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Introduction

Organic–inorganic methylammonium lead triiodide (MAPbI3)
perovskite solar cells (PVSCs) have drawn extensive attention

owing to their unique photovoltaic properties and rapid im-
provements in their power conversion efficiencies (PCEs)
during the last six years,[1–16] with the current record PCE of

22.1 %.[17] Pure MAPbI3 perovskite exhibits the following short-
falls that limit further improvements in device performance:

1) Its band gap (&1.58 eV) is slightly higher than the optimal

band gap range (1.2–1.45 eV) for single-junction solar cells
as per the Shockley–Queisser limit[18]

2) It is not stable against moisture[19–21]

3) It undergoes a phase transition (from tetragonal to cubic

phase) at approximately 55 8C and is not stable above
100 8C (decomposes with a final product of PbI2).[12, 22–26]

Recently, the a-phase black formamidinium lead triiodide
(FAPbI3) was suggested as an alternative to MAPbI3 because of
its smaller band gap (&1.45 eV) and higher thermal stability
(no phase transition between 25 and 150 8C).[22, 27–31] However,

despite these advantages, pure FAPbI3 PVSCs have not ach-
ieved better PCEs than MAPbI3-based PVSCs.[22, 27, 32] One of the

reasons is that FAPbI3 perovskite films often contain a small

portion of a yellow d-phase, which adversely affects the cell
performance. The slightly too large Goldschmidt tolerance

factor (t) caused by the large radius of FA1 + cations correlates
with the observed formation of the yellow d-phase.[33–35] Alloy-

ing with cations with smaller radii such as MA1 + and/or Cs1 +

has been used to optimize the tolerance factor to suppress the

formation of the undesirable yellow d-phase. The alloying ap-

proach has successfully led to improved PCEs for FA-based
lead halide PVSCs.[16, 33, 36–41]

It is noted that alloying FA with MA or MA plus Cs has led to
PVSCs with PCEs higher than 20 %: alloying of MA and FA has

achieved PCEs above 19 %,[40, 42–45] whereas mixing MA, Cs, and
FA has resulted in a PCE higher than 21 %.[37] However, alloying

Formamidinium lead triiodide (FAPbI3) is considered as an al-

ternative to methylammonium lead triiodide (MAPbI3) because
of its lower band gap and better thermal stability. However,
owing to the large size of FA cations, it is difficult to synthesize

high-quality FAPbI3 thin films without the formation of an un-
desirable yellow phase. Smaller sized cations, such as MA and

Cs, have been successfully used to suppress the formation of
the yellow phase. Whereas FA and MA lead triiodide perovskite

solar cells (PVSCs) have achieved power conversion efficiencies
(PCEs) higher than 20 %, the PCEs of formamidinium and

cesium lead triiodide (FA1@xCsxPbI3) PVSCs have been only ap-

proximately 16.5 %. Herein, we report our examination of the
main factors limiting the PCEs of (FA1@xCsxPbI3) PVSCs. We find

that one of the main limiting factors could be the small grain

sizes (&120 nm), which leads to relatively short carrier life-

times. We further find that adding a small amount of lead thio-

cyanate [Pb(SCN)2] to the precursors can enlarge the grain size
of (FA1@xCsxPbI3) perovskite thin films and significantly increase

carrier lifetimes. As a result, we are able to fabricate
(FA1@xCsxPbI3) PVSCs with significantly improved open-circuit

voltages and fill factors and, therefore, enhanced PCEs. With an
optimal 0.5 mol % Pb(SCN)2 additive, the average PCE is in-

creased from 16.18:0.50 (13.45:0.78) % to 18.16:0.54
(16.86:0.63) % for planar FA0.8Cs0.2PbI3 PVSCs if measured

under reverse (forward) voltage scans. The champion cell regis-

ters a PCE of 19.57 (18.12) % if measured under a reverse (for-
ward) voltage scan, which is comparable to that of the best-

performing MA-containing planar FA-based lead halide PVSCs.
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FA with only Cs has not yet achieved a similar level of success.
Though FA1@xCsxPbI3 PVSCs have demonstrated higher PCEs

and better stability than pure FAPbI3 PVSCs, the highest PCE
reported for FA1@xCsxPbI3 PVSCs is still approximately

16.5 %.[33, 38, 39] With mixed FA/Cs cations and mixed I/Br anions,
the PCE could be further improved to 18 %.[16, 36] The per-
formance of PVSCs depends on many critical issues. The quali-
ty of the perovskite absorber layers, such as uniform substrate
coverage, surface roughness, and grain size, plays a central

role in determining the performance of the PVSCs. Yet, the key
factors limiting the PCEs of FA1@xCsxPbI3 PVSCs have not been
fully identified.

