects solar cells performance are revealed.
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But these models for silicon solar cells and DSCs are unable to describe the mechanism
in perovskite solar cells (PSCs). The model developed for silicon solar cells is based on
doping that forms a p-n junction. Dopant density and its distribution determine solar cell’s
performance, especially the output voltage.*! The model for DSCs involves solvent, which
conducts ions and current. Additionally, its output voltage depends on the redox level in
electrolytes.® For PSCs, the output voltage is dependent on the electron and hole quasi Fermi
energy levels at corresponding electrodes, with no relation to dopants nor redox level. Hence,
the model should be adapted to PSCs. In PSCs, charge carriers are photon-generated holes
and electrons, no ion migration contributes to current. The applied voltage is determined
by the difference of quasi-Fermi energy levels at perovskite’s two sides.

Numerical simulation of PSCs grows recently. Liu et. al using a general solar cell
simulation program — AMPS-1D, show PSC’s PCE dependence on thickness, defect density
and charge mobility of its perovskite layer.4? As we have discussed, a general model is unable
to describe the charge transport behavior and mechanism in PSCs exactly. Assuming the
electric field in the whole solar cell is constant and using general equations, Sun et. al get an
analytical solution.*® But their assumption contradicts the fact that the electric field in a real
solar cell can never be constant. Additionally, though they get analytic solutions, parameters
they used are obtained from the fitting of experiment I-V curves, which is more about fitting
rather than prediction. Foster et. al developed a numerical model with specific parameters
and physics for PSCs.#* It is perhaps the best model up to now, but it costs. Not only are
many parameters unable to be obtained from experiment directly, but also they meet the
difficulty of solving their equations with physically realistic parameter values. Reenen et.
al proposed a model to explain the hysteresis in PSCs based on time evolution.*® Although
they could explain the hysteresis, their results are in poor agreement with quantitative
measurements in Tress’ experiments.*® Here, we are going to introduce a new model for
PSCs. Most of our equations are the same with Foster’s models, but non-uniform generation

and more recombination mechanism are implemented in our model. Most importantly, there
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is not any problem with solving our equations with physically realistic parameter values.
In this paper, we started from basic semiconductor physics, build up a numerical solar
cell model for PSCs. We first describe our equations and methods. Details are given in the
Methods section and ESI. Using this model, we studied PSC performance’s dependencies
of various factors, such as light intensity, charge carrier’s lifetime and mobility, to their
performance including V,., Js. and PCEs. These dependencies give us guidelines on how to

design and optimize PSCs.

Methods

Semiconductor physics in PSCs

In PSCs, charge carriers include electrons and holes. Both of their diffusion and their drift
contribute to output current. For hole transport, if hole density is p, the current induced by
holes is:

dp
Jp = Jdiffusion + Jdm’ft = _er£ + €p,upF (1)

where e is the elementary charge, F' is electric field and D, is hole diffusion coefficient. g,

is hole mobility. In this work, we estimate mobilities from diffusion coefficients by using

Einstein relation (u = ;—l;) For electron transport, we have

g, = eDn% + enpi, F (2)

where, n is electron density. D, is the diffusion coefficient of electron. In our paper, 0.017

cm?s™! and 0.011 cm?s™! for D, and D, are used, which come from Stranks’ experiment.®

There are even larger values observed in experiment, such as 0.036 cm?s~! and 0.022 cm?s~!.8
For mobility dependence calculation, D,, and D, are set at certain times higher than 0.017

cm?s~ ! and 0.011 cm?s™!.

Page 4 of 28



Page 5 of 28

Physical Chemistry Chemical Physics

Conservation of charge carriers leads to continuity equation:

68_71 0y
ot Ox

+eG —eR (3)

For a steady state, charge density is constant: dn/0t=0. Therefore, we have:

oJ,

= — 4
e eG +eR (4)
a.J,
% = BG —eR (5)

where G and R are the generation rate and recombination rate, respectively. Electric field

is solved by Poisson’s equation,

oF p—n
—_— e
ox €0

(6)

Generally, we have five equations: Equation (1), (2), (4), (5) and (6). These five equations
are used to solve five parameters: n, p, J,, J, and F. As all of these equations are first
order differential, five boundary conditions are needed. At the photon-anode, x = 0, TiO,
layer side, only electron can get out, therefore Jy|,—o = 0. For the same reason, we have

Jn)z=qa = 0 for photon-cathode. Then, the current boundary conditions are,

Jnlx:d =0
(7)
Jp|x=0 =0
Other boundary conditions are electric field strengths at two boundaries and the applied

voltage between two boundaries.

