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The high carrier mobility and long diffusion length of perovskite material have been regarded because of its excellent
photovoltaic performance. However, many studies have shown that a diffusion length longer than 1 um and higher carrier
mobility have no positive effect on the cells” performance. Studies of organic solar cells have demonstrated the existence of
an optimal mobility value, while systematic research of the carrier mobility in the PSCs is very rare. To make these questions
clear, the effect of carrier mobility on perovskite solar cells’ performance is studied in depth in this paper by simulation.
Our study shows that the optimal mobility value of the charge transportation layer and absorption layer are influenced by
both doping concentration and layer thickness. The appropriate carrier mobility can reduce the carrier recombination rate
and enhance the carrier concentration, thus improving the cells’ performance. A high efficiency of 27.39% is obtained in
the simulated cell with the combination of the optimized parameters in the paper.

Keywords: perovskite solar cells, device simulation, carrier mobility, photovoltaic performance

PACS: 88.40.H-, 88.40.hj, 88.40.fc

1. Introduction

Perovskite solar cells (PSCs) have attracted considerable
attention in the past few years due to their rapid photovoltaic
efficiency improvement, from 10% in 2012[?! to 23.2% in
2018.831 The excellent photovoltaic performance of PSCs is
ascribed to its excellent optoelectrical characteristics, such
as high light absorption coefficient,*! long carrier diffusion
length,[®7] high carrier mobility,®°! and long recombination
lifetime."! The transportation of carriers from the absorber to
charge transport layer and the collection of them by electrodes
are key processes to determine the cell efficiency, hence carrier
mobility is one of the significant factors affecting cell perfor-
mance. The carrier mobility and diffusion length of perovskite
crystal have reached to hundreds of cm?/V-s and hundreds of
um respectively. However, can the higher mobility and the
longer diffusion length lead to better PSCs’ performance? Re-
search has drawn different conclusions about the influence of
carrier mobility!!%'2I and diffusion length!'%!3-151 on PSCs
performance. Simulation studies based on one-dimensional
simulation software SCAPS show that the diffusion length
longer than 1 pm and higher mobility of the carriers have no
positive effect on the cell performance promotion,''>13! and
high mobility of the charge transport layer is also necessary
for the high efficiency.!'®!”] The influence of carrier mobility
on the cell performance is restricted by other cell parameters,
such as doping concentration, layer thickness, efc. In these
papers, these factors were not considered as a whole. Carrier
transportation can be enhanced if the parameters of the cell are
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well matched, and thus improve cell performance. Many ex-
perimental and theoretical studies of the mobility influence on
the organic solar cells’ performance demonstrated that there
exists an optimal value of mobility for obtaining high effi-

(18211 While the systematic study of car-

ciency organic cells.
rier mobility in PSCs is very rare, this would affect the best
utilization of the excellent carriers’ transportation characters
of perovskite material to improve cell performance. To clar-
ify these questions, we construct the device model and simu-
late the carrier transportation to understand the mechanism of
carrier mobility influencing the cell performance. Our simula-
tion study shows that the optimal mobility also exists in per-
ovskite solar cells, and by matching the carrier mobility of the
transportation layer and the absorption layer, the efficiency of
perovskite solar cells can be enhanced. The optimized cells’
structure with a diffusion length of nearly 1.9 pm and the pho-
tovoltaic efficiency of 27.39% is obtained ultimately.

2. Device model and simulation parameters

In our previous research on lead-free perovskite solar
cells,*?! we obtained an efficiency of 23.36% by optimizing
the doping concentration, defect density and electron affin-
ity of the buffer. To elucidate the mechanism of high carrier
mobility and long diffusion length of the perovskite materials
influencing the cell performance, our simulation is based on
that previous optimized structure (glass substrate/TCO/buffer
layer TiO, (ETM)/absorption layer CH3NH3Snl3/hole trans-
port material (HTM) spiro-OMeTAD/metal back contact) to
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avoid the influence of other cell parameters. The parameters
of that previous structure, serving as our initial simulation pa-
rameters, are listed in the following Table 1. The simulation

principle, the cell architecture, and other simulation parame-
ters selected for each layer can also be found from our previ-
ous studies. %%}

Table 1. Simulation parameters and performances of device during optimization. The parameters in bold text are the optimal value during the optimization.