Herein, we report on our examination of the limiting factors

for the PCEs of FA1@xCsxPbI3 PVSCs prepared by a one-step pro-
cess. We find that pure FAPbI3 perovskite thin films contain

a small portion of the undesirable yellow d-phase and have

large grains, which results in rough surfaces. As soon as
a small amount of Cs is added, the formation of the yellow d-

phase is suppressed. The grain size of FA1@xCsxPbI3 perovskite
films decreases dramatically, which leads to significantly re-

duced surface roughness and dense films. Therefore, most
FA1@xCsxPbI3 PVSCs exhibit PCEs surpassing those of FAPbI3

PVSCs. However, further PCE improvement is limited by the

small grain sizes, which are responsible for the short carrier
lifetimes. We further find that a small amount of lead thiocya-

nate [Pb(SCN)2] as an additive in the precursors enlarges the
grain size of FA1@xCsxPbI3 perovskite thin films and increases

the carrier lifetimes, which leads to significantly improved
open-circuit voltage (Voc) and fill factor (FF) values and, there-

fore, PCE. With an optimal 0.5 mol % Pb(SCN)2 additive, the

average PCE is increased from 16.18:0.50 (13.45:0.78) % to
18.16:0.54 (16.86:0.63) % for planar FA0.8Cs0.2PbI3 PVSCs if

measured under reverse (forward) voltage scans. The cham-
pion cell registers a PCE of 19.57 (18.12) % with an Voc of 1.09

(1.05) V, a short-circuit current density (Jsc) of 22.25
(22.01) mA cm@2 and a FF of 80.85 (78.25) %. This performance

is now comparable with that of the best-performing MA-con-

taining planar FA-based lead halide PVSCs. It is noted that our
PVSCs with the Pb(SCN)2 additive are not hysteresis free,

though the degree of hysteresis is reduced. The true PCE of
a PVSC with hysteresis should be measured by using maximum

power tracking (MPT).[46] However, this method has not been
commonly used to measure the PCEs of perovskite solar cells,

which makes comparison of MPT efficiencies not possible for
FA1@xCsxPbI3 PVSCs.

Results and Discussion

We first discuss the effect of Cs alloying on the structural and
optical properties of FA-based perovskites. Figure 1 a shows

the X-ray diffraction (XRD) patterns of FA1@xCsxPbI3 thin films

on fluorine-doped tin oxide (FTO) substrates with Cs contents
ranging from 0 to 30 mol % (i.e. x = 0 to 0.3). The diffraction

peak at 2 q = 11.448 is from the hexagonal yellow d-phase of
FAPbI3. For x = 0 (FAPbI3), a mixed phase of yellow and trigonal

black FAPbI3 a-phase is detected. The yellow FAPbI3 peak starts
to decrease as soon as 5 mol % Cs is added and then becomes

negligible if the Cs content is further increased. This indicates
more complete conversion into the black perovskite phase.
This structural change is also visually observed during the syn-
thesis of the film. The FA1@xCsxPbI3 (x = 0, 0.05) film remains

yellow before annealing and then turns to black upon anneal-
ing at approximately 150 8C. The as-deposited FA1@xCsxPbI3 (x+
0.1) films turn black right after diethyl ether dripping at room
temperature. This suggests that Cs substitution suppresses the
formation of the yellow FAPbI3 phase. The diffraction peak at

2 q= 12.688 is the hexagonal PbI2 phase, and the appearance
of this peak in mixed perovskite has been commonly ob-
served.[36, 37] Upon increasing the Cs content, the PbI2 peak
starts to decrease and finally disappears if x = 0.3. The diffrac-

tion peaks at 2 q values of 13.93, 19.75, 24.25, 28.07, 31.47,
40.11, and 42.678 correspond to the (1 0 1), (0 1 2), (0 2 1), (2 0 2),

(2 11), (1 2 2), (0 2 4), and (1 3 1) lattice planes of the black

FAPbI3 phase, respectively. As seen in Figure 1 b, the peak posi-
tion for the (1 0 1) lattice plane gradually shifts to higher 2 q

values as the Cs content increases, which is consistent with the
decreased lattice constant upon Cs substitution of FA.

Figure 1 c shows the absorbance spectra of the FA1@xCsxPbI3

thin films. As the Cs content increases, the absorption onset

shifts to shorter wavelengths, which indicates increased band

gaps. A similar trend is also observed in the normalized photo-
luminescence (PL) spectra, as shown in Figure 1 d. The mea-

sured PL emission band shifts from 1.528 to 1.582 eV upon
changing x from 0 to 0.3. The result shows that the blueshift is

quite minor with different Cs contents and, therefore, shall not
be a key factor influencing the device performance.

