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ABSTRACT: Perovskite/silicon tandem solar cells with high
theoretical efficiency, low cost, and the potential for simple mass
production have received significant attention. To maintain the
current matching, increasing the open-circuit voltage (VOC) of the top
and bottom subcells is an effective route to enhance the efficiency of
tandem solar cells (TSCs). In this paper, we focus on a strategy for
increasing the VOC and simultaneously maintaining a high efficiency of
over 20%. Perovskite thin films with added Cs in traditional FAMA
cations have shown a large grain, smooth surface morphology, wider
band gap, and reduced defects, which together bring about a TSC VOC
of 1.78 V. In addition, the high minority carrier lifetime (τeff) of
bottom silicon solar cells resulting from the good passivation of a-
Si:H/c-Si interface enhance the VOC values to as high as 1.83 V, which
is the highest value for perovskite/silicon TSCs.

KEYWORDS: perovskite/silicon tandem solar cells, high open-circuit voltage, Cs-doped perovskite film, silicon heterojunction,
surface passivation, minority carrier lifetime

1. INTRODUCTION

Emerging organic−inorganic hybrid perovskite solar cells
(PSCs) differ from other photovoltaic devices as perfect top
cell candidates for high-performance TSCs. Perovskite
materials, promising solar cell absorbers with a large absorption
coefficient, long carrier diffusion length, bipolar charge
transport, and low exciton binding energy,1−6 have allowed
the efficiency of PSCs to reach over 22% after only a few
years.7−12Moreover, attractive features of this material are the
steep absorption edge and tunable band gap within the range
of 1.48−2.23 eV, which can be better matched with the bottom
cell.13,14 Most importantly, the low-temperature solution
processes imply that PSCs are an ideal choice for application
to TSCs.15 To achieve a full utilization of solar energy,
crystalline silicon solar cells are excellent bottom cell
candidates owing to their suitable band gap of 1.1 eV.14 In
addition, crystalline silicon solar cells based on intrinsic
amorphous silicon (a-Si: H) passivation have a high VOC of
up to 750 mV,16 an excellent near-infrared response, and high
efficiency of over 26%.17 Consequently, perovskite/silicon
TSCs are expected to surpass the one junction Shockley-
Queisser limit18 and have already obtained 27.3% PCE that
defeats the previous world record of a single junction silicon
device.19 Therefore, the establishment of an efficient perov-

skite/silicon tandem device is significant for the development
of advanced photovoltaics.
The first perovskite/silicon TSC was reported by Mailoa et

al., who connected a diffused junction silicon bottom cell with
a mesoscopic perovskite top cell using a silicon tunneling
recombination junction, and achieved a monolithic TSC with
an efficiency of 13.7% and a modest VOC of 1.58 V.

20 Driven by
the modified deposition method and perovskite with mixed
cations to improve the efficiency of the top cell and achieve
better passivation of both sides of the c-Si subcell, the
perovskite/homojunction-silicon was improved to 22.5% with
a VOC of 1.75 eV.21 Compared with a diffused homojunction
silicon solar cell, silicon heterojunction (SHJ) solar cells have a
high VOC because of the high-quality surface passivation
induced by the intrinsic a-Si:H. Albrecht et al. employed a SHJ
solar cell as the bottom cell for a two-terminal TSC, attaining a
VOC of 1.78 V and an efficiency of 19.9% by exploiting the high
voltage potential.22 The efficiency was further improved to
21.2% by carefully tuning the layer thickness to reduce any
optical losses.23 By tuning the perovskite band-gaps to realize

Received: June 7, 2018
Accepted: January 4, 2019
Published: January 4, 2019

Article

www.acsaem.orgCite This: ACS Appl. Energy Mater. 2019, 2, 243−249

© 2019 American Chemical Society 243 DOI: 10.1021/acsaem.8b00926
ACS Appl. Energy Mater. 2019, 2, 243−249

This article is made available for a limited time sponsored by ACS under the ACS Free to
Read License, which permits copying and redistribution of the article for non-commercial
scholarly purposes.

