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In the search for low-cost, high-efficiency 
solar cells, hybrid organic–inorganic 
perovskite solar cells (PSCs) have attracted 
significant research interest worldwide 
owing to their advantageous properties 
including a high light-to-electricity power 
conversion efficiency (PCE),[1,2] low cost,[3] 
tunable bandgap,[4] and scalable process-
ability.[5,6] In the past decade, significant 
progress has been made in photovoltaic 
performance; the recently certified 
25.2%[7] PCE, in single junction PSCs, has 
shown performance comparable to that of 
crystalline silicon solar cells. Therefore, 
in recent years, the focus of research has 
significantly shifted toward the removal 
of commercialization roadblocks, i.e., 
the long-term stability of devices and 
scaling up the fabrication process. It has 
been reported that in order to scale up 
PSCs technology, high-temperature blade 
coating,[8–10] air-knife-assisted room-tem-
perature meniscus coating,[9,11] and spray 

The combination of a bulk 3D perovskite layer and a reduced dimensional 
perovskite layer (perovskite quantum wells (PQWs)) is demonstrated to enhance 
the performance of perovskite solar cells (PSCs) significantly in terms of stability 
and efficiency. This perovskite hierarchy has attracted intensive research interest; 
however, the in-depth formation mechanism of perovskite quantum wells on top 
of a 3D perovskite layer is not clearly understood and is therefore the focus of this 
study. Along with ex situ morphology and photophysical characterization, the time-
resolved grazing-incidence wide-angle X-ray scattering (TS-GIWAXS) technique 
performed in this study provides real-time insights on the phase-transition during 
the organic cation (HTAB ligand molecule) coating and PQWs/3D architecture 
formation process. A strikingly strong ionic reaction between the 3D perovskite 
and the long-chain organic cation leads to the quick formation of an ordered 
intermediate phase within only a few seconds. The optimal PQWs/3D architecture 
is achieved by controlling the HTAB casting, which is assisted by time-of-flight 
SIMS characterization. By controlling the second ionic reaction during the long-
chain cation coating process, along with the fluorinated poly(triarylamine) (PTAA) 
as a hole-transport layer, the perovskite solar cells demonstrate efficiencies 
exceeding 22% along with drastically improved device stability.
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coating[12,13] can be employed to fabricate high-quality perov-
skite solar cells with desirable photovoltaic performance. How-
ever, long-term stability under operational conditions must first 
be ensured.

Perovskite quantum wells (PQWs, low-dimensional perov-
skite or quasi-2D perovskite) exhibit drastically enhanced sta-
bility in contrast to the traditional 3D perovskite; this ability 
originates from the relatively long-organic-chain ligands that 
form the PQWs. In contrast to the smaller size cations, such 
as FA, MA, Cs, the ligand molecules with a relatively longer 
chain can form an interdigitating structure at the interface 
stabilized by the van der Waals force, resulting in an overall 
stabilization of the stacked perovskite hierarchy. Several types 
of aryl-ammonium and alkyl-ammonium ligands, such as butyl
ammonium,[14,15] phenethylammonium pentafluorophenyl
ethylammonium,[16,17] and hexyl-trimethyammonium[18] etc., 
have been investigated and adopted for PQWs. Dou and co-
workers demonstrated that the inorganic and organic building 
blocks of perovskite materials can be modified, yielding widely 
tunable single-crystalline PQWs.[19] The perovskite lattices ter-
minated by organic ligand molecules provide a strong resist-
ance to water and an increased formation of energy for the 
perovskite quantum wells compared to their 3D perovskite 
counterpart. Furthermore, they can significantly suppress the 
migration of mobile ions within the perovskite materials. All 
these can synergistically act against perovskite decomposition, 
which is induced either by water or ion-migration, leading to 
significantly improved thermal and humidity stability. The 
photovoltaic performance of pure 2D perovskite PSCs is not 
at par with that of its 3D perovskite counterpart owing to the 
issue of anisotropic charge-carrier transport. To combine the 
excellent light-to-electricity efficiency of the 3D perovskite with 
the desired stability of the perovskite quantum wells, the hier-
archy of building a low-dimensional perovskite layer on top 
of a 3D bulk perovskite layer has been introduced. In the last 
few years, perovskite solar cells based on the PQWs/3D perov-
skite hierarchy have been reported to demonstrate a photo-
voltaic performance with an efficiency exceeding 20%, com-
parable with that of pure 3D  devices. Notably, the stacked 
PQWs/3D  hierarchy exhibits a superior thermal stability and 
long-term operating stability, as compared to pure 3D devices.

