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Mixed-cation halide perovskite solar cells (PSCs) have received extensive attention due to their excellent opto-
electronic properties and long-term stability. How to further promote its facile and large-scale film-formation
procedure is of great significance for commercialization. In this work, a CsMA-based perovskite film was pre-
pared via a two-step evaporation process. By regulating the cation ratio systematically, uniform and large-scale
perovskite films can be obtained with excellent stability and high crystallization. Based on the perovskite active

layer, typical PSCs were developed with a fully-evaporation technology, and the power conversion efficiency
(PCE) of the champion device is 17.15% (Jsc = 22.59 mA cm’z, Voc = 1.03 V, FF = 73.71%). In addition, the
PSC module was also explored (active area ~10 cm?), achieving a PCE of 10.24%. It prospects that our efforts
could draw inspiration for pushing ahead the industrialization of the perovskite photovoltaic.

1. Introduction

In the past ten years, hybrid organic-inorganic perovskites have
become one of the most popular optoelectronic materials due to their
excellent optical properties, including adjustable bandgap, high carrier
mobility, and excellent semiconducting properties [1-6]. The critical
factors in improving the power conversion efficiency (PCE) of perovskite
solar cells (PSCs) are the crystallinity of perovskite film [7-11], the
adjustment of perovskite composition [12-16], and the optimization of
the device structure [17-21]. Up to now, the highest PCE of the PSCs
certified by the authorized agency has reached 25.2% [22]. However,
the instability of the PSCs and the loss of PCE in amplifying the active
device region still limit the development of perovskite cells in com-
mercial applications [23-25].

As one of the commonly used crystal structures of perovskite mate-
rials, methylammonium lead iodide (CH3NH3PbIs, MAPbI3) has been
widely used in perovskite solar cells. However, the stability of MAPbI3 is
poor since its crystal lattice is easily destroyed, especially under

conditions of high temperature and humidity [24]. In response to this
problem, many methods have been proposed, such as reducing the de-
fects of the perovskite crystal [26], using a stable inorganic charge
transport layer [27], and improving the encapsulation process [28]. In
fact, adjusting the composition of perovskites is also an effective
method. For instance, Br ions are introduced into perovskites and
partially substituted for I ions to form dense, stable structures [29].
Some alkali metal cations such as Cs cations are used to partially replace
MA cations, reducing MA vacancy defects and inhibiting ion migration
[30]. However, these improvements are based on the solution method,
which is sensitive to the environment and difficult to apply to large-area
film preparation. Therefore, it is necessary to develop more innovate
strategies for preparing stable and large-area PSCs.

Nowadays, the preparation of perovskite films by vacuum deposition
has received wide attention owing to its facial process to produce
smooth, evenly covered films [31-35]. Snaith et al. explored preparing
perovskite films by dual-source evaporation in 2013 [2]. Lin et al. pro-
posed a sequential vacuum deposition method to control the proportion
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of deposition accurately [36]. Meanwhile, a work based on mixed
chemical vapor deposition was reported to form MAPbI;3 perovskites by
sequential deposition [37]. Recently, in order to improve the perfor-
mance of MAPbI3 perovskite solar cells based on vapor deposition,
cation doping methods are being explored continuously. A mixed vapor
of FAI and MAI reacts with lead iodide film to form (FA)x(MA);_xPbls
perovskite, which could increase short circuit current density [38]. A
film blended with lead iodide and cesium iodide forms a stable perov-
skite film by reacting with MA vapor [39]. Preparation of CsysFAg 4.
MA(.1Pb(Ip.g3Bro.17)s  perovskite compounds by simultaneous
evaporation with multiple evaporation sources was reported [40]. The
above researches have made good progress in improving PCE based on
small-area device. However, these methods have not been conducted in
large-area modules.

In this work, a CsyMA;4Pbl3 perovskite film which has compact
grains and no pin-holes was prepared through sequential two-step
evaporation techniques. Meanwhile, we developed a fully-evaporation
method to prepare PSCs devices and successfully applied this method
to the preparation of large-area modules. It should be noticed that at the
optimum Cs doping concentration, the defect density of the perovskite
films can be effectively reduced while the recombination resistance in-
creases significantly. The champion device based on CsyMA; 4\Pbl3 rea-
ches a PCE of 17.15% and shows prominent stability. More importantly,
a PSC module with a PCE of 10.24% can be prepared on a substrate with
an area of 10.8 cm?, which demonstrates the feasibility of the method for
preparing large-area and high-quality films.