D
ow

nl
oa

de
d 

vi
a 

N
A

N
K

A
I 

U
N

IV
 o

n 
N

ov
em

be
r 

8,
 2

01
9 

at
 1

2:
23

:1
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsaem.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.8b00926
http://dx.doi.org/10.1021/acsaem.8b00926
http://pubs.acs.org/page/policy/freetoread/index.html
http://pubs.acs.org/page/policy/freetoread/index.html
http://pubs.acs.org/page/policy/freetoread/index.html
Administrator
高亮



current matching with the bottom cells, Fan et al. achieved a
PCE of 20.57% through the use of an all-solution process top
cell.24 Sahli et al. enhanced the performance to 22.7% by
improving the light utilization with a nanocrystalline silicon
recombination layer.25 Through the delicate design of the
device structure to reduce parasitic absorption, and applying
textured silicon to enhance the absorption, Bush et al. obtained
an efficiency level of 23.6% for a monolithic perovskite/silicon
cell with a PIN configuration, the short-circuit current density
(JSC) of which can reach up to 18.1 mA/cm2, with a VOC of
only 1.65 V.26 The same group further optimized HTM and
bandgap as well as reduced reflection to maximize the
efficiency to 25.0%.27 Sahli et al. used the double-side textured
silicon to reduce the reflection loss and improve light trapping,
achieving a certified efficiency of 25.2%.28 In a monolithic
tandem, the photocurrent is determined on the basis of the
smaller photocurrent between the top and bottom cells, with
VOC being their sum. Although most studies have reported
TSCs with an improved JSC, little attention has been paid to
the VOC. On the premise of maintaining the current-matched,
the VOC is also an important factor in improving the ultimate
level of efficiency. It has been deduced that the conversion
efficiency of two-terminal perovskite/silicon TSCs will easily
reach over 30% under the realistic assumption that the VOC,
JSC, and FF for a PIN or NIP type tandem exceed 1.83 V, 20.5
mA/cm2, and 80%, respectively.

In this study, we fabricated perovskite/SHJ monolithic TSCs
under a low-temperature process, achieving a VOC and
efficiency of up to 1.83 V and 20.43% in the reverse scan
direction, respectively. These performances were obtained
through a design and performance enhancement of both the
subcell of the perovskite and the silicon applied. We found that
Cs-doped perovskite films will bring about an enhancement of
VOC for TSCs owing to the improvement of the surface
morphology with larger grain sizes, reduced roughness, and
widened band gap. Furthermore, our research showed that the
minority carrier lifetime (τeff) of the bottom silicon solar cells
also plays an essential role in obtaining a high VOC for TSCs.

2. RESULTS AND DISCUSSION

In the construction of a monolithic perovskite/silicon TSC, the
SHJ was employed as the bottom cell owing to its high VOC.
The performance of the top cell is beneficial for the overall
tandem efficiency. The compositional engineering of mixed-
cation perovskites is an effective method to achieve a more
stable and high-level performance of perovskite solar cells. By
adding Cs and Rb to better tune the Goldschmidt tolerance
factor, a more stable perovskite solar cell was obtained.29,30

Potassium was also introduced in perovskite with a better
decorated surface and grain boundary.31 McMeekin et al.13 and
Bush et al.26 reported the use of FACs perovskite in tandem
solar cells with better stability and performance. Specifically, a

Table 1. J−V Characteristics of Perovskite/SHJ TSCs with and without Cs in Perovskite Filma

device scan direction JSC (mV/cm2) VOC (V) FF PCE (%) Rs (Ω·cm−2)

control reverse 15.11 1.73 0.69 18.08 14.35
forward 15.09 1.73 0.70 18.35 11.44

Cs-doped reverse 15.67 1.78 0.72 20.08 8.99
forward 15.65 1.78 0.73 20.33 9.25

aAll devices were measured using a 40 mV voltage step and 0.05 s delay time. “Reverse” indicates the scan direction from VOC to JSC, and “Forward”
is from JSC to VOC.