Wang  et  al. introduced ligand molecules in a precursor 
solution prepared for 3D perovskite, enabling the formation 
of PQWs on top of the 3D perovskite bulk layer and conse-
quently yielding the PQWs/3D perovskite hierarchy.[20] It 
was also reported that casting ligand molecules on top of a 
3D perovskite bulk layer via spin coating or dip coating can 
also lead to the formation of PQWs on top of the layer.[14,21–25] 
The recently certified PCE of PSCs based on this approach has 
shown an efficiency of 22.7%,[18] indicating potential benefits 
and applications of this perovskite hierarchy. Controlling the 
formation of PQWs on top of a 3D perovskite is critical for 
stacked PQWs/3D PSCs. Thus far, most studies on PQWs/3D 
perovskite have focused on the photovoltaic performance 
(including stability) after the formation of the hierarchy; 
while the critical issue of determining how the coated ligand 
molecules convert the 3D perovskite lattice into the reduced-
dimensional perovskite structure is rarely explored. The poor 
understanding of the hierarchy formation mechanism leads 

to the control of PQWs by empirical trial-and-error, impeding 
further scale-up processes and industrial implementation in 
the near future.

Here, we explore in detail the formation mechanism 
of PQWs on top of a 3D perovskite bulk layer through the 
real-time tracking of crystal phase evolution with the help 
of in situ grazing-incidence wide-angle scattering measure-
ments (GIWAXS) conducted during the ligand molecule 
(hexyltrimethylammouniumbromide) coating process. Theoreti-
cally supported by the density function theory (DFT) calculation, 
we first reveal that there is a strong chemical reaction between 
the ligand molecules (ions) and the 3D perovskite layer; this 
results in a highly ordered intermediate adduct phase involving 
the ligand molecules. Upon post-thermal annealing, the adduct 
phase is converted into compact PQWs, as indicated by the 
GIWAXS measurement presenting an enlarged q value. The 
formation of PQWs can be controlled via a chemical reaction 
by tuning the amount of ligand molecules, which is reflected 
by the change in intensity of the characteristic scattering peaks 
of PQWs and 3D perovskite, combined with time-of-flight sec-
ondary-ion mass spectrometry (ToF-SIMS). By building a thin 
structure of PQWs on top of a 3D perovskite bulk layer, we 
successfully demonstrate a highly stable perovskite photoactive 
layer and PSCs against high humidity (70–75%). Moreover, this 
stacked perovskite hierarchy enables a superior thermal stability 
based on a new dopant-free conjugated hole transporting layer 
with PCE exceeding 22%. Details regarding the PQWs formation 
mechanism and the relative phase transformation process eluci-
dated in this study will guide the control of chemical reactions 
toward the desired PQWs/3D perovskite hierarchy, facilitating 
further improvements in both the optoelectronic property and 
stability, and ultimately benefiting the implementation of PQWs 
modified with the 3D perovskite hierarchy in the near future.
Figure 1a,b depicts schematics of the traditional 3D and 

