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ABSTRACT: Hybrid organic/inorganic perovskites as light
absorption layer have received considerable attention because
of their preeminent photovoltaic performance. Presently,
gaining high power conversion eﬃciency (PCE) and longterm stability of perovskite solar cells (PSCs) is very crucial to
achieve their practical application. Here, NH4I was introduced
to fabricate the mixed dimensional (MD) perovskite ﬁlms at
diﬀerent annealing temperatures. The addition of NH4I could
improve the preferential crystal orientation within the
polycrystalline, favor the formation of MD perovskite, and
suppress the existence of yellow PbI2 phase. The results indicate that MD perovskite ﬁlms have a smoother surface,
preferentially oriented perovskite crystal, and better optical properties at the same annealing temperature, compared with
formamidinium (FA) perovskite. The MD perovskite device displays excellent photovoltaic performance possessing a high PCE
of 18.93% at 100 °C. More importantly, the 1200 h humidity and 200 h heat stability tests reveal that the MD perovskite
devices at optimized annealing temperature show great stability against moisture and heat. The ﬁndings are crucial to perovskite
photovoltaics on improving the PCE and the long-term stability in industrialization and other applications.
KEYWORDS: NH4I, Mixed dimensional perovskite, Annealing temperature, High eﬃciency, Long-term stability
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black α-FAPbI3 with great crystal structure and enhanced
stability under 30−40% relative humidity (RH).19 Saliba et al.
enhanced photovoltaic performance and overall stability by
introducting the Rb+ into PSCs.20
Recently, 2D perovskites have been introduced in photovoltaics as a light-absorbing layer because of their high
moisture resistance.22−31 Koh et al. studied
(IC 2 H 4 NH 3 ) 2 (CH 3 NH 3 ) n−1 Pb n I 3n+1 mixed dimensional
(MD) perovskites and Cao et al. prepared
(CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 2D homologous
PSCs.23,24 Tsai et al. prepared 2D Ruddlesden−Popper layered
perovskites with relevant long-term stability.25 Although the
2D perovskite devices have high moisture resistance, they still
have poor photovoltaic performance compared to normal

INTRODUCTION
Since 2009, organic/inorganic hybrid perovskite solar cells
(PSCs) have received worldwide attention, owing to the fast
increase in power conversion eﬃciency (PCE).1−8 Despite the
promising progress in improving the PCE of PSCs, they
undergo the instability of oxygen, UV irradiation, and light
exposure especially in the presence of moisture or solvents
which is yet one of the major challenges to be addressed and
which greatly limits the practical applications.9−16
To solve this problem, material design and structure turning
to promote the formation of black α-FAPbI3 perovskite with
high ﬁlm quality is vital to enhance the photovoltaic
performance and intrinsic stability of PSCs. Many methods
have been applied to enhance the PCE and stability of FAPbI3based perovskites.17−21 Jeon et al. reported the high PCE and
structural stability of (FAPbI3)0.85(MAPbBr3)0.15 with incorporation of 15 mol % MAPbBr3 into FAPbI3.17 Yang et al.
proved that the addition of thiocyanate ammonium
(NH4SCN) into FAPbI3 ﬁlms could promote the growth of
© 2018 American Chemical Society
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Figure 1. (a) Schematic illustration of the fabrication process for FA and MD perovskite ﬁlms at diﬀerent annealing temperatures. XRD patterns of
(b) FA and (c) MD perovskite ﬁlms at diﬀerent annealing temperatures.

perovskite. Hence, ﬁnding a new MD perovskite with high
PCE and stability simultaneously is still a pressing need.
NH4PbI3 has a tolerance factor of 0.76.32 Because the
limitation of the logic is the relation between the local
structure and the size of the cation, NH4PbI3 adopts an
alternative layer or chain structures because of a mismatch in
ionic radius.33 The result illustrates that
[(NH4)2(FA)n−1PbnI3n+1]0.85 (MAPbBr3)0.15 has an MD
structure.
In this article, NH4I is introduced into the fabrication of
(FAPbI3)0.85(MAPbBr3)0.15 perovskite to form the MD perovskites [(NH4)2(FA)8Pb9I28]0.85(MAPbBr3)0.15. It can be found
that NH4I can suppress the yellow PbI2 phase to facilitate the
formation of MD perovskites which are less sensitive to
temperature during the annealing process. It can also promote
the crystal orientation and prevent the decomposition and
crack of perovskite layers at high temperature. At 100 °C, the
MD perovskite device has achieved a high PCE of about 19%
with improving Jsc. In addition, the MD perovskite exhibits
improved moisture resistance and thermal stability. The MD
perovskite device can endure for 1200 h under 50% RH and
80% RH and for 200 h at 100 and 150 °C.