2. Experimental
2.1. Materials

Pbl; (99.999 wt%) and CsI (99.999 wt%) was purchased from Alfa
Aesar and used as received. MAI was synthesized as reported previously.
Vanadium triisopropoxy oxide (96%) was purchased from Alfa Aesar
and diluted before use. Cgp was purchased from xi’an Polymer Light
Technology Corp. BCP was purchased from Nichem. Dimethyl form-
amide (DMF) and 2-Propanol (IPA) were purchased from Sinopharm
Chemical Reagent Co. Ltd.

2.2. Device fabrication

ITO-coated glasses used as substrates were cleaned with detergent,
deionized water, and acetone in order for 15 min, and then exposed to
ultraviolet ozone plasma for 10 min after drying. First, the substrates
were transferred into a vacuum chamber and the vacuum pressure was
reduced to below 6 x 10~® mbar before evaporation. VOy and CuPc were
sequentially deposited at a deposition rate of 0.5 A s~ and the thickness
of VOy layer was 10 nm covered with a CuPc layer of 10 nm. Then the
samples were transferred to another vacuum chamber to complete the
deposition of the perovskite film, and the vacuum pressure is maintained
at 3 x 107° mbar to 6 x 107® mbar. The Pbl, and the CsI were simul-
taneously evaporated on the substrates at a calculated fixed rate. In
order to obtain films with Cs-to-Pb stoichiometry ratios of 0.03, 0.05,
0.07, and 0.1, Pbl, was deposited at a thickness of 200 nm with a
deposition rate of 3.9 A s~!, and the deposition rates of CsI were 0.09 A
s’l, 0.15 A s’l, 0.21 A s’l, 0.3 A s, After the evaporative crucible
cooled down, the MAI coated on the molybdenum foil was rapidly
vaporized onto the prepared film of Pbl, - CsI mixture when the evap-
oration current momentarily reached 100 A in a few seconds. In order to
ensure the uniformity and sufficiency of the reaction, it is necessary to
distribute MAI evenly on the molybdenum foil. MAI powder was first
dissolved in DMF. Then MAI solution was uniformly coated on a mo-
lybdenum foil. After that, molybdenum foil is placed on the annealing
plate to remove excess DMF solution. Apart from this, the distance be-
tween the substrate and the molybdenum foil was about 5 cm. After that,
the films were transferred to a nitrogen-filled glove box and placed on a
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hot plate through a vacuum transition chamber, annealed at 100 °C for
30 min and gradually transforming into the CsyMA; 4Pbls perovskite.
After the perovskite films cooled down, the excess MAI was removed by
soaking the samples in the IPA solution for 10 s. Then the excess IPA on
the film was blown off with Ny gas. Finally, the samples were transferred
into a vacuum chamber and the chamber was evacuated to a pressure of
6 x 107 mbar. LiF, Cgo, BCP and silver were sequentially deposited on
the perovskite films at an evaporation rate of 0.1 As™},0.35As™ %, 0.1 A
s71, and 0.5 A s with thicknesses of 1 nm, 30 nm, 6 nm, and 120 nm,
respectively.

2.3. Characterization

Film Characterization: The morphology and roughness of the
perovskite films were investigated by a field emission scanning electron
microscope (SEM; Quanta 250, FEI, USA) and an atomic force micro-
scope (AFM; Digital Instruments Dimension 3100 scanning force mi-
croscope). XRD measurements were tested with an X-ray diffractometer
(D/MAX-2400, Rigaku, Japan) with Cu Ko radiation. The absorption
spectra was obtained by UV-vis spectrophotometer (HITACHI U-3010,
Japan). The PL spectra was recorded on a fluorescence spectrometer
(Fluoromax-4 spectrofluorometer). And the time-resolved PL spectra
was recorded on an FLS920 spectrometer through a time-correlated
single-photon counting system.