FaczO - FO (8)
Fo—qg =TIy

A built-in electric field reduces overall electric field within dielectric itself, when a dielectric
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matter is placed in an external field. A screening field is built up by capacitive charges,
such as charged defects and charge in traps. It is hard to determine the specific boundary
field due to the presence of TiO, and Spiro-OMeTAD layers and interface states. There
are two extreme cases. One extreme case is that the built-in and screening field is stronger
enough, Fy=F;=0. Another extreme case is that there is no built-in and screening field at
all, Fy=F;=V/d, if the field in perovskite is uniformly distributed. For a real solar cell,
boundary fields should be between zero and V/d. In this paper, without specific notation,
the field boundary conditions are Fy=F;=V/d. For more complex situations, we will discuss

it elsewhere.

TiO, LUMO,
Spiro-OMeATD
LUMO;
HOMO,
HOMO;
x=0 x=d

Figure 1: Energy levels of TiOy/MAPDI;3/Spiro-MeOTAD solar cells. The output voltage
of a solar cell is the potential difference between the electron Quasi-Fermi level at £ = 0
and the hole Quasi-Fermi level at x =d. V = Efn|x:0 — Efp|x:d. The electron Quasi-Fermi
level in TiO; layer is the same with it in perovskite layer. The hole Quasi-Fermi level in the
Spiro-OMeATD layer is the same with it in perovskite layer.

The output voltage of a PSC is the potential difference between the electron Quasi-Fermi
level at * = 0 and the hole Quasi-Fermi level at x = d. V = Efn|x:0 — Efp|x:d (Figure
Ec—Egy Ey—E

1), where these Fermi levels satisfy: n|,—g = N.e™—#  and p|,—q = Ny,e” #7 , where N,

and N, are the DOS of conduction band and valence band, respectively. Hence, the applied
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voltage can be expressed as:

V = Bp— By, = B+ KTIn("M2=2) — (B, — kTin(2z=2))
N, N, -

|I 0 p|a: d
_Ebgap+len( N, )+ kTin(—— N )

For a intrinsic semiconductor, its Fermi level locates at the center of conduction and valence
bands. It requires N. = N, to keep semiconductor neutral. In our simulation, N, = N, =
3.97 x 10'® cm ™3, which is estimated from DFT calculation.?? Therefore, the applied voltage

is implemented as charge density at two boundaries:

Ebgap—V

N|z=0P|z=d = NeNye ™ —+T (10)

With these five equations and five boundary conditions, the solution is determined.

Generation rate and recombination rate

The first process in solar cell is photon absorption—exciton formation—exciton separation.
We name this process as photon-induced charge carrier generation, which can be expressed
as G = IPCFE x Iy, where IPCE is the Incident Photon-to-Current Efficiency and I is the
light incident density. Incident density decreases as photons going through medium. The

generation rate is a function of depth (z) from the surface:
/\0 >\0
G(z) = / G\ z)d\ = / IPCE()N) x I(\) x a(X) x e~ *Mzg) (11)
0 0

where ) is the wave length and )\ is the absorption edge. « is the absorption coefficient, which
is 5.7 x 10* cm ™" for A= 500 nm.® Here, we assume « is 5.7 x 10* cm ™! for photons with wave-
length shorter than \y. For good PSCs, I PC Es for photons with wavelength shorter than \g

are higher than 80%. 4194748 Tt is worth noticing that the I PCE difference between experi-

Current
Incident light density(\)’

ment and Equation (11). In the calculation of experiment I PCE()\) =
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which counts unabsorbed photons in. The relation between experiment and our IPC'E is

IPCE(N)eap = TPCE(A)iheory X [*

0 a(N)e *Nrdy < IPCE(XN)iheory- Without an infinite

thickness perovskite layer, IPCFE in theory should be higher than experimental IPCFE.
Hence, it is reasonable to set theoretical IPCE(A) = 100% based on experiment value of
80%. This assumption means all of the absorbed photons transferred into charges.