We further characterized the surface morphology of the

FA1@xCsxPbI3 thin films by using scanning electron microscopy
(SEM). As shown in Figure 2 a, the FAPbI3 thin films synthesized

by our one-step process exhibit an average grain size larger
than 1 mm. The grain size decreases significantly as soon as

5 mol % Cs is added. It continues to decrease as the Cs content
continues to increase, and finally saturates at x = 0.15, as seen

from the SEM images shown in Figure S1 (Supporting Informa-

tion). For comparison, the SEM image of a FA1@xCsxPbI3 (x = 0.2)
thin film is shown in Figure 2 b. All FA1@xCsxPbI3 thin films ex-

hibit full coverage throughout the substrate and consist of
multiple grains. The average grain size (calculated by the soft-

ware ImageJ) as a function of Cs content is shown in Figure 2 c.
Even with a small x value (i.e. , Cs content), the average grain

size of FA1@xCsxPbI3 dramatically decreases, changing from
1400 nm (x = 0) to below 120 nm (x = 0.15). The average grain
size has no marked change with a further increase in the Cs

content (x = 0.2–0.3). We also measured the surface root-mean-
square (RMS) roughness of the FA1@xCsxPbI3 thin films by using

atomic force microscopy (AFM) (Figure S2). The measured RMS
roughness as a function of Cs content is also shown in Fig-

ure 2 c. It is seen that the pure FAPbI3 thin film has a RMS

roughness of 18 nm. Upon increasing the Cs content, the RMS
roughness of FA1@xCsxPbI3 thin films first decreases, then reach-

es a minimum value of 5.38 nm at x = 0.2, and then increases.
To investigate the effect of the Cs content on the device per-

formance, planar PVSCs based on FA1@xCsxPbI3 absorbers were
fabricated with the regular architecture of FTO/SnO2/C60-SAM/
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FA1@xCsxPbI3/spiro-OMeTAD/Au, for which C60-SAM and spiro-

OMeTAD stand for fullerene and 2,2’,7,7’-tetrakis[N,N-bis(p-me-
thoxyphenyl)amino]-9,9’-spirobifluorene, respectively. Fig-

ure S3 a shows the cross-sectional SEM image of a typical
FA1@xCsxPbI3 PVSC. All different component layers are discrete

and are clearly observed in the image. We used SnO2 electron
selective layers (ESLs). As reported previously, SnO2 ESLs can

be prepared by either a low-temperature solution process[47] or

plasma-enhanced atomic layer deposition (ALD).[48] In this
work, the SnO2 ESLs were prepared by ALD. The benefits of

using SnO2 as the ESL have been discussed.[47] The proposed
energy-band diagram of our PVSCs is shown in Figure S3 b.

We fabricated more than 30 cells for each Cs content. The
average device performance parameters of the FA1@xCsxPbI3

Figure 1. a) XRD patterns, b) magnified XRD patterns of the (1 0 1) lattice plane, c) absorbance spectra, and d) normalized PL spectra of FA1@xCsxPbI3 thin films
with various Cs contents (x values).

Figure 2. Top-view SEM images of a) FAPbI3 and b) FA0.8Cs0.2PbI3. c) Grain size and RMS roughness of FA1@xCsxPbI3 films as a function of the Cs content (x
value).
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PVSCs are summarized in Table S1. The pure FAPbI3 PVSC
shows rather low performance and gives an average PCE of

12.31:1.42 (11.31:1.54) % with an average Voc value of 0.94:
0.03 (0.90:0.04) V and Jsc value of 22.42:0.93 (22.46:
0.80) mA cm@2 if measured under reverse (forward) voltage
scans. Adding Cs leads to an immediate increase in cell per-

formance. As the Cs content x increases, the PCE first increases,
reaches a maximum value at x = 0.2, and then decreases. At
x = 0.2, the average PCE is 16.18:0.50 (13.45:0.78) % with an

Voc of 1.03:0.02 (0.97:0.02) V, a Jsc of 21.73:0.51 (21.51:
0.60) mA cm@2, and a FF of 72.37:1.18 (64.42:1.71) %. It is
seen that the performance improvement is mainly due to the
increased values of Voc and FF. The value of Jsc slightly decreas-

es because of the slightly increased band gap caused by Cs
substitution. The increased band gap also partially contributes

to the increased value of Voc. The FF increase is possibly due to

the decreased surface roughness. As x further increases from
0.2 to 0.3, we observe no further improvement in Voc or FF.