Device Characterization: The area of each device was calibrated
uniformly through a 7.00 square millimeter mask and all tests were
carried out in ambient air. The photovoltaic performance was evaluated
under an AM 1.5 G illumination of 100 mW cm~2 with an AAA solar
simulator (XES-301, SAN-EI). The photocurrent-voltage (J-V) curve was
obtained by a Keithley (2602 Series Sourcemeter) with a scan rate of
0.01 Vs~ ! step. Incident photon-to-current conversion efficiency spectra
was collected in a DC mode by a solar cell quantum efficiency mea-
surement system (SolarCellScan 100, Zolix Instruments. Co. Ltd.).
Capacitance - Voltage (C-V), space charge limited current (SCLC) and
electrochemical impedance spectra (EIS) of the devices were measured
by CHI-660E.

3. Results and discussion

Fig. 1 shows the preparation method of the perovskite films,
including sequential deposition and annealing. For the first step, ratio-
tuned Pbly and CsI were deposited on the substrate through a co-
evaporation process. Subsequently, organic salt MAI was flash-vapored
onto the mixed film. Finally, a high-quality hybrid film was formed
after annealing.

By adjusting the evaporative rates of CsI and Pbly, a series of pe-
rovskites can be obtained with different ratios of Cs-to-Pb, including 0,
0.03, 0.05, 0.07, 0.1. The effect of Cs dopant on the morphology of
CsxMA; «\Pbl3 perovskite is investigated by observing the surface
morphology of the films. As shown in Fig. 2a-e, all perovskite films are
uniform and flat, forming dense grain boundaries and completely
covering the hole transport layer without pinholes. It can be seen that
the pristine perovskite surface consists of many small grains due to the
poor crystallinity (Fig. 2a). Obviously, the introduction of Cs affects the
morphology of perovskite films. When the concentration of Cs increases
from O to 0.05, the grains of the films become larger and smoother in
general, which is conducive to effectively hindering carrier recombi-
nation and reducing defects, as well as enhancing the ability of charge
transfer between interfaces. Because grain boundaries usually consist of
defects, larger grain size means less grain boundary density, which
means less photoelectric loss. However, as the concentration of Cs
continues to increase, the grain size of the perovskite films tends to
decrease overall. The element distribution mapping is shown in Fig. S1,
which can prove the uniform distribution of Cs on the surface of the films
by evaporation. In the meanwhile, a cross-sectional SEM image of the
device with ITO/VOx/CuPc/perovskite/LiF/Cgo/BCP/Ag structure is
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Fig. 2. (a)-(e) SEM images of the CsyMA; 4Pbl; perovskite with different Cs amounts from 0 to 0.1. (f) A cross-sectional SEM image of CsyMA;.1Pbl; device.

shown in Fig. 2f. The overall thickness of the device is about 650 nm,
and the perovskite layer with a thickness of 380 nm is immensely
coherent, which can be clearly distinguished from other functional
layers. The elemental distribution of the cross-section is shown in
Fig. S2, which reflects the homogeneous incorporation of Cs and I into
the perovskite film.

In order to investigate the crystallization of the CsyMA;4Pbls
perovskite with different Cs contents, X-ray diffraction (XRD) mea-
surements are carried out on these films. As shown in Fig. 3a, it is
apparent that all samples exhibit strong crystallinity and show no
apparent Pbl, characteristic peaks at 12.8°, indicating that the reaction
was complete and there is no residue of the Pbl,. The perovskite
diffraction peaks of these samples including (110), (220) crystal planes
reveal the existence of the tetragonal phase of perovskite. The magnified
view of the (110) diffraction peak is shown in Fig. 3b. As the concen-
tration of Cs increases, the intensity and angle of (110) diffraction peak
slightly change. The strongest (110) diffraction peak is obtained when
the ratio of Cs-to-Pb is 5%, indicating that the crystallinity and crystal
orientation of samples are in optimal condition. It was reported that the
introduction of Cs is beneficial to reduce the bulk defect density of solar
cells [41]. The diffraction angle of perovskite in (110) plane shifts from
14.09° to larger angle, because of the difference in ionic radius between
Cs* (1.81 A) and MA™ (2.70 A) [42], which indicates that Cs* effectively
replace MA* and the lattice constant decreases accordingly. With the

proportion of Cs increasing to 10%, there is no evidence that the
emergence of characteristic peaks of CsPbls, indicating that no phase
separation has occurred.