Experiment band gap of MAPbI3 differs with different experiments, it is in the region
from 1.45 eV to 1.70 eV.%114952 To have a direct comparison with Zhou’s experiment [-V
curve, a band gap of 1.55 eV from Zhou’s experiment is used.® I(\) is calculated from AM
1.5 spectrum provided by NREL.

When charges move, electrons and holes attract each other and try to combine. Recom-
bination of free charge carriers in materials with low defects concentration and low mobility
is often described with direct recombination. According to Langevin theory, the charge

recombination rate is proportional to densities of electron and hole: 445354

R=rx(nxp—ni) (12)

—Egap
2kT

7 is the recombination coefficient and n; = N, x exp( ), is the intrinsic carrier concen-

tration. As big band gaps are present in perovskite materials, the intrinsic charge carrier is
very small compared to photon generated charge carriers. Recombination also could hap-

pen through traps and defects, which can be described by the Shockley-Read-Hall (SRH)
theory: 415556
np —n?

R—
Tp(n+n1) + 7 (p + p1)

(13)

7, and 7, are lifetimes for hole and electron, respectively. While, n; and p; are dependent
on the energy levels of the recombination centers: ny = N.exp[—(Fc — Ey)/(kT)] and
p1 = Nyexp[(Ey — E4)/(kT)]. They are equilibrium electron and hole concentrations in a

sample whose Fermi level coincides with the position of recombination centers. Due to its
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large band gap (np >> n? ) and benign defects (n; << n, p; << p), Equation (13) goes to:

nxp

R= (14)

TN + Tpp

35,38

which is also used in DSCs modelling. In our model, we assume that lifetimes of hole

and electron are the same due to limited experiment values.

Methods to solve partial differential equations

The numerical solution is carried out by our own Fortran code. The shooting method with
classical Runge-Kutta method was tried at first. A large amount of attempts are needed
due to the charge density ranging from 10'° cm™ to 10'® em™3. It is very time-consuming
to shoot a solution in such a wide range. The specific method we used here is the method
recommended for ‘Two Point Boundary Value Problems’ in Numerical Recipes in Fortran.>”
As charge carrier’s density varies in several magnitudes, the array scalv in our method is set

as a variable rather than a constant as shown in Numerical Recipes. For more details, please

refer to information provided in ESI and Chapter 17 in Numerical Recipes in Fortran.

Results

Comparison of two typical recombination mechanisms

There are two possible recombination mechanisms, one is direct recombination, which fol-
lows Equation (12); another is indirect recombination through defects, which follows the
SRH model. Direct recombination happens in intrinsic bulk materials without defects, while
indirect recombination happens at bulk defects or surfaces and interfaces. In Xing’s experi-
ment, lifetime is measured to be about 5 ns without charge transport layer, it decreases to
0.37 ns and 0.64 ns by adding a PCBM or a Spiro-OMeTAD layer, respectively.® In Stranks’

experiment, the thin film thickness is 180 nm, which is about three times thicker than Xing’s
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(65 nm), carrier’s lifetime increases to 9.6 ns. The presence of interface in their experiment
also decreases its lifetime to 3.17 ns or 4.2 ns.” Improved methods usually give longer life-
time. For a modified two-step deposited 280 nm thickness CH;NH,Pbl, film without or with
infiltrated mesoporous TiOs, the measured lifetimes are about 200 ns (without) and 6 ns
(with).?® All of these experiments suggest that the presence of interface deceases lifetime
significantly, especially in a very thin film. These experiments imply interface recombina-
tion. Therefore, it is promising to refine interfaces states to increase PCEs. Zhou’s work
proves our guess.® They engaged with interface engineering and made solar cells with PCEs
up to 19.3%, which is the highest record in all publications. In their experiment, a thin
film deposed on glass substrate shows lifetime about 382 ns and 736 ns. With this fact, the
lifetime of intrinsic direct recombination should be about 736 ns. While the lifetime of in-
terface recombination should be in the range of 0.1-10 ns, which is dependent on fabrication

conditions, as shown in Ref.%%8

Table 1: Parameters used to simulate solar cells.