However, the value of Jsc decreases further to 20.33:0.34
(20.46:0.53) mA cm@2 as a result of the increased band gap,

and this leads to a decreased average PCE of 15.21:0.29
(13.81:0.67) % (x = 0.3). With our one-step process, we find

that the optimal Cs content is approximately x = 0.2, which is

close to the values reported by other groups.[16, 33, 36–39]

Figure 3 a shows the current density–voltage (J--V) curves of

the best-performing FAPbI3 and FA0.8Cs0.2PbI3 PVSCs, with the
relevant data being summarized in Table 1. The best PCE of

FAPbI3 is 15.18 (13.95) %, with an Voc of 1.00 (0.95) V, a Jsc of
22.29 (22.24) mA cm@2, and a FF of 68.23 (65.72) % measured

under a reverse (forward) scan. The best PCE of FA0.8Cs0.2PbI3 is

17.61 (16.19) % with an Voc of 1.06 (1.00) V, a Jsc of 21.85 (21.90)
mA cm@2, and a FF of 75.94 (73.93) % measured under a reverse
(forward) scan. As is consistent with the average performance

parameters shown in Table S1, the values of the Voc and FF of
the best-performing FA0.8Cs0.2PbI3 PVSC are higher than those

of the best-performing FAPbI3 PVSC, whereas the Jsc values are
very similar. Figure 3 b shows the external quantum efficiency

(EQE) spectra of the corresponding PVSCs. The integrated Jsc

values from the EQE spectra are 21.65 mA cm@2 for the FACsP-
bI3 PVSC and 21.59 mA cm@2 for the FA0.8Cs0.2PbI3 PVSC, which

agree well with their counterparts measured from the J–V
curves. In the wavelength range of 400 to 700 nm, the EQE of

the FA0.8Cs0.2PbI3 PVSC is clearly higher than that of the FAPbI3

PVSC, most likely because of the improved film quality result-

ing from Cs incorporation. The EQE onset edge of the FAPbI3

PVSC is at a longer wavelength than that of the FA0.8Cs0.2PbI3

PVSC owing to its smaller band gap value. Therefore the Jsc

values of these two PVSCs are quite comparable.
Though FA0.8Cs0.2PbI3 PVSCs show improved cell performance

relative to that shown by pure FAPbI3 PVSCs, the highest PCE
of 17.61 % is still much lower than the PCEs of the best PVSCs
using MA-incorporated FAPbI3 PVSCs. SEM images have shown

that FA0.8Cs0.2PbI3 films have small grain sizes of approximately
120 nm, which could be the factor that limits the PCEs. We
have previously shown that employing Pb(SCN)2 as an additive
can significantly enlarge the grain size and improve the Voc

and FF of MAPbI3 PVSCs.[49] SCN ions were initially used to im-
prove the moisture resistance of MAPbI3 perovskites.[50] Howev-

er, a later investigation revealed that a high concentration SCN
ions leads to the formation of the two-dimensional (2 D)
MA2Pb(SCN)2I2 perovskite,[51] which is not beneficial for solar

cell performance according to a recent theoretical study.[52]

However, if only a small amount of Pb(SCN)2 additive is added,

no 2 D perovskites are formed.[49] Yang et al. have recently
shown that SCN ions can enlarge the grain size of pure FAPbI3

thin films.[53] However, the FAPbI3 PVSCs with NH4SCN additives

still cannot achieve high PCEs. Here in this work, we find that
employing a small amount of Pb(SCN)2 in the mixed-cation

perovskite precursor solutions can enlarge the grain size and
further improve the performance of FA1@xCsxPbI3 PVSCs.

To evaluate the effects of SCN ions on the performance of
FA1@xCsxPbI3 PVSCs, we fixed the Cs content at x = 0.2, because

Figure 3. a) J–V curves measured under AM1.5G illumination at reverse and
forward voltage scans and b) EQE spectra and integrated Jsc of the best-per-
forming FAPbI3 (in black) and FA0.8Cs0.2PbI3 (in red) perovskite solar cells.

Table 1. Device performance parameters of the best-performing FAPbI3

and FA0.8Cs0.2PbI3 perovskite solar cells under AM1.5G illumination at re-
verse and forward voltage scans.

Material Direction Voc Jsc FF PCE
[V] [mA cm@2] [%] [%]

FAPbI3 reverse 1.00 22.29 68.23 15.18
forward 0.95 22.24 65.72 13.95

FA0.8Cs0.2PbI3 reverse 1.06 21.85 75.94 17.61
forward 1.00 21.90 73.93 16.19
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this Cs content gives the best cell performance, as shown in
Table S1. Various Pb(SCN)2 contents, ranging from 0 to 2 mol %

were studied. Figure 4 a shows the XRD patterns of the
FA0.8Cs0.2PbI3 thin films with various Pb(SCN)2 contents in the

perovskite precursor solutions. The diffraction peaks at 2 q

values of 13.93, 19.75, 24.25, 28.07, 31.47, 40.11, and 42.678
corresponding to the (1 0 1), (0 1 2), (0 2 1), (2 0 2), (2 11), (1 2 2),
(0 2 4), and (1 3 1) lattice planes of the black FA0.8Cs0.2PbI3 phase,