Parameters of the ETM, absorber, and HTM

Performance of the device

Thickness/nm Mobility/(cm?/V-s)

Doping concentration/cm 3 Vool V. Joe/(mA/cm?) FFI/% PCEI!%

20/10, 1.6/1.6,

1 %10, 1.3 x 10'°,

Initial cell 30, 600, 200 0.92 31.59 79.99 23.36
2x1074/2x 1074 2% 10"
. . 16 15 .
15t optimization absorber 0 1100 (varl.) 20110, 5/5 (varl., 1x 10, 8> 10 (varl), 090 3330 8238 2478
200 2x107*/2x 107 2x 10"
11 20/1 1 x 1016 101
Optimization HTM 30, 1100, 0710, 575, x 1072, 8> 1072, 0.90 3332 8266 24.89
5 (vari.) 0.1/0.1 (vari.) 3 x 10" (vari.)
ari 19 :
Optimization ETM 5 (vari.), 1100, 5 20/10 (varl), 3107 (varl), 095 3416 8395 27.17
5/5,0.1/0.1 8x10'%,3x 10"
2nd optimization absorber 5, 1200 (vari.), 5 20/10, 12/12 (vari.), 0.1/0.1 3 x 10'°, 1.2 x 10'® (vari.), 3x 10"  0.94 34.21 84.97 27.39

The current density—voltage (J—V) characteristic curve
of the cell with initial parameters is shown in Fig. 1 (curve
1). Short-circuit current density (Js.) of 31.59 mA/cm?, open-
circuit voltage (V) of 0.92 V, fill factor (FF) of 79.99%, and
power conversion efficiency (PCE) of 23.36% are obtained.

151
| —m— initial

10 |- —@— first optimization of absorber
| —A— optimization of HTM

5 —¥— optimization of ETM

Current density/mA -cm—2

I —4¢— second optimization of absorber

A I . I . I
00 0.2 0.4 0.6

Voltage/V

Fig. 1. J-V curves of PSCs during optimization.

I
0.8 1.0

Based on previous optimized structure, we further inves-
tigate the relation between the carrier mobility and the cell
performance. Taking into account the influence of each layer
on the performance of perovskite solar cells, the optimization
process consists of four steps. The parameters of thickness,
carrier mobility, and doping concentration are optimized in
the absorber layer, HTM, and ETM layers in sequence at the
first three steps. At the fourth step, the parameters of the ab-
sorber layer are re-optimized to realize the matching optimiza-
tion of all the parameters. Experimental research has shown
that the mobility u is independent of charge carrier concentra-
tion of the perovskite absorber layer at lower concentrations
(1016 cm—3-10'8 cm~3).123:24]

3. Results and discussion
3.1. Optimization of the absorption layer

In this step, the relation of the mobility with the thick-
ness and doping concentration of the absorber is investigated
first based on the parameters of the initial cell in Table 1. Fig-
ures 2 and 3 illustrate the effects of mobility on the device per-
formance under various absorber thickness values and doping
concentrations. It can be seen that the optimal value of mobil-
ity (Figs. 2(a) and 3(a)) changes with the absorber thickness
and doping concentration. At an optimal value of 5 cm?/V-s
(1100 nm), the cell efficiency increases slightly from the initial
23.36% to 24.66%. With the enhancement of the mobility, the
FF and the J increase significantly, which is consistent with
the experimental research in the literature.[!%2>] When the car-
rier mobility g is smaller than 10 cm?/V-s, efficiency and Jy.
of the device first rise and then decreases with thickness in-
creasing, and a moderate thickness of 800 nm is conducible to
the improvement of efficiency, so we adopted an optimal thick-
ness 600 nm of the absorption layer when y was 2 cm?/V-s in
our previous paper.[??! This is consistent with the experimental
research that the absorber thickness is always about 700 nm,
because the mobility of the polycrystalline perovskite film is
always lower than 10 cm?/V-s.[32027] When p is higher than
10 cm?/V-s, the absorber thicker than 800 nm is more suit-
able to the obtaining of a higher efficiency, which is embodied
with the significant increment of J.. The higher the thickness
absorber layer, the more the generated photo-carriers is, and
especially more longwaves can be absorbed. [*32% This can be
seen in the external quantum efficiency (QF) curve (Fig. 4),
where the QF at the longwave increases with the augmenta-