■

dissolved out by carefully removing the solvents after 30−50 min at
50 °C by rotary evaporation. By using diethyl ether, the precipitation
was washed two to three times. The raw product was recrystallized
repeatedly by using methyl or ethanol and was washed three times by
employing diethyl ether. After drying in the baking oven over 12 h,
the ﬁnal product was obtained.
Device Fabrication. The etched ﬂuorine-doped tin oxide (FTO)
substrates (2.0 cm× 1.5 cm) with a 2 mm strip were washed by
ultrasonication in detergent and were puriﬁed by water and ethanol
before use. Then, the substrate was heated on a hot plate. By spray
pyrolysis at 450 °C, the TiO2 compact layer was deposited on the
substrate with titanium diisopropoxide (0.6 mL), bis(acetylacetonate)
(0.4 mL), and isopropanol (7 mL) which was carried by compressed
air. After cooling to room temperature, the TiO2 particle paste (30
nm) by the dilution of 5.5 times ethanol (weight ratio) was spincoated on the substrate to form the mesoporous TiO2 layer and then
was annealed from ambient temperature to 510 °C for about 3−4 h
on a hot plate. The perovskite layers were formed on the TiO2 layer
by spin-coating the perovskite precursor solutions (1.35 M Pb2+) in a
glovebox with ﬂowing air. Suitable chlorobenzene was dropwise added
on the perovskite ﬁlm for 20 s before the end of the spin coating. The
perovskite layers were heated at 100 °C for 50 min on the hot plate.
The precursor solutions of (FAPbI 3 ) 0.85 (MAPbBr 3 ) 0.15 and
[(NH4)2(FA)8Pb9I28]0.85(MAPbBr3)0.15 with 1.35 M Pb2+ were
obtained by adding the corresponding number of components in
mixed solvent of DMSO and DMF with continual stirring at 50 °C for
1 h. After cooling, the hole transport layer (spiro-OMeTAD) was
spin-coated on the substrate which is made up of spiro-OMeTAD
(73.5 mg), tBP (29 μL), Li+ salt (17 μL), and cobalt(III) salt (8 μL)
in 1 mL of chlorobenzene. At last, Au cathode layer of about 60 nm
was deposited on the hole transport layer (HTL) by vacuum thermal
evaporation before completing the device preparation process.

EXPERIMENTAL SECTION

Materials. Formamidine acetate (HC(NH2)2(CH3COO)), hydriodic acid (HI, 55 wt % in water), ammonium iodide (NH4I), bromine
methylamine (MABr), lead bromide (PbBr2), lead iodide (PbI2),
Spiro-OMeTAD (99% purity), 4-tert-butylpyridine (tBP, 99% purity),
Li-TFSI (99% purity), cobalt(III) salt, dimethyl sulfoxide (DMSO,
anhydrous), and N,N-dimethylformamide (DMF, anhydrous) were
acquired from Sinopharm and Sigma-Aldrich. These materials were
used without more puriﬁcation.
Material Synthesis. Formamidine iodide was obtained by
combining hydriodic acid (HI, 55 wt % in water) and formamidine
acetate. Hydroiodic acid (0.1 mol, 23.3 g) gradually was added into
formamidine acetate (0.1 mol, 10.3 g), and they reacted in the ice-salt
baths with constant stirring for 2−3 h. The faint yellow powder was

■

RESULTS AND DISCUSSION
We investigated FA perovskite and MD perovskite made from
the generic form of (FAPbI3)0.85(MAPbBr3)0.15 (FA) and
[(NH4)2(FA)8Pb9I28]0.85(MAPbBr3)0.15 (MD). The general
expression of MD perovskite materials is (A)2(FA)n−1PbnI3n+1,
herein, the A+ represents the NH4+, n = 9. (The photovoltaic
15144
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Figure 2. 2D GIWAXS data of (a−d) FA and (e, f) MD perovskite ﬁlms at diﬀerent annealing temperatures.