respectively, become stronger as the Pb(SCN)2 content increas-
es. This suggests that the grain size of the FA0.8Cs0.2PbI3 film in-

creases upon increasing the Pb(SCN)2 content. The diffraction
peak of the yellow FAPbI3 phase at 2 q = 11.448 is negligible in

all patterns, which is due to Cs substitution, as discussed
above. It is seen that the diffraction peak of PbI2 at 2 q = 12.688
increases upon increasing the content of the Pb(SCN)2 additive.
The trend is similar to that seen in MAPbI3 and FAPbI3.[49, 53] As
the Pb(SCN)2 content is further increased to 1 %, the diffraction

peak of CsPbI3 at 2 q = 9.888 starts to appear. CsPbI3 perovskite
has a large band gap and is thermally unstable. The formation
of this phase is highly undesirable for the performance of
PVSCs. Therefore, we have limited the content of the Pb(SCN)2

additive to below 2 %.
Figure 4 b shows the absorbance and normalized PL spectra

of the FA0.8Cs0.2PbI3 thin films with various Pb(SCN)2 contents.

The measured PL emission bands are 1.574, 1.574, 1.574, 1.573,
1.562, 1.556 eV for the films with 0, 0.25, 0.5, 1, 1.5, and 2 %

Pb(SCN)2 additive, respectively. For a Pb(SCN)2 content below
0.5 %, the PL emission band of FA0.8Cs0.2PbI3 does not change.

For Pb(SCN)2 contents higher than 1 %, the PL emission band
of FA0.8Cs0.2PbI3 is slightly redshifted. As shown in the above

discussions, the band gap of FA1@xCsxPbI3 depends on the Cs/

FA ratio, with a higher band gap observed at a higher Cs/FA
ratio. Here, for a higher Pb(SCN)2 concentration (y+1 %), partial

Cs is prone to form CsPbI3, which leads to Cs loss in the
FA1@xCsxPbI3 films. Therefore, the actual Cs content in the

FA0.8Cs0.2PbI3 films becomes lower than 0.2, which is responsi-
ble for the redshift in the PL emission band. Overall, this slight

redshift should not significantly influence the device per-

formance.
The grain size enlargement induced by the Pb(SCN)2 additive

is confirmed by the SEM (Figure S4) and AFM (Figure S5)
images. Figure 5 a, b shows the top-view SEM images of the

FA0.8Cs0.2PbI3 thin films with 0.5 and 2 % Pb(SCN)2 as the addi-
tive. The grain size measured from the SEM images as a func-
tion of the Pb(SCN)2 amount is shown in Figure 5 c. To our sur-

prise, the grain size of FA0.8Cs0.2PbI3 is quite sensitive to the
amount of Pb(SCN)2 added. For FA0.8Cs0.2PbI3 without any

Pb(SCN)2, the average grain size is below 120 nm. Upon

Figure 4. a) XRD patterns and b) absorbance/normalized PL spectra of
FA0.8Cs0.2PbI3 thin films with various Pb(SCN)2 contents in the perovskite pre-
cursor solutions.

Figure 5. Top-view SEM images of FA0.8Cs0.2PbI3 thin films with a) 0.5 % and b) 2 % Pb(SCN)2 in the precursor solution. c) Grain size and RMS roughness of
FA1@xCsxPbI3 films as a function of the Pb(SCN)2 content.
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adding only 0.5 % Pb(SCN)2, the average grain size is enlarged
to 387 nm. The grain size further increases to 739 nm if 2 %

Pb(SCN)2 is added. Consistent with the XRD results, the PbI2

content keeps increasing as the amount of Pb(SCN)2 added in-

creases. For a lower Pb(SCN)2 content (Figure 5 a), PbI2 (red
marker) exhibits round-shaped grains, whereas for a higher

Pb(SCN)2 content (Figure 5 b), large bar-shaped grains are ob-
served. Most PbI2 exists at the grain boundaries, which is re-
ported to passivate the grain boundaries, and this, therefore,

leads to increased PCEs.[49, 54] The composition of PbI2 is con-
firmed by energy-dispersive X-ray spectroscopy (EDS). Irregu-
lar-shaped CsPbI3 (blue marker) grains, confirmed by EDS, are
observed for a higher Pb(SCN)2 content (Figure 5 b). Figure S5

shows the AFM images of FA0.8Cs0.2PbI3 thin films with various
Pb(SCN)2 contents, and the RMS roughness values of all six

samples are shown in Figure 5 c. For a lower Pb(SCN)2 content

(y,0.5 %), the RMS roughness remains below 6 nm, whereas
for a higher Pb(SCN)2 content (y+1 %), the RMS roughness

starts to increase. As a balance of both the grain size and the
surface roughness, the addition of 0.5 % Pb(SCN)2 might be ex-