tion of the absorber thickness.
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Fig. 2. Variations of (a) efficiency, (b) Vi, (¢) Js, and (d) FF of PSCs with thickness and mobility of the first optimization of absorber.
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Fig. 3. Variations of (a) efficiency, (b) Vi, (¢) Js, and (d) FF of PSCs with doping concentration and mobility of the first optimization

of absorber.

Figure 3 illustrates the effects of mobility on the cell
performance at various doping concentrations of the absorber
layer based on the optimized absorber thickness of 800 nm
obtained from Fig. 2. The Js. and FF both increase with
mobility increasing at different doping concentrations, espe-
cially the J can be significantly augmented (Fig. 3(c)). The

obvious influence of mobility on Jy can be observed when

Ny is higher than 1 x 10'® cm™3. With a certain mobility,
say, L = 6 cm?/V-s, Ji. first increases with the augment of
doping concentration and then decreases significantly with Na
further increasing to 5 x 10'® cm™3. This is because both Jy.
and recombination rate increase with the augment of doping
concentration. Mobility can surmount the contradiction be-

tween high Jg and high recombination rate caused by the
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high doping concentration. Recombination can be weakened
through good transportation performance of perovskite ma-
terial with high mobility, which would be explained in the
The opti-

mal value of mobility gradually decreases with Np increas-

paper in the last simulation step (see Fig. 11).

ing, thus lowering the negative effect of the doping concentra-
tion increment (see Fig. 3(a)). Moderate doping concentration
(5x 105 cm™3 < Np < 1 x 10'® cm™?) is beneficial to the im-
provement of efficiency for i > 10 cm?/V-s.

100

95 I
90 I
85 I
80 I
75 I
70 I
65 I

Quantum efficient/%

—&— initial

60
3 —@— first optimization of absorber
55| _a— second optimization of absorber

50

I I
400 500 600 700 800 900
Wavelength /nm

Fig. 4. Curves of external quantum efficiency versus wavelength of
PSCs during optimization.

This analysis presents that monotonically increasing the
mobility of the absorber layer is not beneficial to the per-
formance of the PSCs. Taking into account the influence of
the thickness and doping concentration, an optimal value of
mobility exists. The corresponding J-V characteristic curve
(curve 2) is shown in Fig. 1, and J rises significantly from
the initial 31.59 mA/cm? to 33.30 mA/cm?. The V. of 0.90 V,
FF of 82.38%, and PCE of 24.78% are obtained at this pre-
liminary optimization of the absorption layer.

The transportation parameter’s matching between the ab-
sorber and the charge transport layer is important to avoid the
excessive accumulation of the carriers at their interface during
the photon-generated carriers transporting to the correspond-
ing electrodes. Hence, after the absorber layer optimization,
the carrier mobility and other parameters, such as doping con-
centration and thickness, of HTM and ETM should also be
optimized.