The optical properties of CsyMA14Pbl3 with different proportions of
Cs are characterized by UV-Vis analysis, as shown in Fig. 3c. All samples
exhibit significant absorption edges around 780 nm. It should be noticed
that with the increase of Cs content, the absorption edge of the samples
moves toward the shorter wavelength slightly. What is more, the
bandgap of the CsyMA;4Pbls film is estimated by the Tauc plot. As
shown in Fig. S3, the band gaps of the samples are found to rise from
1.587 eV to 1.599 eV with adding Cs content.

In order to prove that the introduction of Cs has a positive effect on
the crystallinity of MAPbI; perovskite, all samples deposited on the glass
are measured by steady-state photoluminescence (PL) with an excitation
wavelength of 532 nm (Fig. 3d). It can be observed that all the perov-
skite films show an emission wavelength around 766 nm. When the Cs
content reaches 5%, the PL strength of samples shows the strongest
peak, which is mainly due to the fewer traps. As the increase of the Cs
content, PL strength decreases slightly due to the lattice mismatch
caused by excessive Cs.

The influence of Cs introduction on perovskite can be further studied
by testing X-ray photoelectron spectroscopy, as shown in Fig. S4. As is
clear from Fig. S5a, the characteristic peak of Cs 3d is not detected.
When the content of Cs reaches 0.05, two distinct characteristic peaks
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Fig. 3. (a) XRD patterns of the CsyMA; _,Pbls films. (b) A magnified view of the XRD (110) diffraction peak corresponding to the CsyMA; Pbl; films. (c) UV-Vis
absorption spectra and (d) PL spectra of CsyMA;_,Pbl; films deposited on glass substrates.

appear at 738.0 eV and 724.0 eV, corresponding to Cs 3d3/5 and Cs 3ds,
2. As shown in Fig. S5b and Fig. S5c, without the introduction of Cs, the
Pb 4f peak and I 3d peak are detected at 142.3 ev, 137.4 ev, 629.8 ev,
and 618.3 ev, corresponding to Pb 4fs/5, Pb 4f7/5, I 3d3/2 and I 3ds/s,
respectively. Meanwhile, the presence of Cs causes the Pb 4f peak and I
3d peak to shift to higher binding energy, which means that the lattice
parameters decrease slightly, and the results are consistent with the
conclusion drawn by the previous analysis of XRD.

Based on the high-quality perovskite film described above, we
fabricated a full-evaporation PSC with a conventional multilayer planar
structure of ITO/VOy/CuPc/perovskite/LiF/Cgo/BCP/Ag, where the
hybrid hole transport layer was reported in the previous work [43]. We
found that 1 nm LiF deposited between perovskite and Cgo improves the
Voc and FF of the devices. It will inhibit the nonradiative recombination
of interfaces between perovskite and Cgp [44]. Fig. S5 shows the
current-voltage (J-V) curves of the pristine MAPbI3 and
Csg.05MA.95PbI3 PSCs with or without LiF, and the key parameters are
listed in Table S1. The schematic diagram and the energy diagrams of
the planar heterojunction device are shown in Fig. 4a. The
current-voltage (J-V) curves of CsyMA;4Pbls with different ratios of
Cs-to-Pb are shown in Fig. 4b, and the key parameters are listed in
Table 1. It can be seen that the best performance of the pristine PSC
shows a PCE of 14.06%, a short circuit current density (Jsc) of 21.58 mA
em™2 an open circuit voltage (Voc) of 0.967 V and a fill factor (FF) of
67.37%. Notably, the existence of Cs could considerably enhance the
photovoltaic performance of PSCs due to the improved quality of the
perovskite film as investigated above. The electrical performance pa-
rameters (Jsc, Voc, FF, PCE) of CsxMA; 4PbI; have different degrees of