pected for a maximum PCE.
We fabricated a large number of solar cells by using

FA0.8Cs0.2PbI3 thin films with different amounts of Pb(SCN)2 as

the additives. The measured device performance parameters
including Voc, Jsc, FF, and PCE are shown in Figure 6. The aver-

age device performance parameters of these PVSCs are sum-
marized in Table S2. It is seen that the Voc and the FF and,

therefore, the PCE first increase, then reach maximum values
at 0.5 % Pb(SCN)2, and then decrease. For 0.5 % Pb(SCN)2 addi-

tive, significant improvements in the FF and Voc are observed.
As a result, the average PCE improves from 16.18:0.50
(13.45:0.78) % to 18.16:0.54 (16.86:0.63) % measured

under reverse (forward) voltage scans. The Voc increases from
1.03:0.02 (0.97:0.02) V to 1.06:0.01 (1.02:0.02) V, the Jsc

increases from 21.73:0.51 (21.51:0.60) mA cm@2 to 21.94:
0.31 (22.03:0.30) mA cm@2, and the FF increases from 72.37:
1.18 (64.42:1.71) % to 77.77:1.51 (75.08:2.07) %. The hyste-
resis, defined as PCE (reverse)@PCE (forward), is also reduced

from 2.7 to 1.3 %. For higher Pb(SCN)2 contents (y+1 %), the

PVSCs show reduced PCEs owing to the decreased Voc and Jsc

values. This trend might be attributed to the formation of the

undesirable CsPbI3 phase, too much PbI2, and the increased
surface roughness, even though larger FA0.8Cs0.2PbI3 grain sizes

are observed.
Figure 7 a shows the J–V curves of the best-performing

FA0.8Cs0.2PbI3 PVSC with 0.5 % Pb(SCN)2 additive measured

Figure 6. Device performance of FA0.8Cs0.2PbI3 PVSCs with various Pb(SCN)2 contents in the precursor. a) Voc, b) Jsc, c) FF, and d) PCE measured under reverse
(black)/forward (red) voltage scans.
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under AM1.5G illumination, with the data being summarized in

Table 2. This cell shows a PCE of 19.57 (18.12) % with an Voc of
1.09 (1.05) V, a Jsc of (22.25) 22.01 mA cm@2, and a FF of 80.85

(78.25) % measured at a reverse (forward) scan. Figure 7 b

shows the EQE spectrum of the corresponding PVSC. The inte-
grated Jsc value from the EQE is 21.92 mA cm@2, which agrees

well with the Jsc value obtained from the J–V curve. The spec-
trum dip at a wavelength of approximately 700 nm is possibly

related to the spiro-OMeTAD we used, which is partially re-
sponsible for the current loss. A similar EQE dipping shape has
also been observed elsewhere.[55, 56] Optimizing the hole selec-

tive layers should lead to further PCE improvements.
To understand the mechanism of the performance improve-

ment caused by Pb(SCN)2, we conducted time-resolved photo-
luminescence (TRPL) measurements on the pure FAPbI3 film
and FA0.8Cs0.2PbI3 films with and without 0.5 % Pb(SCN)2 as the
additive deposited on FTO substrates. As shown in Figure 8 a,

the mean photogenerated carrier life time (tn) of the pure
FAPbI3 thin film is only 19 ns. The FA0.8Cs0.2PbI3 film without
the Pb(SCN)2 additive in the precursor shows a longer lifetime

of 31 ns, though it has smaller grains than pure FAPbI3. This
implies that the FAPbI3 film may have a poorer film quality.

The FA0.8Cs0.2PbI3 film with 0.5 % Pb(SCN)2 as the additive in
the precursor shows a much increased lifetime, 167 ns. We fur-

ther measured the Voc and Jsc values under different light inten-

sities ranging from 0.5 to 100 mW cm@2. The change in Voc as
a function of the light intensity is plotted in Figure 8 b. The Voc

has a linear relationship with the natural logarithmic light in-
tensity and the fitted slopes are 1.72, 1.71, and 1.55 kB Te@1 (kB

is the Boltzmann constant, T is the absolute temperature, and
e is the electron charge) for the FAPbI3, FA0.8Cs0.2PbI3, and

Figure 8. a) PL decay and light intensity dependence of b) Voc and c) Jsc of
FAPbI3 and FA0.8Cs0.2PbI3 films with and without 0.5 % Pb(SCN)2 as additive.

Figure 7. a) J–V curves measured under AM1.5G illumination at reverse and forward voltage scans and b) EQE spectrum and integrated Jsc of the best-per-
forming FA0.8Cs0.2PbI3 PVSC with 0.5 % Pb(SCN)2 as additive.