Figure 1. Top-view SEM images (the inset shows the AFM morphology) of the perovskite (a) without Cs addition and (b) with a Cs-doped film,
and the (c) XRD spectra, (d) steady-state photoluminescence (PL) spectra, (e) absorbance spectra, and (f) TRPL spectra for a glass/perovskite
film prepared with and without Cs added. Scale bars = 300 nm.
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more efficient single junction perovskite solar cell was made
using mostly FAMA perovskite; thus, FAMA-perovskite-based
TSCs have greater potential to obtain a better performance
and were therefore considered in the present study. Compared
with our previous studies focusing on transparent electrode
molybdenum oxide (MoOx)/ITO through an optimization of
the sputtering power of the transparent electrode and the
thickness of the MoOx buffer layer,32 we further modified the
two subcells of a perovskite/silicon TSC. In detail, we
deposited the FAMA perovskite top cell onto the silicon
bottom cell with a matched band gap, and we demonstrated an
improved performance of the tandem cells after the addition of
CsI. Although the changes in the minority carrier lifetime of a
Si subcell as a function of the annealing temperature are well-
known, it is worth mentioning that the current reports
regarding perovskite/silicon tandem solar cells are not related
to the optimization of the passivation layers for the bottom
solar cells, which is one of the main factors limiting the
efficiency of a TSC. Therefore, there is no doubt that
optimizing the passivation layers is an effective method for
gaining a high-performance TSC. In brief, it is the two subcells
with a higher VOC that have given rise to the highest VOC of
TSCs thus far. In this study, the structure of the perovskite top
cell applied is SnO2/perovskite/Spiro-OMeTAD/MoOx/ITO.
A SnO2 electron-transporting layer was deposited as the
solution process, achieving a better electron mobility and
energy band matching with perovskite. MoOX is used as a
buffer layer to suppress damage to the sputtering transparent
electrode ITO. We modified the quality of the FAMA

perovskite through the addition of Cs. The FAMA perovskite
precursor solution contained FAI (0.9 M), PbI2 (1.1 M),
MABr (0.3 M), and PbBr2 (0.3 M), and for the FAMACs
perovskite, CsI (0.1 M) was added while proportionally
reducing the amount of FAI and MABr to keep the total
amount of organic cations unchanged. Both perovskite
materials were dissolved in anhydrous DMF/DMSO at a
ratio of 4/1 (v/v). The device parameters are illustrated in
Table 1, which shows that all parameters, including JSC, VOC,
and FF, were clearly improved after the addition of CsI.
To demonstrate the functionality of Cs in the FAMA

perovskite materials, we comprehensively studied FAMA and
FAMACs perovskite in view of the film morphology, crystal
phase, and defect property as follows. A top-view SEM image
of the Cs-doped perovskite films showed better crystal
morphologies, with grain sizes reaching ∼800 nm compared
with ∼400 nm of the control films (Figure 1a,b). The modified
morphology may be attributed to the small amount of Cs
acting as nucleation sites and inducing larger and more
monolithic vertical perovskite crystals.33 In addition, the
reduced grain boundaries lead to a high VOC and JSC for the
low defect states.34,35 The Cs-doped perovskite film became
denser and smoother, as indicated by the AFM morphology
(inset of Figure 1a,b). The roughness of the Cs-doped
perovskite films was 17.60 nm, in contrast to 21.77 nm of
the control films, within a scanning range of 5 μm × 5 μm. It is
thought that the smooth surface can supply the perovskite
layer with a better interfacial contact with the Spiro-OMeTAD