3.2. Optimization of the charge transport layer
3.2.1. Optimization of the hole transport layer (HTM)

The HTM layer is optimized based on the preliminarily
optimized absorber layer. The effects of mobility on the per-
formance of perovskite solar cells under various HTM thick-
ness values (Fig. 5(a)) and doping concentrations (Fig. 5(b))

are given. In a 3-nm—15-nm range of HTM thickness, when

the mobility of HTM increases from 10~ cm?/V-s to 5 x
1072 cm?/V s, the efficiency of perovskite solar cells increases
gradually. Little change of the efficiency can be seen for
i > 1x 1072 cm?/V-s because the carriers’ diffusion length is
longer than the thickness of the HTM. When doping concen-
tration is smaller than 1 x 10! cm™3, PSCs’ efficiency aug-
ments gradually with mobility increasing and reaches a satu-
ration level at an HTM mobility of 0.1 cm?/V-s. When the
doping concentration is 1 x 10" cm™3, the effect of the mo-
bility is very weak on the cell’s efficiency.

24.86
|(a)
24.84
B 2482
>
=
% 24.80 HTM thickness
“;-‘ ——3 nm
24.78 —0—5 nm
—A— 10 nm
24.76 v—15 nm
104 103 102 101!
HTM mobility/(cm?/V-s)
26
L (b)
24
22
& 20
é L
£ 18 HTM doping Ny
S —— 1X10% cm—3
g 16 .
S L —e— 1X10'6 cm—3
14 —A— 1X10'7 cm—3
12 —¥— 1X1018 cm—3
19 -3
10 , —4— 1T<10 cm

104 10—3 102 10—
HTM mobility/(cm?/V-s)

Fig. 5. Plots of efficiency versus mobility of PSCs for various (a) thick-
ness values and (b) doping concentrations of HTM.

Figure 6 shows the variation trends of device performance
affected by thickness, doping concentration, and mobility of
HTM, respectively. During simulation, other two parameters
are kept unchanged when the optimized parameters are ex-
tracted from Fig. 5 with an HTM thickness of 5 nm, a doping
concentration of 1 x 10" ¢cm™3 and mobility of 0.1 cm?/V-s.
The efficiency, Js. and FF rise with the mobility of HTM in-
creasing, and the open-circuit voltage V,. is almost constant,
which is in accordance with the work of Alnuaimi.?! Doping
concentration enhancement of HTM can increase its conduc-
tivity, hole mobility and charge density, and this will signif-
icantly improve the device performance.*'3> The improve-
ment of device performance with doping concentration grow-
ing is consistent with the scenario in the literature,*3 and we
set 3 x 10! cm™ and 0.1 cm?/V s as the optimal doping con-
centration and mobility of HTM, respectively. The optimal
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mobility value of 0.1 cm?/V-s is in agreement with that in the is obtained with Jy of 33.32 mA/cm?2, V. of 0.904 V, FF of
literature. %! Although thinner thickness is more beneficial to  82.66%, and its J—V curve is depicted with curve 3 in Fig. 1.
the cell performance promoting, considering the difficulty of = In comparison with the preliminary optimization of the ab-
preparation, the optimal thickness value of HTM is taken to be ~ sorber layer (curve 2 Fig. 1), an obvious augment of V. is
5 nm. After the optimization of the HTM, a PCE of 24.89%  obtained.
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Fig. 6. Variations of performance parameters of PSCs with (a) thickness, (b) doping concentration, and (c) mobility of HTM.

27.0

26.7I.—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I P
26.4} ‘ (b)
1 (a) 26.91 ETM doping Np
o 01FAAAAAAAAAAAAAAAAAA X I —®—1X10% cm™?
S osal 5 268 —8—1x10'6 cm™3
s L 5 ! —A—1X10'7 cm~?
‘S 25.5[ 2 N 18 -3
= YV VYV VYV YV VYV VYV VYY £ 267 —V—1X10% cm
M o591 M L —4—1X10Y cm—3
<l —#—3 nm ETM thickness
o49l. —®5nm —A—10nm 26.6 EV- V-V V¥V V-V V-V V-V VY
UL —¥—20nm <440 nm L
24'6[3331153133131333333: et inininleininbeinivininlalinivinie)
10 20 30 40 10 20 30 40
ETM mobility/(cm?2/V-s) ETM mobility/(cm?/V-s)

Fig. 7. Plots of efficiency of PSC versus mobility for (a) various thickness values and (b) various doping concentrations of ETM.