Page 10 of 28

Symbol Meaning Value Symbol Meaning Value

d Perovskite thickness 350 nm® T Temperature 300 K
N.,N, Density of States 3.97 x 108em=3.22 [, Light intensity 1.5 AM
a Absorption coefficient 5.7 x 10*em 1.8 IPCE 1IPCE 100%
D, Electron diffusion coefficient 0.017 em?2s~1.? Fy, F;  Boundary Field ¥

D, Hole diffusion coefficient 0.011 em?s~L.° Ehgap Band gap 1.55 eV
r Recombination coefficient  1.03 x 10 %cm3s™1x 7 Lifetime 736 ns®
Tintf Lifetime for interface 6 ns

*For direct recombination. The recombination coefficient (r) is estimated by fitting the experimental

Photoluminescence decay, more details are available in ESI.

Here, we simulate the highest performance solar cell in ref 6 with these two recombination
mechanisms. The first model is implemented with SRH mechanism. Its lifetime is set as 736

ns.% The second model, the recombination in solar cells is direct recombination, R = rnp.

10
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Parameters we used are shown in Table (1). Most of parameters come from the experiment

did by Zhou et al..® Diffusion coefficients are taken from Stranks’ experiment.®

25
<
§ 20}
=
= — Direct
2 —sRH
5 SRH:intfc-6ns-2nm
S 1ot — Zhou's Experiment
2
3 st
0

400 600 800 1000 1200
Voltage (mV)

Figure 2: Comparison of experiment with direct recombination model and SRH models.
Red line is the experiment performance;® Direct recombination model result is noted as
green line; Result of SRH model without interface recombination is shown in blue; Result of
SRH model with interface recombination is shown in yellow. The thickness of interface is 1
nm. Parameters are listed in Table 1.

As shown in Table (2) and Figure (2), Ji. are 22.93 mAcm 2 and 23.28 mAcm 2 for
SRH and direct recombination model, respectively. They are close to the experiment value
of 22.75 mAcm 2. The direct recombination model gives a larger filled factor (FF) as high
as 79.89%. FF of SRH model is 76.15%, which is closer to FF (75.07%) in experiment. The
most difference between experiment and simulation is V,.. V. for direct model is 1054 mV,
varies away from experimental value of 1130 mV. V,. of SRH model is 1153 mV, closer to
experiment. Implement of an interface region with 1 nm thickness and 6 ns lifetime gives
better agreement on V,.. Hence, we know that the performance reproduced by SRH model
is more accurate than the direct recombination model compared to experiment. The FF of
direct recombination model is a larger than that of the model with charge combined through
defects. This indicates defects in thin film may lead to low FF. Charges densities, currents
densities and electric field in these simulated PSCs are shown in Figure S3 in ESI.

From these simulations, we draw two conclusions. The first conclusion is that SRH model

is better than direct recombination model to describe the recombination in PSCs. This

11
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Table 2: Comparison of experiment performance and various simulation models

Source Voe (mV)  Je. (mA) PCEs (%) FF

Direct recombination 1054 23.28 19.61 0.7989
SRH model without interface 1153 22.93 20.12 0.7615
SRH model with interface 1130 22.90 20.03 0.7743
Experiment % 1130 22.75 19.30 0.7507

conclusion indicates that most recombination in perovskite happens through defects rather
direct intrinsic recombination. Together with the fact that defects in bulk of CH;NH;PbI,
perovskite are benign,?! this conclusion suggests that the recombination of charge carriers
might mainly happen at domain surfaces and interfaces. This suggestion is verified by
experiments that the lifetime of perovskite without an interface is much higher than that of
perovskite film with an interface. %5 The second conclusion is that in a real PSC, interface
region with shorter charge carrier’s lifetime is confirmed. This interface recombination leads
to low V,.. For this sake, a PSC with high J,. and FF and low V,. can be further improved

by interface engineering. It is the key reason for Zhou et. al. achieving high V.6

Charge carrier’s lifetime dependence

Higher charge collection efficiencies and PCEs are expected with longer charge carrier life-
times. This expectation is confirmed by our simulation results in Figure (3). PCEs increase
with carrier lifetime. Without an interface recombination, V,. shows a certain relation with
lifetime:

Voe(mV') = A xIn(t —19) + Vo (15)

for results calculated with boundary conditions of Fy = Fy; = 0, Vg is 900.1 mV, 75 = 0.209
ns and A = 52.354 mV, which agrees well with approximated analytical models (2kT = 52
meV) for DSCs.5% If we use diffusion coefficients with 0.034 cm?s™! and 0.022 cm?s™!,

parameters change very little: V5 = 902.902 mV, A = 51.810 mV. While for simulation

12
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results with boundary conditions of Fy = Fy; = V/d, Vj = 622.286 mV, 79 = 3.635 ns and A
= 80.633 mV, so V| varies by 2kT. Therefore, approximated analytical models are correct

only when boundary fields are zero.
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Figure 3: Solar cells’ performances with different charge carrier’s lifetimes from 1 ns to 700
ns. Other parameters are shown in Table 1.

The presence of interface breaks this relation. No matter how many fitting parameters
are, fitting curves vary away from simulation points, as shown in Figure S7 in ESI. All of
the Vy, Js, FF and PCEs increase with charge carrier lifetime no matter whether there is
or not an interface. The V,. difference between models with and without interface is 70 mV
when carrier’s lifetime is 700 ns, while J,. difference is only 1 mAcm 2 . We also see that
a thin interface decreases V. more than J,. for a solar cell with long diffusion length. I-V

curves of these simulations are available in ESI, Figure S8-9.

Mobility dependence

It is well known that a solar cell with high charge carrier mobilities should have high charge

collection efficiency and large current. Here, we made a set of simulations with series mo-

13
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bilities. If the charge carrier’s lifetime is set at 736 ns, performance is almost constant
when mobilities change. This is because the diffusion length is longer than cell’s thickness.
Therefore, we set the lifetime as 20 ns for mobility dependence calculation. Mobilities were
multiplied on mobilities of 0.65 and 0.42 cm?/Vs, which are calculated from diffusion coeffi-
cients of 0.017 cm?s™!(electron) and 0.011 cm?s™! (hole). As shown in Figure S10, there is
not much difference between performances of models with and without interfaces. This is be-
cause we set a short charge carrier’s lifetime and a very thin interface region. V,. differences
among these simulations are within 4 mV, relative differences are within 0.5%. Therefore,
mobilities are not reckoned as a factor affecting V,.. While, it does change J,. and PCEs

very much. J,. is improved from 12.6 mAcm~2 to 23.3 mAcm 2

and PCEs are improved
from 3.8% to 14.5%, if mobilities increase from 0.65 and 0.42 cm?/Vs to 13.08 (electron)
and 8.46 (hole) cm?/Vs. Both J,. and PCEs increase a lot with mobilities increasing if the
diffusion length (L = /D x 7) is shorter than the length 3 times of solar cell’s thickness.

When the diffusion length is 3 times longer than the solar cell’s thickness, further increasing

of mobility gives little improvement.

Diffusion length dependence

Diffusion length is one important parameter of solar cells. It represents overall charge trans-
port character of a semiconductor. It is determined by charge carrier’s lifetime and diffusion
coefficient: L, = /D, x 7.. Figure (4) shows performances of solar cells with various D,
and Dj,, while diffusion length is fixed. In these simulations, 7 decreases in order to keep
diffusion length constant. The diffusion lengths are 1.12 ym and 900 nm for electron and
hole, respectively. V,. and PCEs decrease as D, increases due to 7 decreasing. .J,. has not
much change, especially for the results of a solar cell without interfaces. Almost constant J,.
suggests that J,. is only determined by carrier’s diffusion length. With diffusion length in-
creasing (diffusion coefficient or lifetime increasing), J. increases very fast at the beginning,

as shown in Figure S10 in ESI. It almost reaches saturated value of 23.3 mAcm~2 when the

14
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Figure 4: Solar cells’ performances with various mobilities and lifetimes. The diffusion
lengths are kept as 1.12 pm and 900 nm for electron and hole, respectively. Both of the elec-
tron and hole mobilities increase, at the same lifetime decreases. The interface recombination
width is 1 nm and its lifetime is 1 ns. Other parameters are list in Table 1

diffusion length is about 1.7 pm, which is about 5 times thicker than the perovskite layer

thickness.