improvement when x = 0.05, among which Vg¢ and Jgc are the main
factors affecting the rise of PCE. The parameters including Voc, Jsc, FF
and PCE of the best performance device are 1.03 V, 22.59 mA cm ™2,
73.71% and 17. 15%, respectively. Voc depends on the bandgap of the
light-absorbing layer and the loss of carrier recombination at the
interface. As mentioned before, the doping of Cs into perovskite films
causes a rise in the bandgap, which is one of the reasons for the
improvement of Voc. The second reason for the increase of Vg is that
larger grains effectively reduce defect traps and carrier recombination.
In the meanwhile, the rise of Js¢ and FF is mainly due to the drop of
defect density, which was confirmed by the results of SCLC in subse-
quent sections. Fig. 4c shows that there is almost no hysteresis effect in
the optimal PSC, which is attributed to the planar structure of the
perovskite devices. The IPCE spectrum of the PSC device with
Csg.0sMA.95PbI3 and the calculated Jg¢ values are presented in Fig. 4d.
It is worth noting that the IPCE fluctuates around 85% in the range of
450-750 nm and the Jgc (22.12 mA cm2) calculated by integral is close
to the Jg¢ (22.59 mA cm’z) in J-V curve. Meanwhile, Fig. S6 contains the
IPCE spectrum of the PSC device with MAPbI3 and the calculated Js¢
values. In order to study the stability of the device during operation, the
stabilized maximum power output of the photocurrent density is
measured at a bias of 0.81 V, as shown in Fig. 4e. It can be seen that the
current density drops rapidly and then rises gradually to a steady state
due to the hysteresis, remaining at 20.83 mA cm 2.

TRPL can be used to characterize the photo-generated carrier life-
time in the perovskite film and reflect the trap state density of the
perovskite film. As shown in Fig. 5a, a pure MAPbI; film and a CsyMA;.
xPbl; film with optimum doping concentration are prepared on the glass
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Fig. 4. (a) The schematic diagram and the energy diagrams of the planar heterojunction device. (b) J-V curves of the CsyMA; 4Pbl3 PSCs with different x values. (c)
The J-V curve of the optimum performance PSC under forward and reverse scan. (d) IPCE spectrum of the champion devices. (e) Photocurrent density and PCE
measured as a function of time biased at 0.81 V for the Csg 9sMAg o5Pbls device.

Table 1

Key J-V parameters of the CsyMA; _,Pblz devices.
Cs content Jsc(mAcm™?) Voc(V) FF(%) PCE(%)
0 21.58 0.967 67.37 14.06
0.03 22.02 1.004 71.29 15.75
0.05 22.59 1.030 73.71 17.15
0.07 22.21 1.010 71.41 16.02
0.1 21.82 0.990 70.53 15.23

substrate and tested by the TRPL. It is apparent that the carrier lifetime
of the pristine sample is lower than the carrier lifetime of the sample at
Cs concentration of 0.05. The carrier lifetime significantly increases
from 34.17 ns to 43.66 ns (Table S2). The rise of the lifetime is mainly
due to the suppression of the recombination of photogenerated charge
carriers, which is related to the reduced trap density mentioned later.
In order to explore the effect of the introduction of Cs into the

perovskite films on the defect density, we fabricated a two-electron layer
device (ITO/Cgo/perovskite/Cep/Ag) of perovskite films with different
Cs content. Space charge limited current (SCLC) tests in dark conditions
can reveal the intrinsic characteristics of perovskite films. As shown in
Fig. 5b, the initial voltage of the trap filling limit (V) of MAPbI;3 films
is 0.91 V, and the trap state density is calculated to be 1.75 x 10'® cm™3
according to the formula in Supporting information [45]. As the Cs
content increases to 0.05, Vg, drops to 0.47 V, and the corresponding
density of the trap state is 0.91 x 10'® ecm™3. These results reflect the
existence of Cs may affect the reduction of the defect states density of the
perovskite films to some extent.

The charge transport and recombination processes inside the device
are further studied by carrying out electrical impedance spectroscopy
(EIS). Fig. 5c shows the Nyquist plot of the impedance spectrum of the
device tested in dark conditions. The upper right area of the figure shows
the equivalent circuit of the device, consisting of sheet resistance (Rg),
recombination resistance (Rrec) and capacitance of cells (Cpe). The fitted
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0.05PbI3 devices.

results of all resistance values are collected in Table S3. It is found that
the Ryec value increased obviously from 900.3 Q to 1701 Q, indicating
that the charge recombination is suppressed, corresponding to the re-
sults of PL and TRPL.