3.2.2. Optimization of the electron transport layer (ETM)

The parameters of the ETM layer are optimized in sequence. Figure 7 reveals the influences of ETM mobility on device ef-
ficiency with various thickness values and doping concentrations. The efficiency decreases with the thickness of ETM increasing
from 3 nm to 20 nm but does not vary with the mobility of ETM. Figure 8 exhibits the variations in thickness, doping concentra-
tion, and mobility of ETM versus device performance parameters, respectively. When the ETM thickness increases from 1 nm to
15 nm, all the performance parameters, such as Jy, Vo, FF, and PCE of the device first rise and then decrease, and there exists
an optimal thickness value of 5 nm for the ETM layer. For polycrystalline perovskite, CH;NH3Pblz, whose diffusion length is
short, a thick mesoporous ETM layer is generally required.*! But for the single crystal perovskite with L on the order of micros,
the ETM layer is not necessary for the high efficiency cell. The TiO, ETM of the planner structured PSC can be prepared fast by
spraying pyrolysis with good crystallinity. 3]

The device performance parameters continuously increase as the doping concentration of ETM increases because of the

36,37

enhancement of the carrier concentration and conductivity, 36371 while they do not vary with the mobility of optimization of

electron transport layer. We take 3 x 10'® cm ™3 as the optimum doping concentration for ETM, which is compatible to that in
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Refs. 381 and[*! and highly efficient semiconducting TiO, can also be obtained by aerosol pyrolysis.[*”! The importance of the
high doping of the TiO, ETM to match the HTM with high mobility was also investigated systematically in Ref. [17]. The J-V
curve of the device after the optimization of ETM is illustrated in curve 4 of Fig. 1, and J of 34.16 mA/cm?2, Vo of 0.947 V,

FF of 83.95%, and PCE of 27.17% are obtained.

Because the diffusion length L of micrometer magnitude caused by the high mobility (1 cm?/V-s—40 cm?/V-s) of ETM is far
beyond the ETM thickness (5 nm—40 nm), the influence of the ETM mobility on device performance is weaker than that of the

HTM.
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Fig. 8. Variations of performance parameters of PSCs with (a) thickness, (b) doping concentration, and (c) mobility of ETM.

3.3. Ultimate optimization of absorption layer

After the preliminary optimization of the absorber and
charge transport layer, ultimate optimization of the absorption
layer is carried out to access a good match between layers.
Figure 9 depicts the relationships between mobility and effi-
ciency of PSCs at diverse thickness values and doping con-
centrations of the absorber layer. The optimal absorber thick-
ness increases from about 800 nm to 1200 nm when u rises

from 3 cm?/V-s to 12 ¢cm?/V-s, which can be seen from the

27.3 (a)

27.0F
o
é 26.7
>
g L
8 B
é 26.4 é
A 2

[
26.1
9 10 11 12 13 14
Absorber mobility/(cm?/V-s)
25.8 £ —— 600 nm —®— 800 nm absorber thickness
L —A— 1000 nm—¥— 1200 nlrn+ 1400 nm

3 4 5678910 20
Absorber mobility/(cm?/V-s)

1 2

30 4050

partially detailed map inset in Fig. 9(a) clearly. A similar
parabola relation between the absorber mobility and the cell
efficiency is exhibited in an organic cell.''®!1 The optimal
mobility is small for the thin absorber, and when the mobility
of the absorber is higher than 10 cm?/Vs, a thicker absorber
is more beneficial to the cell efficiency improvement. This
enhancement of the optimal thickness of the absorber is in-
duced by increasing the absorber mobility and the Na p of the
charge transportation layer, the same change trend is observed
in Ref. [41].