Light intensity dependence

The toxicity of lead compound limits the wide usage of PSCs. To avoid pollution, additional
packaging is needed to seal whole solar cells. For large-scale solar cells fabrication, large
packing area increases its cost significantly. The inner active part of a concentrator solar
cell is much smaller than that of normal one, this will save lots of packaging materials.
Not only does it decrease the usage of perovskite, but also of the packaging materials.
Hence, concentrator solar cells are very promising to reduce cost. Another motivation of
concentrator solar cells is that it usually has higher PCEs than that of non-concentrated
solar cells. For example, according to the data provided by NREL,” the record of single

junction crystal GaAs solar cells is 26.4%, while, the record for its concentrator solar cell
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is 29.1%, about 10 percentage is improved. Here, we discuss the possibility of making
concentrator PSCs. Various of light intensities are implemented in simulations. J,. is almost
proportional to the light intensity. Normalized J,. per Sun light intensity keep constant or
change very little. As shown in Figure (5), when light intensities increase from 1 to 1000 Suns
light intensity, the normalized J,. increase slightly from 23.07 mAcm 2 to 23.19 mAcm~? for
models without interface, from 22.06 mAcm=2 to 22.49 mAcm =2 for models with interface.
It is the same with other types of solar cells, high light intensity increases V,..%%% Without
interface, V,. increases from 1153 mV to 1542 mV for irradiation intensity increasing from 1
to 600 Suns. The constant normalized J,. and increasing V. with light intensity are in good
agreement with the experiment.®* For 700 Suns irradiation, V,. is larger than its band gap
1.55 eV. This is due to the photon generated charge carrier concentration being higher than
the DOS of perovskite, which never happens in a real case. Saturable absorption happens
when light intensity becomes extreme. In this case, absorption does not increase with light
increasing. FF increases from 81.3% to 86.7% (with interface) or from 76.2% to 85.6%
(without interface). The most impressive is the improvement of PCEs, which increases from
20.3% to 30.6% for models without interface when light intensity increases from 1 to 600
Suns. For models with interface, it raises from 19.4% to 29.3%, when light intensity increases
from 1 to 1000 Suns. Under high incident light intensity, high-density charge carriers are
generated and transported to two ends of perovskite layer, and then, higher V,. and PCEs
are expected.

In experiment, one junction GaAs cells showed a logarithmic relation for the efficiency
and concentration, if the concentration is lower than 500 times.®® This trend is in good
agreement with our simulation result, as shown in Figure (6). When the incident light
becomes extremely intensive, PCE no longer increases and even decreases. %% We reckon
two reasons contribute the difference at extreme light intensity. The first one is that the
saturable absorption, which refers to light absorption does not increase with light intensity.

The second reason is heat accumulation at high light intensity. Heat accumulation increases
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8 zf
24
0 _|
N ) ) o —_
—e— Without interface o °\o
o With interface O| — +
KRy >
ol ©922f
= =
w g | L
I —e— GaAs-4J45
8 =
20 o o
1 10 50 100 500 1000 10 _ 102 108
Light intensity (suns) Light Intensity (suns)

Figure 6: Light intensity dependence tendency compares to experiment of GaAs solar cells.
Left are simulation results, right are results from experiment.® For simulation, the interface
recombination width is 1 nm and its lifetime is 1 ns. PCEs of PSCs simulated under 300 K
is shown in red or green. Blue points are results simulated with temperature of 350 K, 400
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solar cell’s temperature and then lowers it performance. For a solar cell with interface, works
at 300 K under 800 Suns, its PCE is 28.5%. It decreases to 27.6% when it works at 350 K,
shown as blue cycle in Figure (6). For a solar cell works under 1000 Suns, its PCE decreases
from 28.8% to 27.2% when the working temperature increases from 300 K to 400 K. For a
solar cell works under 1500 Suns, its PCE decreases from 29.3% to 26.6% when the working
temperature increases from 300 K to 500 K. There is another problem for heat accumulation:
phase transition. The 3 phase MAPbI;3 will go to its a phase, when the temperature is above

330 K. Therefore, for the MAPbI; concentrator solar cells, cooling system is very crucial.

Temperature dependencies
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Figure 7: Performances of PSCs under temperature from 200 to 400 K. The interface re-
combination width is 1 nm and its lifetime is 1 ns. Other parameters are shown in Table
1.