Figure 3. Images of FA and MD perovskite ﬁlms at diﬀerent annealing temperatures.

parameters of MD perovskite devices with diﬀerent n values
are displayed in Table S2.) To conﬁrm the optimal annealing
temperature, we selected the annealing temperatures of
perovskite layers as 30, 50, 100, and 150 °C. The fabrication
process of FA and MD perovskite ﬁlms is depicted in Figure
1a, and the detailed preparation steps are shown in the
Experimental Section.
Figure 1b and c shows X-ray diﬀraction (XRD) patterns of
FA and MD perovskite ﬁlms at diﬀerent annealing temperatures. All XRD patterns display the typical perovskite peaks at
around 14° and 28°. For FA perovskites, there is also the
strong peak at 12.65° which corresponds to the cubic PbI2.
This is the incomplete conversion of PbI2 into the perovskite
phase because of the insuﬃcient annealing temperatures. At
100 °C, the yellow phase and the PbI2 peak become weak.
However, at 150 °C, the evident PbI2 peak appears again
because of the degradation of the perovskite structure. For MD
perovskites, because of the introduction of NH4I, there is no
PbI2 peak at around 12.65°, and the strong peak appears at
9.51° corresponding to (002) crystal planes, indicating the
formation of MD perovskite structure. At 150 °C, there is a
small PbI2 peak, the 2D characteristic peak becomes weak, the
3D characteristic peaks nearly have no decline, and the
presence of a slight PbI2 diﬀraction peak is caused by the
degradation of 2D perovskite constituent. These results suggest
that the introduction of NH4I facilitates the formation of the

MD perovskite crystal with preferential orientation by
promoting the conversion of PbI2 at a low annealing
temperature and also can prevent the decomposition at a
high annealing temperature.
To further probe the crystalline information, including the
orientation of the perovskite under diﬀerent annealing
temperatures, grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were investigated for FA and MD
perovskite ﬁlms.23,25 The 2D GIWAXS data display Debye−
Scherer rings in external blue region which represent the
tetragonal phase as shown in Figure 2. FA ﬁlms show weak
intensity of the (110)/(220) and strong intensity of the (002)
PbI2 peak. Compared with FA ﬁlms, the MD perovskite ﬁlms
exhibit higher intensity of the (110)/(220) diﬀraction ring
along certain extended arc segments, which indicated that
NH4I improves the preferential crystal orientation within the
polycrystalline ﬁlm. Moreover, the Debye−Scherrer ring in the
inner yellow region is classiﬁed as (002) crystal plane which
demonstrates the existence of MD perovskite structure. To
clearly gain insight into the perovskite orientation, the 1D
GIWAXS patterns FA and MD perovskite ﬁlms at diﬀerent
annealing temperatures are illustrated in Figure S1. The results
show that MD perovskite ﬁlms exhibit better crystal
orientation corresponding to the XRD patterns.
Figure 3 exhibits the images of FA and MD perovskite ﬁlms
at diﬀerent annealing temperatures. At 30 and 50 °C, the FA
15145
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Figure 4. Top view SEM images of (a−d) FA and (e−h) MD perovskite ﬁlms at diﬀerent annealing temperatures.

Figure 5. UV−vis spectra and PL spectra of (a, b) FA and (c, d) MD perovskite ﬁlms on top of mesoporous TiO2 layer at diﬀerent annealing
temperatures.

perovskite did not yield the black phase perovskite; it remained
yellow PbI2 residue and resembled the nonannealed ﬁlms
because of the lower temperature. On the other hand, the MD
perovskite gradually turned into black α-FA perovskite at the
same low temperature, conﬁrming that NH4I additive
promoted the formation of the black phase. At 100 and 150
°C, MD perovskite turned black directly and remained in the
black phase after 50 min annealing step. However, the FA
perovskite structure was decomposition, leading to the
emergence of a little yellow PbI2. We hypothesized that MD
perovskite is less sensitive to temperature during the annealing
step. It can be concluded that adding NH4I beneﬁts the
formation of MD perovskites, suppresses the yellow phase, and
enhances the resistance to temperature variations and heat
stability during the annealing step.
The uniformity of perovskite thin ﬁlms is a signiﬁcant
necessity for high-performance PSCs. Figure 4 displays the top
view scanning electron microscopy (SEM) images of the
evolution of FA and MD perovskite ﬁlms at diﬀerent annealing
temperatures. FA perovskite has larger pinholes and poor
surface coverage at 30 °C. The ﬁlm is inclined to form small
pinholes, and the surface coverage gradually becomes large as
the annealing temperature increases. At 150 °C, the more