27
26
&
> 25
&)
g
5 absorber doping Nj
% 24 —m— 1X10" cm™3
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Fig. 9. Efficiency of PSCs as a function of mobility with (a) thickness and (b) doping concentration of the second optimization of absorber.
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However, the excessive thickness and mobility do not
achieve higher efficiency (Figs. 10(a) and 10(c)), and the ef-
ficiency reaches a saturation level at a thickness of 1200 nm.
An optimal value of 12 cm?/V s for the mobility exists with an
absorber thickness of 1200 nm.*?! When the doping concen-
tration changes from 10! ¢cm—3 to 10 ¢cm—3, the maximum

efficiency of the cell appears at No of 1.2 x 10'® cm™3. The

enhancement of the mobility results in the increase of FF and
Jsc, while the V. reduces. The V,. augments obviously with
N, further increasing from 8 x 10" ¢cm™3 (preliminary opti-
mization) to 1.2 x 10'® cm ™3 (ultimate optimization), which is
reflected in the J-V curves 2 and 4 in Fig. 1, respectively. The
change of the optimal value of Ny is caused by increasing the
optimal value of the thickness and mobility of the absorber.
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Fig. 10. Plots of PSCs’ performance with (a) thickness, (b) doping concentration, and (c) mobility of the second optimization of absorber.

Finally, after the four optimizing steps, the device PCE
reaches 27.39% with J of 34.21 mA/cm?, V,. of 0.942 V,
FF of 84.97%. The efficiency increases by 4.03% compared
with the initial one, and this efficiency is highest, to our knowl-
edge, for the single junction PSCs obtained by simulation. The
optimal match between the mobility and other parameters of
the absorber and the charge transport layer induces the value
of Js. and V¢ to obviously augment, which can be seen in the
J-V characteristic curve (curve 5) of the ultimate optimized

cell in Fig. 1.

4. Detailed analysis of the influence mechanism
of carrier mobility on cell influence

4.1. Effect of mobility on Jg.

Jsc can be approximated as
Jie =G (Ln+w+Lp). )

The photo-generation rate G can be considered as a constant
under certain lighting conditions AM1.5. Depletion width w
of the p-n junction depends on carrier concentration. The value
of Jyc would ascend with the increase of diffusion length L,
because the value of w is unchangeable in the N4 p invariable
situation (Fig. 3(c)). The significant increase of Jsc as Nap

increases can be seen in Figs. 3(c), 6, and 8. This happens
because the depletion width decreases due to the increase of
Na b, and this can lower the contact resistance of the interface,

which is favorable to the transportation of the carriers.

4.2. Effect of mobility on open-circuit voltage Vo

Obvious improvement of V. is obtained for the optimized
cell, and this is the combined influence of doping concentra-
tion and the carrier mobility. The formula of V,. and reverse
saturation current Jy can be expressed as

J. kg T
Ve =1In (“H) = @)
Jo q
Dyn?  Dyn?
Jo= L L), 3
o q<LnNA+LpND> 3)

According to the Einstein relationship and the diffusion

length (L,) formula, J can be described as

2 2

HaTt; Hp'ti
Jo=q| Y2 L VI ) 4
0 q(ﬁNA+\/END> @

In our simulation, the lifetime T can be considered as a
constant in the case of invariable defect concentration. The
value of Jy decreases with the increase of N p of the charge
transport layer. Owing to the influence of the strong increase

of J with the increase of Na p, the V¢ will increase based on
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formula (2). Because of the considerable difference in magni-
tude between N p and U, p, the influence of mobility on Jj is
negligible.

According to formulas (1)—(4), Vi can be expressed as

GR2+w/L kgT

Vi = 1n | GHW/L) | keT (5)
5 ;i q
TNA TNp

Keeping the Na p constant, V. decreases with the enhance-
ment of diffusion length, that is, V. decreases with the en-
hancement of mobility under the Na p invariable condition
(see Fig. 3(b)).