PQWs heterostructures, respectively. A traditional 3D perov-
skite thin film (Cs0.05FA0.81MA0.14PbI2.55Br0.45) was obtained via 
the spin-coating method assisted with anti-solvent (chloroben-
zene) dripping and followed by thermal annealing. To explore 
the formation of PQWs on top of the 3D perovskite bulk layer, 
a 0–100  × 10−3 m solution of hexyltrimethylammounium bro-
mide (HTAB) was prepared in chlorobenzene: isopropanol (9:1 
by volume) mixed solvents were then spin-coated on top of the 
3D perovskite surface. Next, the samples were transferred to 
a hotplate for post thermal annealing at 120 °C for 10 min to 
form the PQWs. First, atomic force microscopy (AFM) and 
scanning electron microscopy (SEM) was utilized to examine 
the morphology of the PQWs stacked perovskite thin film in 
comparison to the pristine one. Figure  1c–f presents a topo-
graphic AFM image of perovskite thin films after being treated 
with the following different concentrations of HTAB: 0, 1, 
10, and 100  × 10−3 m, respectively. In contrast to the pristine 
perovskite film (0 mg mL−1), impressive morphology changes 
can be observed after building PQWs atop. Especially, for the 
sample with a high concentration (100 × 10−3 m), the complete 
morphological transition from a small compact-sized domain 
to a fibrillar crystal structure can be observed. This fibrillar 
structure has also been recorded by SEM in Figure S1 in the 
Supporting Information. Considering the 1  × 10−3 m HTAB 
treated sample, the morphology changed having an increased 
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grain size and a blurred grain-boundary. In addition to the top-
ographic AFM images, it has also been demonstrated by the 
top-view SEM images shown in Figure 1g,h, which is similar to 
that of other reported studies.[26,27]

To examine the perovskite structure after HTAB treatment, 
2D GIWAXS measurement was performed on the related 
samples to obtain detailed information. Figure 2a–d presents 
the 2D GIWAXS patterns of the annealed perovskite layers 
at 120 °C for 10 min after being treated with different HTAB 
concentrations of 0, 1, 10, and 100  × 10−3 m respectively. For 
the pristine 3D perovskite sample, a strong scattering peak 

located at q  = 1.0 Å–1 appears, which is ascribed to the (110) 
of 3D perovskite crystals. The broadened yielded splitting of 
the (110) scattering peak is due to the large size (12  mm by 
12  mm) of the substrate. A detailed comparison is available 
in Figure S2 (Supporting Information). No scattering peak 
appears in the short q regime (q < 0.9 Å–1), indicating a pure 
3D perovskite layer. After HTAB treatment, scattering halos 
in the short q regime appear, as shown in Figure  2b–d, sug-
gesting the enlarged d-spacing resulting from reduced dimen-
sional perovskite crystals. The radial integration of the 2D 
GIWAXS data for perovskite samples is plotted in Figure 2e. 
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Figure 1.  a,b) Schematics of a typical 3D perovskite structure (a) and a layered-perovskite structure (b) assisted by HTAB molecules. c–f) Topography 
AFM image of perovskite layers annealed at 120 °C for 10 min after being treated with the following concentrations of HTAB: 0, 1, 10, and 100 × 10−3 m, 
respectively. The scale bar is 1 µm. g–h) Top-view of SEM images of the perovskite layers annealed at 120 °C for 10 min after being treated with HTAB 
concentrations of 0 and 1 × 10−3 m, respectively.
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The scattering features from both the 2D and 3D structures 
are marked by dashed lines as shown in Figure 2e. The scat-
tering peaks with q = 0.367, 0.396, and 0.451 Å–1 correspond to 
the three different lattice d-spacings of 17.1, 15.8, and 13.9 Å, 
respectively. These relatively larger d-spacings resulted from 
the 2D structure after the inclusion of the long chain HTAB 
ligands. Further quantitative details can be found in the DFT 
calculation section. Three different structures with varying 
d-spacings in the 2D perovskite material have been reported 
in a previous study,[28] wherein they were denoted as 2D-α, 
2D-β, and 2D-γ structures, respectively. The scattering peak 
with q = 1.0 Å–1 was attributed to the (110) of the 3D perovskite 
crystal structure. Along with the increasing HTAB 