Figure 2. (a) Dependence of τeff on RH with and without postannealing. (b) Measured τeff when varying the deposition temperature under
deposited and postannealing while fixing the RH at 5. The postannealing of the intrinsic a-Si:H thin films in this work was conducted at 200 °C for
30 min. (c) J−V curves of perovskite/SHJ TSCs with τeff of 121, 402, 1173, and 2950 μs of the SHJ bottom cells. (d) The relationship between τeff
and implied VOC of SHJ and VOC of the TSCs.
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HTL, resulting in a reduced series resistance and an improved
fill factor (FF).36

The XRD results (Figure 1c) and the bright spots in the
SEM images of both samples indicate the presence of PbI2,
which has a positive passivation effect and is thus beneficial for
enhancing the performance of the devices.36−39 The Cs-doped
perovskite film showed a higher intensity of 14.0 degrees
compared to the control film, indicating a high perovskite
crystalline quality, which was better confirmed through the
SEM results. It should be mentioned that the amount of
residual PbI2 in the film was not reduced, mainly because we
kept the ratio of the total amount of organic cations and PbI2
unchanged with and without the use of Cs-doped films. The
photoluminescence (PL) spectra of the Cs-doped films shown
in Figure 1d was blue-shifted by 7 nm compared to the
reference, indicating that the addition of Cs slightly enlarged
the band gap, thereby leading to a higher VOC.

31 Consequently,
the band gap of the Cs-doped perovskite is ∼1.67 eV, the
current of which can be better matched with the silicon bottom
cell in the presence of parasitic absorption.
The Cs-containing film displayed a larger absorbance than

the FAMA film because of the larger grain size and improved
crystallinity of the Cs-doped film (Figure 1e). The improved
absorbance of the Cs-doped film can be better explained by the
increase in the current density, as indicated in Table 1. To
further investigate the charge recombination behavior after Cs
added to the FAMA perovskite film, the time-resolved
photoluminescence (TRPL) was measured. We used a single
exponential decay model to fit the PL decay curves, namely, I
(t) = I0 exp(−t/τ), where τ is the lifetime and I0 is the intensity

at time zero (upon excitation). The carrier lifetime of Cs-
doped film was prolonged to 274.0 ns, as compared to the
194.6 ns of a pristine film. This indicates a reduced defect
concentration and results in a superior electronic quality for
the Cs-doped perovskite film, which again accounts for the
higher VOC of the Cs-added devices. As a whole, adding Cs to a
perovskite precursor solution can boost the VOC of the TSC
from 1.73 to 1.78 V, and the efficiency from 18.35% to 20.33%.
To achieve a high efficiency of the silicon bottom cell, a

surface passivation of the crystalline silicon should be carried
out.40 It is commonly believed that the key issue is the
chemical passivation of the Si dangling bonds (DBs) by the
hydrogen at the a-Si:H/c-Si interface.41 In consideration of the
surface passivation, we concentrated on a modification of the
intrinsic a-Si:H thin film by independently changing the
hydrogen dilution ratio and substrate temperature. The
correlation curves of the passivation quality with and without
postannealing (200 °C for 30 min) for the dilution ratio of
hydrogen to silane RH (RH = [H2]/[SiH4]) is illustrated in
Figure 2a. In the case of RH of ∼5, the lifetime reached its peak.
In general, information regarding the passivation quality of the
a-Si:H film can be deduced from the high stretching mode
(HSM) and low stretching mode (LSM). Usually, the LSM is
assigned to the vibration of monohydrides (Si−H), which
represents a compact incorporation of hydrogen, whereas the
HSM is attributed to higher hydrides (SiH2) associated with
large voids in the bulk material. During the annealing
treatment, the hydrogen is released when the SiH2 is
transformed into a Si−H configuration. The reorganization
of the hydrogen at the a-Si:H/c-Si interface (migration from