4.3. Effect of mobility on other cell parameters

The final part of this article is dedicated to investigating
the contribution of mobility to recombination rate R, carrier
density distribution, and band structure in planar heterojunc-
tion PSCs. The recombination rate of the process of opti-
mization of ETM layer and the second optimization of the
absorber layer is depicted in Fig. 11. The increasing of dop-
ing concentration of the absorber layer from 8 x 10'> cm™3 to
1.2 x 10'® ¢cm~3 in the last optimization step should cause the
recombination rate to increase, while a weakened recombina-

tion rate can be seen in Fig. 11.

32
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Fig. 11. Recombination distributions of different optimizations.

We ascribe the weakening of recombination to the in-
creasing of mobility of the absorber from 5 cm?/V-s to
12 cm?/V-s, which improves the transportation performance of
the cell. The influence of carrier mobility on the carrier trans-
portation is studied based on the last optimized cell structure
through the observation of carrier concentration distribution in
the absorber layer with the mobility increasing from 2 cm?/V-s
to 40 cm?/V-s (see Fig. 12). The empty and the solid symbols
represent holes and electrons, respectively. The simulation is

conducted based on the final optimization step, with keeping

all the parameters constant, except for the enhanced mobility
of the absorber. The carriers’ concentration of the absorber
does not rise consistently with the mobility increase, and the
maximum concentration of carriers appears at a mobility of
12 cm?/V-s, which is the optimal value of the mobility in the
absorber. The enhanced drift velocity v (v = UE) of the car-
riers, caused by the improved mobility, can augment the con-
centration of carriers crossing the cell section, which benefits
the cell performance improvement. While the enhanced carrier
concentration also increases the recombination rate, and there
is a competing mechanism between the improvement of the
carrier transportation and the enhanced recombination brought
by the enhanced mobility, only an optimal mobility value can

improve the cell performance. 43!
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Fig. 12. Carrier’s density distribution with different mobility values of
absorber layer.

0.080
0.076
>
> K
2 0.072 ey YT TS T3 355044
K 0-072 M 208
4 L
0.068 _ absorber mobility —a—2 —e— 12
cm?/V-s) A v
0.064 - ,( ,/. ) L .20| .49
0.10 - (b)
= 0.09 -
> L
E 0.08 1 —rx X EEEETTEETEE
< .07
: absorber mobility —m—92 —e—12
0.06 (cm?/V:-s) —A—20—v— 40
1 1

L L Il L Il L Il L Il "
600 800 1000 1200 1400 1600
Depth from the cell surface/nm

Fig. 13. Difference in quasi-Fermi energy (a) AE,, and (b) AE,, versus
depth from cell surface for different mobility values of absorber layer.
The distribution of carriers in a nonequilibrium state is re-
lated to quasi-Femi energy. The energy bands of the simulated
structure with different absorber mobility values are studied

based on the last optimized cell structure, and we obtain the
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energy difference between the Ey (E¢) and Ef, (Ery) (Fig. 13).
When the energy difference AE,, (AE,) is smaller, the carrier
concentration is higher. It can be seen that the electrons (holes)
transport from the absorber layer to the ETM (HTM) layer, be-
cause of the rapid reduction of the AE,, (AE,) at their interface.
The fastest decline in AE, namely the fastest growing of the
carrier concentration, appears at the architecture with a mo-
bility of 12 cm?/V-s, which means the fastest transportation
of the carriers. So the mobility of 12 cm?/V-s is an optimal
value of our simulated structure with the highest efficiency of
27.39%.

27.5
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.L‘% I —<—second optimization of absorber
= 25.0
m -

24.5

24.0

23.5

1 1 1 1 1 1 1 1

0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
Ly(Lyp)/pm

Fig. 14. Plots of efficiency of PSC versus carrier diffusion length L
during optimization.