We study temperature dependent performance in order to let solar cells work at optimum
condition and output at maximum. It is found that temperature affects J,. very little. It

decreases from 23.08 mAcm 2 to 23.05 mAem 2, when temperature increases from 200 K to

18

Page 18 of 28



Page 19 of 28

Physical Chemistry Chemical Physics

400 K. For solar cells with interface, J,. drops from 22.11 mAcm™2 to 22.03 mAcm~=2. As
we expected, V,. decreases from 1272 meV to 1037 meV as temperature rising from 200 K
to 400 K. From this simulation, we draw a conclusion that, without phase transition, PSCs
working at lower temperature give higher PCEs.

A phase transition happens at 330.15 K, where MAPbI; goes from the [ phase to the
a phase. According to Landau-Ginzburg theory of fluctuations, the correlation length near
the transition temperature (7.) is proportional to 1/1/|]T — T.|. Long correlation length
gives high mobility and long diffusion length. If we assume that, diffusion coefficients can
be calculated by D = |T?—OTC|. Considering diffusion coefficients for electron and hole under
300 K are 0.017 and 0.011 cm?s~!, DO for electron and hole should be 0.51 and 0.33 cm?s7!,
respectively. In this case, the highest performance is found at low temperature or near 7T..
V,e continuously decreases as temperature rises. FF and Js. show a ‘transition point’ at T..
Js. increases with temperature increasing when its temperature is below 7,.. It decreases
when temperature is higher than 7,.. The highest PCE in these simulations is 22.02%, which
is at the lowest temperature. Below T,., PCEs decrease at first and then increase when
temperature is near T,.. It decreases again when temperature continues to rise. Actually,
different devices show different performance dependence. For a PSC with very short diffusion

length, the maximum PCE locates at 330 K, as shown Figure S11 in ESI.

Thickness dependence

To design a high performance solar cell, a cell’s thickness is one key parameter. Perovskite
layers need to be thick in order to absorb more possible photons. On the other hand, a
perovskite layer too thick makes it hard for the photon generated charge carriers to be
transported out, which reduces its performance. An optimum thickness should be in a
balance of its absorption length and diffusion length. For models with boundary conditions
of Fy = Fy = 0 and without interface recombination, solar cells with lifetime of 100 ns the

optimum thickness is about 375 nm, shown in Figure (8). If the lifetime increased to 300 ns,
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Figure 8 The thickness dependent PCEs. The optimum thickness is dependent on the
diffusion length. Simulated with boundary fields Fy = F; = 0. The results with boundary
fields Fy = Fy = V/D are shown in ESI. Lifetime changed in order to change the diffusion

length. Other parameters are listed in Table 1.

the optimum thickness is around 500 nm. For lifetimes of 700 ns, 1000 ns and 1500 ns, the
optimum thicknesses are 600 nm, 650 nm and 700 nm, respectively. When we model it with
interfaces, shown in Figure S12, the optimum thickness are 375 nm, 500 nm, 550 nm, 550
nm and 600 nm for lifetimes of 100 ns, 300 ns, 700 ns, 1000 ns and 1500 ns. Based on these
trends, we draw a conclusion that the upper limit of the optimum perovskite layer thickness
is 600 nm with interface recombination. For models with Fy = F; = V/d, results are shown
in Figure S13 and Figure 514 in ESIL

As shown in Figure (8), the thickness dependence of the model with lifetime of 100 ns
and diffusion coefficients of 0.017 and 0.011 cm?s™!, is the same with that of the model with
lifetime of 50 ns and diffusion coefficients of 0.034 and 0.022 ecm?s~*. This fact suggests that
optimum thickness is solely dependent on the diffusion length. As the absorption coefficient
of perovskite thin film is 5.7 x 10*/cm, the absorption length is 175 nm. Shown in Figure
(8), when the diffusion length is shorter than the absorption length, the optimum length is

about the diffusion length. For the diffusion length much longer than absorption length, the

20

Page 20 of 28



Page 21 of 28 Physical Chemistry Chemical Physics

optimum length is still similar to the absorption length.