Figure 3. (a) J−V curves of the semitransparent PSC, silicon single solar cell, and champion TSC with a dual sweep. (b) External quantum
efficiency (EQE) of the top and bottom subcells in the monolithic TSC and the corresponding integrated reflectance. (c) Cross-sectional SEM
image of the tandem device (the inset shows the top view of an actual device with an active area of 0.13 cm2). (d) The steady-state output current
during 1000 s of maximum power point tracking of the best two-terminal perovskite/SHJ tandem device.
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the bulk to the interface) then saturates the defects at the a-
Si:H/c-Si interface, improving the passivation perform-
ance.41,42 With a fixed RH of 5, a high τeff can be obtained
by adjusting the substrate temperature, as described in Figure
2b. Clearly, the τeff of the as-deposited sample indicates an
increasing trend with the variation in the substrate temperature
from 145 to 175 °C. The lifetime then reaches saturation at
175 °C and decreases with an increase in the deposition
temperature to up to 190 °C. With a postannealing treatment,
the lifetime of all samples was increased, which indicates that
no epitaxial growth occurred.38

Figure 2c shows the J−V curves for perovskite/SHJ when
varying τeff of the silicon bottom cells obtained at various
deposition temperatures, and the corresponding device
parameters listed in Table S1. With an improvement in τeff,
the VOC of the TSCs showed a monotonous increase, from
1.62 to 1.81 V, and the FF showed an increasing trend initially,
and reached a level of saturation, whereas the JSC was similar
for all devices. The implied VOC is the theoretical maximum
open-circuit voltage,17 and a good interface passivation with a
high τeff can reduce the carrier recombination and increase the
VOC and FF of the silicon bottom cell40 and hence the
performance of the TSCs. As shown in Figure 2d, when τeff was
121, 402, 1173, and 2950 μs, an implied VOC of 0.62, 0.66,
0.69, and 0.72 V was obtained, respectively, corresponding to a
VOC of 1.62, 1.71, 1.78, and 1.81 V for the TSCs.
Knowing the relationship between VOC and τeff, with a high

τeff of the bottom cell and optimized perovskite top cell, a
higher VOC of the TSCs can be obtained. Figure 3a shows the
J−V curves of a single-junction semitransparent perovskite
solar cell, silicon heterojunction solar cell, and the champion
monolithic TSCs in both scan directions. The device
parameters extracted from the J−V curves are listed in Table
2. The semitransparent perovskite top cells fabricated on glass/

ITO substrates achieved a VOC of 1.18 V, together with an FF
of 0.70 and a JSC of 19.12 mA/cm2, resulting in a PCE of
15.79%, and showing negligible hysteresis. The high VOC of the
PSC is a key factor in obtaining a high VOC of the ultimate
TSC. Meanwhile, a good passivation of the SHJ was achieved
with a VOC of 0.70 V, which is nearly 25 mV lower than the
implied VOC. Combining the efficient and stable perovskite
solar cell with the better surface passivation of the SHJ, we
fabricated monolithic TSCs with an efficiency of 21.31% in the