Table 2. Device performance parameters of the best-performing
FA0.8Cs0.2PbI3 perovskite solar cell with 0.5 % Pb(SCN)2 additive under
AM1.5G illumination at reverse and forward voltage scans.

Direction Voc Jsc FF PCE
[V] [mA cm@2] [%] [%]

reverse 1.09 22.25 80.85 19.57
forward 1.05 22.01 78.25 18.12
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FA0.8Cs0.2PbI3++0.5 % Pb(SCN)2 PVSCs, respectively, which indi-
cates the presence of Shockley–Read–Hall recombination in

these PVSCs.[57] The trap-assisted recombination is lower in the
FA0.8Cs0.2PbI3++0.5 % Pb(SCN)2 PVSC than in the FA0.8Cs0.2PbI3

and FA0.8Cs0.2PbI3 PVSCs. Figure 8 c shows the power law de-
pendence of the Jsc on the light intensity (J/ Ia), which exhibits
a linear relation on a double logarithmic scale. The fitted
a values for all three PVSCs are 0.93–0.94. As reported, a solar
cell with no space charge effect will have an a value close to

1.[58] Therefore, our PVSCs using SnO2 ESLs and spiro-OMeTAD
hole-selective layers do not appear to be mainly space charge
limited. The improvement in the PCE after adding the Pb(SCN)2

additive in the precursor should be due to the improved film

quality such as enlarged grain size.
Figure 9 a shows the stabilized PCEs of the FAPbI3,

FA0.8Cs0.2PbI3, and FA0.8Cs0.2PbI3++0.5 % Pb(SCN)2 PVSCs. It is

clear that by 20 % Cs substitution of FA, the stabilized PCE im-
proves from 10.56 % (FAPbI3) to 14.67 (FA0.8Cs0.2PbI3). By adding

0.5 % Pb(SCN)2, the stabilized PCE further improves to 17.65 %
[FA0.8Cs0.2PbI3++0.5 % Pb(SCN)2] . It is also noted that the PCE

curve of FAPbI3 has a decreasing trend with respect to time,
because FAPbI3 is not stable against moisture, whereas the

PCE curves of FA0.8Cs0.2PbI3 and FA0.8Cs0.2PbI3++0.5 % Pb(SCN)2

are rather flat. The reason is that Cs substitution improves the
perovskite stability and the addition of Pb(SCN)2 does not

change this fact. The PVSCs were stored in a dry box under
room light, and the J–V curves were measured daily in ambient

air (25 8C, 50 % humidity) over a 10 day period. The as-mea-

sured PCE versus storage time is shown in Figure 9 b. The PCE
(10 day) to PCE (0 day) ratios are 54.4, 93.7, and 96.5 % for

FAPbI3, FA0.8Cs0.2PbI3, and FA0.8Cs0.2PbI3++0.5 % Pb(SCN)2, respec-
tively. Therefore, we conclude that by Cs substitution and

Pb(SCN)2 addition, both a higher PCE and improved perovskite
stability could be achieved for FA-based PVSCs.

Conclusions

We examined the main factors limiting the performance of for-

mamidinium and cesium lead triiodide (FA1@xCsxPbI3) perovskite
solar cells (PVSCs). We found that small grain sizes (&120 nm)

caused by Cs substitutions led to short carrier lifetimes, which
limited the device performance. We also found that adding

a small amount of Pb(SCN)2 as an additive in the precursors
could enlarge the grain size of FA1@xCsxPbI3 perovskite thin

films and significantly increase the carrier lifetimes. With an op-

timal 0.5 mol % Pb(SCN)2 additive, the average power conver-
sion efficiency (PCE) was increased from 16.18:0.50 (13.45:
0.78) % to 18.16:0.54 (16.86:0.63) % for planar FA0.8Cs0.2PbI3

PVSCs measured under reverse (forward) voltage scans. The
champion cell showed a PCE of 19.57 (18.12) %. This per-
formance is now comparable with that of the best-performing
methylammonium-containing planar FA-based lead halide

PVSCs.[16, 37]

Experimental Section

Thin-film fabrication

The perovskite thin films were deposited by using a process similar
to that described in our earlier work.[48, 49] The FA1@xCsxPbI3 (x = 0,
0.05, 0.1, 0.15, 0.2, 0.25, 0.3) precursor solution was prepared by
dissolving CH(NH2)2I (1@x mmol; FAI, Dyesol), CsI (x mmol; Alfa
Aesar, 99.9 %) and PbI2 (1 mmol; Alfa Aesar, 99.9985 %) in N,N-dime-
thylformamide (DMF)/dimethyl sulfoxide (DMSO) (3:1, 1 mL). The
perovskite thin films were spin coated on the electron-selective
layers (ESLs) at 4000 rpm for 60 s with diethyl ether (750 mL; Alfa
Aesar, 99 %) dripped simultaneously during the spinning.
FA1@xCsxPbI3 (x = 0, 0.05, 0.1) was annealed at 150 8C for 10 min,
whereas FA1@xCsxPbI3 (x = 0.15, 0.2, 0.25, 0.3) was annealed at
100 8C for 10 min. The FA0.8Cs0.2PbI3 precursor solution with
Pb(SCN)2 (Sigma–Aldrich, 99.5 %) was prepared by adding an addi-
tional amount of Pb(SCN)2 (0, 0.25, 0.5, 1, 1.5, 2 mol % with respect
to PbI2) to the aforementioned solution. All chemicals used in this
work were commercially available and were used as received.