pinholes and rough surface are attributed to the decomposition
of perovskite. The ﬁlm morphology of MD perovskite has the
same tendency as FA perovskite as the annealing temperature
increases, but it shows no change at 150 °C. Compared to FA
perovskites, MD perovskite ﬁlms have smoother surface with
some small pinholes and higher coverage at the same
temperature. At 100 °C, the MD perovskite ﬁlm presents the
feature of almost 100% surface coverage and uniform crystal
size, indicating its promising applicability in photovoltaic
devices. These results are consistent with the ﬁlm’s actual
morphology as shown in Figure 3.
Optical properties are closely related to the photovoltaic
performance of PSCs. Therefore, we investigated the UV−vis
absorption and photoluminescence (PL) spectra of FA and
MD perovskite thin ﬁlms at diﬀerent annealing temperatures
(Figure 5). At 30 °C, the weak absorption and strong PL
intensity were because of the incomplete conversion of
reactant. With the increasing of annealing temperatures, the
absorption intensities become strong and PL intensities
become weak, indicating that the ﬁlm has higher quality with
less defect. However, the absorption intensities decrease and
the PL intensities increase because of the degradation of
perovskite structure at 150 °C. Compared to FA thin ﬁlms, the
15146
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Figure 6. J−V curves of (a) FA and (b) MD perovskite devices at diﬀerent annealing temperatures. (c) J−V curves and (d) PCE histogram ﬁtted
with a Gaussian distribution of FA and MD perovskite devices at 100 °C.

Figure 7. (a) Images of FA and MD perovskite ﬁlms at diﬀerent annealing temperatures after exposure to high humidity. Normalized PCE variation
curves of FA and MD perovskite devices under (b) 50% RH, (c) 80% RH, (d) 100 °C, and (e) 150 °C.

UV−vis absorption and the PL spectra of MD thin ﬁlms
display the same change trend as the annealing temperature
rises. However, because of the inﬂuence of NH4I, MD, thin
ﬁlms exhibit stronger UV−vis absorption and weaker PL
intensity at the same annealing temperature, and the UV−vis
absorption and the PL peak position of MD ﬁlms all show redshift to long-wave direction that will result from larger Jsc. The
results are further proved by the time-resolved PL (TRPL)
decay spectra, which are shown in Figure S6. By ﬁtting with a
single exponential decay function, it can be found that MD
perovskite ﬁlms exhibit TRPL lifetimes of 3.36, 2.04, and 1.32
ns at 30, 50, and 100 °C, respectively. This indicates that the
MD perovskite ﬁlm has signiﬁcantly quenched PL intensity
because of the higher quality with fewer defects with the
increase of annealing temperatures.
We fabricated mesoporous PSCs with the conﬁguration of
FTO/compact-TiO 2 /mesoporous-TiO 2 /perovskite/spiroMeOTAD/Au. The photovoltaic performance of FA and MD
PSCs at diﬀerent annealing temperatures was measured. As
displayed in Figure 6a, b and Table S1, reasonably improved

PCEs of MD perovskite devices are reached to 5.38%, 8.77%,
18.93%, and 17.15% comparable to 1.74%, 5.63%, 17.75%, and
10.13% for FA perovskite devices at 30, 50, 100, and 150 °C,
respectively. The increased PCE of MD perovskite devices at
diﬀerent annealing temperatures is attributed to the improvement of Jsc and ﬁll factor (FF) which result from the NH4I
facilitating the growth of MD perovskite with uniform ﬁlm and
excellent crystallinity.
From the earlier results, it can be found that the FA and MD
perovskites all have high PCE when the annealing temperature
is 100 °C; thus, we compared the PCE and its reproducibility
of FA and MD perovskite at 100 °C in Figure 6c and d. In
comparison to the FA device with a PCE of 17.75%, the MD
perovskite device exhibits higher PCE of 18.93% with a Jsc of
22.60 mA cm−2, a Voc of 1.09 V, and an FF of 76.92% owing to
its higher ﬁlm quality. We also compared the trap density of
FA and MD perovskite devices. According to the space charge
limited current (SCLC) model, the trap density Ntrap = VTFL ×
2εε0/(eL2). As shown in Figure S9 and Figure S10, it can be
observed that MD perovskite has lower VTFL and higher
15147
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about 50% after 200 h. These aging measurements
demonstrate that the MD perovskite devices are stable against
humidity and heat, compared with FA perovskite devices.
Thus, using MD device to replace the FA perovskite could
increase the long-term stability of PSCs.