reverse scan direction, with a VOC of 1.83 V, JSC of 16.74 mA/
cm2, and FF of 0.70. This is the highest VOC for perovskite/
SHJ TSCs reported thus far (Table S2). The cell performance
showed negligible hysteresis with a slightly lower efficiency of
20.79% in the forward scan direction, with a VOC of 1.81 V, JSC
of 16.70 mA/cm2, and FF of 0.70. As shown in Figure 3b, the
integrated JSC from EQE was 16.00 mA/cm2 for the perovskite
top cell, and 15.95 mA/cm2 for the silicon bottom cell. In the
two-terminal TSC, before being absorbed at the perovskite
layer, light first passed through the transparent electrode and
the HTL layer. Doped Spiro-OMeTAD HTL has an
observable parasitic absorption mainly in the blue wavelength
range,22 which explains the phenomenon of a low EQE
response below a wavelength of 400 nm. In addition, the
reflectance within the wavelength range of 900−1000 nm was
large, corresponding to the low EQE response, which can be
partly attributed to the refractive index mismatch between the
crystalline silicon (nc‑Si = 3.6−3.7 at 900 nm) and ITO
recombination (nITO = 1.6−2.0 at 900 nm, depending on its
doping).43 The similar EQE curves can be found in the reports
of tandem device using double-side polished silicon bottom
cell.23,24 Additionally, the peak of EQE curves of tandem
device can be reshaped as a function of ITO thickness.32 In
order to minimize the reflection loss, a better refractive index-
matched nanocrystalline silicon recombination junction
replaced TCO25 and textured silicon solar cells27,28 have
been applied in TSCs. It should be noted that there is a 4.7%
discrepancy between the JSC obtained from the J−V measure-
ment and the integrated JSC from the EQE results for the
tandem cell in the reverse scan direction. An overestimation of
JSC may occur in perovskite and perovskite/silicon solar
cells.25,44,45 This phenomenon can be attributed to the
aperture of the “metal mask” being slightly larger than the
active area of the TSC in the previous measurement. To more
accurately evaluate the efficiency, the integrated current from
the EQE was used to replace the current directly extracted
from the J−V curves. The ultimate calibration efficiency of the
TSC was 20.43% in the reverse scan direction, and 19.91% in
the forward scan direction. In our NIP configuration, the
relatively low JSC is due to the strong parasitic absorption of
Spiro-OMeTAD, the high reflectance of the planar front
surface, and the lack of an appropriate antireflection coating.
The certified 23.6% PIN type tandem cells have a high JSC of
18.1 mA/cm2 because of the circumvention of parasitic
absorption when selecting a less parasitic absorption PCBM
or SnO2 as electron-transporting layer, and rear textured silicon
to elongate its path length. In the following work, we will focus
on improving the JSC through the introduction of a novel HTL
with less parasitic absorption, an antireflection foil, and a light
trapping structure. Additionally, the VOC of our result is over
1.8 V, which is due to the optimized band alignments between
the perovskite and ETL or HTL, and the better passivation of
the silicon bottom cell.
Figure 3c shows a cross-sectional SEM image of the TSC

structure. Each layer of the perovskite top cell can be clearly
seen, as can the silicon wafer at the bottom of the image. The
layer of the perovskite is nearly composed of single perovskite
crystals with a size of about 400 nm. Spiro-OMeTAD was
deposited uniformly on the perovskite film with a thickness of
150 nm. Then, 9 nm of MoOx was slowly evaporated on top of
the Spiro-OMeTAD to reduce any damage from the sputtering
of the 110 nm ITO transparent electrodes. The stability of the
TSCs was monitored by keeping the devices under continuous

Table 2. J−V Parameters for a Semitransparent PSC (ST-
PSC), a Silicon Heterojunction (SHJ) Solar Cell, and the
Optimal Perovskite/SHJ TSCa

device
scan

direction
JSC

(mV/cm2) VOC (V) FF PCE (%)

ST-PSC reverse 16.39 1.14 0.74 13.83
rear illum. forward 16.38 1.14 0.73 13.63
ST-PSC reverse 19.12 1.18 0.70 15.79

front illum. forward 19.10 1.18 0.70 15.78
SHJ forward 34.22 0.70 0.70 16.83
TSC reverse 16.74 1.83 0.70 21.31

forward 16.70 1.81 0.69 20.79
TSC (calibration

from EQE)
reverse 15.95 1.83 0.70 20.43
forward 15.95 1.81 0.69 19.91

a“rear illum.” is defined as illumination from the HTL side, whereas
“front illum.” indicates illumination from the glass/ITO side. All
devices were tested without an antireflective layer.
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soaking of simulated AM 1.5 sunlight for nearly 20 min, and as
demonstrated in Figure 3d, the Jmpp was maintained at 15.10
mA/cm2 with no decline.