Device fabrication

Fluorine-doped tin oxide (FTO) glass (Pilkington, NSG TEC-15) was
used as the substrate and was cleaned by sequential ultrasonica-
tion in diluted Micro-90 detergent, deionized water, acetone, and
isopropyl alcohol each for 15 min and was then blow-dried with ni-
trogen gas. The SnO2 ESLs were deposited by plasma-enhanced
atomic layer deposition (ALD, Ensure Scientific Group AutoALD-PE
V2.0) following the process described in our earlier work.[48] Tetra-
kis(dimethylamino)tin(IV) (99 %, Strem Chemicals Inc.) was used as
the tin precursor and was held at 75 8C, whereas pure oxygen gas
was used as the oxidizer. SnO2 was deposited at 100 8C and was
UV ozone treated for 10 min before depositing the next layer.

Figure 9. a) Stabilized PCE and b) PCE versus storage time of FAPbI3 and
FA0.8Cs0.2PbI3 PVSCs with and without 0.5 % Pb(SCN)2 as additive, respective-
ly.
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A C60-SAM (self-assembled momnolayer) was applied to passivate
the ESLs. First, a C60-SAM solution was prepared in cholorobenzene
(CB, Sigma–Aldrich, 99.8 %) with vigorous stirring overnight.
C60-SAM was then deposited by spin coating following reports in
literature.[48, 59] The perovskite absorber layers were deposited on
the ESLs by using the aforementioned process. The hole-selective
layers (HSLs) were prepared by spin coating the HSL solution at
2500 rpm for 60 s. The HSL solution was prepared by dissolving
spiro-OMeTAD (68 mmol; Shenzhen Feiming Science and Technolo-
gy Co., Ltd. , 99.0 %), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI, 26 mmol, Sigma, 99.95 %), and 4-tert-butylpyridine (TBP,
55 mmol, Sigma, 96 %) in a mixed solvent of and acetonitrile
(Sigma, 99.8 %) (10:1 v/v, 1 mL). Finally, 80 nm gold (Au) was ther-
mally evaporated through a metal mask on the HSLs. The finished
device had the regular architecture of FTO/SnO2/C60-SAM/
FA0.8Cs0.2PbI3/spiro-OMeTAD/Au and the active area was 0.08 cm2.

Thin-film characterization

Scanning electron microscopy (SEM) images were taken with a Hita-
chi S-4800 high-resolution microscope. Atomic force microscopy
(AFM) images were recorded with a Veeco Nanoscope V instru-
ment. The structural properties were characterized by measure-
ment and analysis of the X-ray diffraction (XRD) patterns acquired
with a Rigaku Ultima III high-resolution X-ray diffractometer by
using the CuKa line (l= 0.154 nm) at 44 kV and 40 mA source exci-
tation. Absorbance spectra were obtained with a UV/Vis spectro-
photometer (PerkinElmer Lambda 1050). PL measurements were
conducted in air at room temperature. Samples were illuminated
from the film side. A 532 nm cw laser (beam diameter&88 mm) at
21 mW cm@2 was used as the source of excitation for PL measure-
ments. PL signal was detected by a Symphony-II CCD (from
Horiba) detector after a 300 g mm@1 grating monochromator (inte-
gration time = 0.1 s). For TRPL, the excitation wavelength was
a 532 nm pulsed laser (beam diameter &150 mm). TRPL was per-
formed with time-correlated single-photon counting (TCSPC)
module (Becker & Hickel Simple Tau SPCM 130-E/M module) and
the PL signal was collected (Integration time = 600 s) by a hybrid
APD/PMT module (R10467U-50).

Device characterization

J–V curves were measured by using a Keithley2400 sourcemeter,
with the samples under AM1.5G (100 W cm@2) illumination (PV
Measurements Inc.), the potential of which swept between @0.5
and 2 V with a voltage settling time of 10 ms. EQE spectra were
measured by using a commercialized QE system (PV Measurements
Inc.), the monochromatic light intensity of which was calibrated
with a standard silicon diode at each wavelength. All device char-
acterizations were performed in ambient air (25 8C, 50 % humidity).
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