4.4. How long carrier diffusion length is enough to achieve
high cell efficiency?

Getting a long diffusion length by improving perovskite
process can enhance cell efficiency.!!®! Diffusion length L of
single CH3NH3Pbl; crystal has reached 175 um.*4 Now, a
question arises: can the longer L achieve the better perfor-
mance of the PSCs? In this paper, L is adjusted by chang-
ing the mobility, with the defect concentration of the absorber
unchanged. The efficiency of the cell with the changing of
L at the different optimization steps in the paper is shown in
Fig. 14. The length L of 0.7 um is enough to construct the
initial cell with a small absorber thickness (600 nm), and this
thickness value is consistent with those for most of the PSCs
with high efficiency in the experimental research. The ap-
propriate L rises with the increase of thickness and mobility
of the absorber.!*®! Finally, the highest efficiency appears at
L of 1.9 pum, which is larger than the absorber thickness of
1200 nm. Many researchers have pointed out that L of 1 um
is enough to construct the cell device, but this conclusion is
obtained under specified circumstances, such as the thickness
of the absorber is about hundreds of nanometers. In Ref. [6],
L (1.2 um) is twice the CH3NH3Pbl;_,Cl, absorber thickness
(500 nm). The L higher than the absorber thickness in the per-

ovskite is needed for efficient carriers’ extraction before sig-
nificant recombination occurs. The J is limited by the mate-
rial’s long wavelength response, and the higher absorber thick-
ness benefits the strong red spectral absorption.[?843] In Fig. 2,
the trends of J, and V,,. varying with absorber thickness are
opposite, which can be seen as > 10 cm?/V-s. Improving
L (namely, mobility) of the perovskite material can avoid the
joint reduction of Jy. and V. when the absorber layer thick-
ness increases.

Many researchers have indicated that the PCE of the
PSCs is insensitive to the absorber thickness beyond 600 nm,
this lies in the fact that the recombination rate of the thicker
perovskite layer is higher than that of the thinner layer. In the
research by Jeon et al.,’] the PSC reached a high efficiency
of 23.2%. The absorber thickness is selected to be 600 nm to
avoid the carriers crossing the grain boundaries during trans-
porting to the electrodes. We expect that if the crystal size
presented in Joen et al.’s research! can be improved to 1 um
and an absorber thicker than 600 nm can be obtained, the cell
efficiency can be further improved based on our simulation.
Now the single perovskite crystal with a size of 300 pum has
been achieved in experiment. [*4! High-performance PSC with
absorber layer thickness of 1150 nm has been realized by the

(421 And more importantly, the thick-film

hot casting method.
PSC has good stability. This research bodes well for the great
potential of thick-film PSCs in mass-produce of PSCs.

The relatively undoped (Sn**-free) and pinhole-free
CH3NH3Snl;3 perovskite films and the near-single-crystalline
FASnI; film have been fabricated. [>>#347] If the background
doping of CH3NH3Snl3 can decrease to 105 ¢cm™3, then L
can reach to micrometers. With the advance in preparation
technology, lead-free perovskite materials with low defect and

longer diffusion can be achieved.

5. Conclusions

The effects of the carrier mobility and diffusion length
on the PSC’s performance are studied systematically with the
device simulation. A similar parabolic relationship between
the mobility of absorber and the efficiency for PSC to that for
the organic solar cell is observed and there also exists an op-
timal mobility of the absorber. Diffusion length longer than
1 um is also beneficial to the PSCs’ performance when the ab-
sorber is thick and has high crystalline quality. The improved
carrier mobility of the absorber and the HTM appropriately
is favorable to the reduction of the recombination rate and the
improvement of the carrier transportation, which can avoid the
joint reduction of Jg, and V. when the absorber layer thick-

ness increases, and these can improve the cell’s efficiency. The
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doping of the carrier transport layer has a significant role in

improving the cell performance. Finally, we obtain the J.
of 34.21 mA/cm?, V,. of 0.942 V, FF of 84.97%, and PCE
of 27.39% in our cell structure with an absorber thickness of

1200 nm, a high mobility of 12 cm?/V-s, and long diffusion

length of 2 um. Using the hot casting method to realize high

quality perovskite films may be a promising method to realize
the high efficiency PSCs with thick absorber and high stability.
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