3. CONCLUSIONS
To summarize, we reported high-performance TSCs obtained
through the component control of a perovskite film at the top
cell and interface passivation of HIT at the bottom cell. The
Cs-doped perovskite film can modify the surface morphology
with a larger grain size and reduced surface roughness
compared to the FAMA control film. The boosting of VOC
for Cs-containing devices was due to the widened band gap
and reduced trap density. Meanwhile, a high VOC related to the
minority carrier lifetimes of the silicon bottom cells was
achieved through an optimization of the hydrogen-to-silane
dilution ratio, RH, and the substrate temperature during
deposition of the intrinsic a-Si:H layer. As a result, we achieved
monolithic perovskite/SHJ TSCs with a maximum VOC of up
to 1.83 V and a power-conversion efficiency of 20.43% in the
reserve scan direction without any light trapping. To the best
of our knowledge, the VOC obtained in this study is the highest
value for TSCs thus far obtained. TSCs with a high VOC and
simultaneously high efficiency demonstrate a very significant
perspective for application in special electronics devices, solar
fuels, and other applications.
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Krol, R.; Moehl, T.; Graẗzel, M.; Moser, J. E. Unravelling the
Mechanism of Photoinduced Charge Transfer Processes in Lead
Iodide Perovskite Solar Cells. Nat. Photonics 2014, 8, 250−255.
(7) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells.
J. Am. Chem. Soc. 2009, 131, 6050−6051.
(8) Im, J. H.; Lee, C. R.; Lee, J. W.; Park, S. W.; Park, N. G. 6.5%
Efficient Perovskite Quantum-Dot-Sensitized Solar Cell. Nanoscale
2011, 3, 4088−4093.
(9) Yang, W. S.; Noh, J. H.; Jeon, N. J.; Kim, Y. C.; Ryu, S.; Seo, J.;
Seok, S. II. High-Performance Photovoltaic Perovskite Layers
Fabricated through Intramolecular Exchange. Science 2015, 348,
1234−1237.
(10) Kim, H. S.; Lee, C. R.; Im, J. H.; Lee, K. B.; Moehl, T.;
Marchioro, A.; Moon, S. J.; Humphry-Baker, R.; Yum, J. H.; Moser, J.
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Hagfeldt, A.; Graẗzel, M. Cesium-Containing Triple Cation Perovskite
Solar Cells: Improved Stability, Reproducibility and High Efficiency.
Energy Environ. Sci. 2016, 9, 1989−1997.
(34) Kim, H. D.; Ohkita, H.; Benten, H.; Ito, S. Photovoltaic
Performance of Perovskite Solar Cells with Different Grain Sizes. Adv.
Mater. 2016, 28, 917−922.
(35) Grill, I.; Handloser, K.; Hanusch, F. C.; Giesbrecht, N.; Bein,
T.; Docampo, P.; Handloser, M.; Hartschuh, A. Controlling Crystal
Growth by Chloride-Assisted Synthesis: Towards Optimized Charge
Transport in Hybrid Halide Perovskites. Sol. Energy Mater. Sol. Cells
2017, 166, 269−275.
(36) Yang, G.; Wang, C.; Lei, H.; Zheng, X.; Qin, P.; Xiong, L.;
Zhao, X.; Yan, Y.; Fang, G. Interface Engineering in Planar Perovskite
Solar Cells: Energy Level Alignment, Perovskite Morphology Control
and High Performance Achievement. J. Mater. Chem. A 2017, 5,
1658−1666.
(37) Bi, D.; Tress, W.; Dar, M. I.; Gao, P.; Luo, J.; Renevier, C.;
Schenk, K.; Abate, A.; Giordano, F.; Baena, J. P. C.; Decoppet, J.-D.;
Zakeeruddin, S. M.; Nazeeruddin, M. K.; Graẗzel, M.; Hagfeldt, A.
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