Capacitance - Voltage (C-V) is characterized to analyze the cause of
Voc increase. According to the Mott-Schottky equation in Supporting
information, the built-in potential (Vi) is related to the intercept and
can be obtained by fitting the curve in the Mott-Schottky plot. The value
of Vo is positively correlated with the Vy;. As shown in Fig. 5d, the Vy,; of
the pristine device and the device with Cs content at 0.05 are calculated
to be 0.90 V and 0.93 V, respectively. This increase is mainly due to the
reduction in the density of defect states of perovskites, which is ad-
vantageous for inhibiting the recombination of carriers and reducing the
loss of energy.

Moreover, the stabilities of the MAPbI3 and Csg gsMA 9sPbls devices
are also studied. We conducted stability tests by exposing them to air
(40% RH) for half a month without encapsulation. Fig. 6a depicts the
normalized PCE of the devices for 15 consecutive days. Compared with
the MAPDI3 device of 35% attenuation efficiency, the Csg gsMAg.g5Pbl3
device shows excellent stability with an efficiency attenuation of 15%.
As shown in Fig. 6b, XRD measurements are carried out on the two
perovskite films. It is worth noting that diffraction peaks of lead iodide
appear in both samples, indicating the decomposition of the perovskite
films, in which the decomposition of MAPbI3 was most obvious. In fact,
one of the reasons for the improved stability of Cs doped PSCs is that the
defect-states density of perovskites is reduced due to the partial
replacement of MA cations by Cs cations, and another reason is that the
presence of Cs cations inhibits the ions migration [46].

The flatness and uniformity of the perovskite active layer and the

functional layer based on vacuum deposition are very well, which is
beneficial to the promotion of the PSCs from small-area to large-area.
The high PCE of the module depends on the uniform distribution of
the large-area device with excellent photoelectric performance. We have
made statistics on the electrical performance parameters of the MAPbI3
and Csg gsMAg 9sPbl3 devices, and the distribution statistics are shown
in Fig. S7. Compared with all parameters distribution range of the
standard PSCs, the parameters distribution range of Cs doped PSCs is
narrower, which is related to the reduction of defect-state density
calculated in previous sections.

Ultimately, we fabricated a PSC module based on the fully-
evaporation process. As shown in Fig. 6¢ and Fig. S8, the PSC module
with an effective area of 10.8 cm? consists of eight sub-PSCs with an
effective area of 1.35 cm? (0.30 cm x 4.5 cm). The sub-PSCs are con-
nected in series by effectively masking each functional layer and the
distance between adjacent sub-PSCs is 5.6 cm. Fig. 6d shows the best
performance of the champion module with a PCE of 10.24%, a Voc of
7.73V, aJsc of 1.96 mA cm ™2 and a FF of 67.9% under reverse scanning.

4. Conclusion

In summary, we fabricated high-quality CsyMA;4Pbls perovskite
films by a sequential two-step evaporation method. By optimizing the
content of Cs, the properties of the perovskite films can be significantly
improved, such as larger and smoother grains, lower defect density, and
higher recombination resistance. As a result, the PCE of the champion
device reaches 17.15%, which is about 20% higher than that of the
standard device. The stability of the Cs doped PSCs is also improved, and
the PCE of the champion device is only attenuated by 15% within half a
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Fig. 6. (a) The long-term stability test of MAPbI3 and Csg 0sMAq.9sPbl3 device stored in ambient condition (40% RH) without encapsulation. (b) XRD patterns of the
MAPDI; and Csg.gsMAg 9sPbl; films placed in ambient condition (40% RH) without encapsulation after half a month. (¢) Image of a Csg.0sMAg.9sPblz module with an
effective area of 10.8 cm? (8 sub-cells in series). (d) J-V curve of the champion CsgosMAq osPbl; module.

month. It is worth noting that the existence of Cs effectively improves
the uniformity of the device, which is one of the important factors
restricting the PCE of large-area modules. The PCE of a PSC module
based on Cs dopant with an active area of 10.8 cm? can reach 10.24%.
These results show that we provide a new method to prepare PSC
modules for large areas.
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