Discussion

Sunlight may enter the perovskite layer either through the TiO, layer or the Spiro-MeOTAD
layer. The question is which structure is better to achieve high PCEs solar cells? Due to
large band gaps of TiOg and Spiro-MeOTAD, it is reasonable to neglect the absorption of
these two layers. The model with light coming from TiO, layer is noted as T model. The
model with light coming from Spiro-MeOTAD layer is noted as S model. The difference
between them is where are the high density charge carriers generated. For S model, light in
perovskite near Spiro-MeOTAD side is more intensive than that near TiO, side. Hence, more
charge carriers are generated near Spiro-MeOTAD side. In this model, electrons need travel
a long distance from Spiro-MeOTAD side to TiO, side. In T model, for the same reason,
holes need to travel a long distance from TiO, side to Spiro-MeOTAD side. As electron’s
mobility is higher than hole’s in CH;NH3Pbl,, it is easier for electron traveling far distance.

Therefore, S model should show better performance than T model could do.

25
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Figure 9: Performances of solar cells with two type structures and different lifetimes. Bound-
ary fields are Fo—g = Foeq = %. Results with boundary field Fy = F; = 0 are shown in
ESL

Simulations give the same results as we analyzed. V. is nearly the same. What’s different
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is J,.. They are 23.07 mAcm~2 and 23.32 mAcm =2 for T and S model with lifetime of 736
ns, respectively. PCEs are 20.25 and 20.30%, no much difference, which is due to its large
diffusion length is much longer than perovskite layer’s thickness. For a solar cell with shorter
lifetime, these two structures show big difference. As shown in Figure (9), J,. of solar cells
with lifetime of 50 ns are 19.70 mAcm =2 and 17.75 mAcm~2 for S and T models, respectively.
Corresponding PCEs are 10.13% and 8.77%, more than 2% PCEs is improved if we use S
model. Models with interface and different boundary conditions show the same results.
Details are provided in ESI. Generally, as the electron mobility is higher than hole’s, it is
better to fabricate cells with light coming from Spiro-MeOTAD side.

As we have shown in Results, short diffusion length leads to low V,. and small J,.. For
such a solar cell, increasing of charge carrier’s mobility and lifetime improves its performance.
Therefore, a cell with low V,. and small J,. can be improved by the engineering of perovskite
thin film. When should we focus on the interface engineering? Figure (2) and Figure S7 in
ESI show that the presence of a very thin interface changes J,. little, but changes V,. a lot.

Therefore, for a cell with large J,. and small V., we should refine its interface states.

Conclusion

In this work, we built a numerical model with two different recombination mechanisms
and methods. The model with SRH recombination is in better agreement with experiment
than the model with direct recombination, which indicates that the recombination in hybrid
PSCs is mainly through defects and traps. It is found that PCEs are determined by charge
carrier’s lifetimes, diffusion coefficients and diffusion lengths. J,. is solely determined by
charge carrier’s diffusion lengths, and V,. depends on the charge carrier’s lifetime. The
temperature dependencies are discussed based on two different assumptions. If the mobility
is constant, performance decreases as temperature increasing. Another assumption is that

mobilities may change near phase transition point. The correlation length near the transition
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temperature (7.) is, we expect, proportional to 1/ m . Long correlation length leads
to high mobility and long diffusion length. Then, we expect to find the best performance
near T, or at the lowest accessible temperature. Lastly, simulations show that the presence
of interface decreases V., J,. and PCEs.

We demonstrated how to use this model to provide guidelines for PSC design and opti-
mization. Firstly, for a material with electron mobility higher than hole mobility, the cell
with hole transport layer facing the sun has a higher PCE than the cell with electron trans-
port layer facing the sun. Secondly, the optimum thickness of the active layer is dependent
on its absorption coefficient and its diffusion length. When the diffusion length is shorter
than the absorption length, the optimum length is about the diffusion length. But for the
diffusion length far longer than absorption length, the optimum length is still in the mag-
nitude of absorption length. Thirdly, a solar cell with a thin rapid interface recombination
shows a low V,. and high J,.. It suggests that solar cell with low V,. and high J,. can be
improved by interface engineering. A solar cell with both low V,. and low Js., is mainly due
to poor charge transport ability in perovskite layer. Enhancing the quality of perovskite thin
film is crucial. Lastly, the light dependence of PSCs indicated perovskite concentrator solar
cells is the possible new developing direction for PSCs.

These equations and methods we have reported and tested provide a framework for

numerical modeling of perovskite-based cells and the optimization of their performance.
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