thickness. As reported in the literature, NH4PbI3 has a lower
relative dielectric constant than MAPbI3 and FAPbI3,34,35 and
the relative dielectric constant of MD perovskite is lower than
that of FA perovskite. Hence, compared to the FA perovskite
device, the MD perovskite device displays lower Ntrap and
higher ﬁlm quality with fewer defects.
To study the reproducibility of the FA and MD perovskite
devices, the PCE histogram over 20 measured devices is shown
in Figure 6d. The MD perovskite devices exhibit a high average
PCE which shows a prominent improvement from 15.68% to
17.08%. These results show that the MD perovskite device has
outstanding photovoltaic performance with high reproducibility. For MD perovskite device at 100 °C, we also
investigated the hysteresis behavior and steady-state photocurrent near the maximum power point in Figure S6 and
Figure S7. The results reveal that the MD perovskite device has
low hysteresis phenomenon and high steady-state photocurrent of 20.78 mA cm−2 to calculate the steady-state PCE of
18.49%.
Figure 7a shows the images of FA and MD perovskite ﬁlms
at diﬀerent annealing temperatures after exposure to about
80% RH for 500 h. It can be seen that the FA ﬁlms all have a
marked decomposition; the ﬁlm (30 °C) almost decomposes
into the yellow PbI2 after exposure in humid environment.
However, inspiringly, the MD ﬁlms (30 and 50 °C) only partly
decompose and MD perovskite ﬁlms (100 and 150 °C) remain
unchanged after a period of timed exposure to high humidity.
Compared to FA perovskite ﬁlms at diﬀerent annealing
temperatures, the results suggest that MD ﬁlms exhibit
extremely high moisture resistance and slowly decompose
properties.
The humidity stability of FA and MD perovskite devices
(100 °C) was also conﬁrmed by their PCE variation under low
humidity (∼50% RH) and high humidity (∼80% RH)
conditions (Figure 7b and c). Under 50% RH, the PCE of
FA perovskite devices undergoes continuous decline and
decreases to <50% of its original value within the 1200 h of
exposure. However, the MD perovskite device shows slow
degradation, and the PCE maintains about 90% exposure to
50% RH for 1200 h. Under 80% RH for 1200 h storage, FA
perovskite device displays rapid degradation, and the PCE
quickly drops to 0, but the PCE of MD perovskite devices
remains over 80%. We speculated that the slower decomposition could be contributed to the high density and highly
oriented nature of the MD perovskite systems, and an
insulating “wall” is formed to prevent perovskite from direct
contact with adventitious water, which decreases the chance of
decomposition.36 Moreover, the devices of MD perovskite
achieve the highest PCE leading to the best moisture tolerance.
As can be seen from the already mentioned results, MD
perovskite is less sensitive to high temperature. Therefore, we
further performed the heat stability of FA and MD (100 °C)
perovskite devices. Figure 7d and e shows the normalized PCE
variation for FA and MD perovskite devices which were tested
under 100 and 150 °C for about 200 h. Under 100 °C (Figure
7d), the PCE degrades by 40% after around 200 h in the FA
devices, whereas the MD perovskite devices are found to be
extremely stable with no degradation and negligible decline in
the PCE. Under the condition of heating of 150 °C, the PCE
of FA and MD perovskite devices increases at the beginning of
48 h and then rapidly declines because of perovskite pyrolysis,
whereas the FA was falling even faster with the PCE only
remaining less than 20%, and the PCE of MD device retains

■

CONCLUSIONS
In summary, we have contrasted the eﬀect of NH4I on the
performance of MD perovskite at diﬀerent annealing temperatures. The results showed that the introduction of NH4I
makes the MD perovskite present high-quality ﬁlm with
smooth surface morphology, great crystal structure, and better
optical properties at the same annealing temperature, in
contrast to FA perovskite. Hence, the MD perovskite devices
have signiﬁcantly improved PCE of 18.93% at 100 °C.
Furthermore, the MD perovskite devices show outstanding
moisture resistance and temperature stability after optimizing
annealing temperature. Unencapsulated MD perovskite device
retains over 80% of its starting PCE for about 1200 h under
80% RH and exhibits greater temperature tolerance to 100 and
150 °C for 200 h than the FA perovskite. This work has
opened a simple but eﬀective route to further enhance the
stability of the device by retaining this repeatable technology.
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