concentration, the following were also observed: 1) an inten-
sified scattering intensity from the PQWs, and a decreased 
intensity from the 3D perovskite crystals; and 2) an increased 
angular distribution (mosaicity) for the scattering halos from 
the PQWs. In contrast to the 3D (110) scattering peak, an 
approximately negligible scattering peak from the PQWs was 
detected for the sample after the treatment of HTAB with a 
concentration of 1  × 10−3 m, indicating that only a very thin 
layer of the PQWs was formed. Impressively, the scattering 
peak from the 3D perovskite (110) nearly disappeared when 
the HTAB concentration was 100 × 10−3 m; meanwhile, strong 
scattering peaks from the PQWs appear. Based on the radial 
integration data of the GIWAXS of the perovskite samples, 
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Figure 2.  a–d) GIWAXS patterns of perovskite layers annealed at 120 °C for 10 min after being treated with different HTAB concentrations of 0, 1, 10, and 
100 × 10−3 m, respectively. e) Radial integration of 2D GIWAXS data of annealed perovskite layers after HTAB treatment with different concentrations. 
f,g) TOF-SIMS depth profile of HTA+, FA+, MA+, and F– with HTAB concentrations of 1 × 10−3 m (f) and 100 × 10−3 m (g), respectively.
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we found that the formation of the 2D perovskite layer can 
be directly controlled by varying the concentration of HTAB, 
i.e., a thin PQWs layer can be obtained with a low concen-
tration of HTAB while a thicker one can be formed with 
an increase in the concentration of HTAB. To gain further 
insight into the stacked perovskite structure, time-of-flight 
secondary-ion mass spectrometry (TOF-SIMS) was performed 
to analyze the ion depth distribution in the perovskite photo-
absorber layer treated with different HTAB concentrations. 
The results are plotted in Figure  2g (1  × 10−3 m HTAB) and 
Figure  2h (100  ×  10−3 m HTAB), respectively. The thickness 
of the perovskite layer was ≈400  nm according to the depth 
profile of F– from the FTO substrate, which is close to the 
measurement performed via cross-sectional SEM, as shown in 
Figure S3 in the Supporting Information. As a characteristic 
organic spacer in PQWs, based on the depth profile of HTA+, 
it was confirmed that a thin (≈15 nm) PQWs layer formed on 
top of the 3D perovskite layer when the sample was treated 
by HTAB with a low concentration (1  × 10−3 m). In compar-
ison, the measured SIMS intensity of HTA+ nearly proceeded 
across the entire perovskite layer for the sample treated with a 
high concentration (100 × 10−3 m) of HTAB. Unlike the sample 
treated with a high concentration (100  × 10−3 m), the depth 
profiles of FA+ and MA+ of the sample treated with a low con-
centration (1  ×  10−3  m) exhibited a relatively stable intensity 
underneath the top surface composed of PQWs. This indi-
cated the presence of an intact 3D perovskite layer underneath 

with a uniform chemical composition. A similar phenomenon 
was observed for other ions (I–, Br–), as presented in Figure S4 
in the Supporting Information.

A time-resolved GIWAXS experiment was conducted to 
explore the in situ formation process of PQWs when HTAB was 
coated on top of the 3D perovskite layer. Figure 3a illustrates 
the time-resolved GIWAXS characterization during the HTAB 
dripping process on top of the 3D pristine perovskite layer. The 
time-resolved GIWAXS intensity map during the spin-coating 
of HTAB on top of the pristine 3D perovskite layer is shown 
in Figure  3b, and the GIWAXS intensity profiles along the qz 
direction for perovskites with HTAB are plotted in Figure  S5 
(Supporting Information). Before the HTAB dripping process,  
only the scattering rings from the 3D perovskite crystals at a 
large q regime appear, as shown in Figure 3c. After the HTAB 
was coated on the 3D perovskite layer, a new ordered inter-
mediate phase immediately emerged in the low q regime 
(q  = 0.31 Å–1), as indicated by the red arrow in Figure  3d. To 
further identify this species, we performed an XRD measure-
ment on a pure HTAB sample, which presented a main dif-
fraction peak at 2θ = 6.13°, as shown in Figure S6 (Supporting 
Information), and corresponded to a d-spacing of 1.44  nm 
(q = 0.436 Å–1).[29] This clearly indicated that the scattering peak 
(q = 0.31 Å–1) resulted from a new phase rather the aggregation 
of HTAB molecules. The detailed integrated intensity versus 
q corresponding to Figure  3c,d are plotted in Figure  3f. An 
apparent scattering peak at q = 0.31 Å–1 was observed after the 

Figure 3.  a) Schematic of the time-resolved GIWAXS characterization during the HTAB dripping process on top of the 3D perovskite layer. b) Time-
resolved GIWAXS intensity maps showing the ordered intermediate phase formation during HTAB solution (10 × 10−3 m) spin-coating on top of the 
pristine 3D perovskite layer. c,d) 2D GIWAXS patterns for the perovskite films before (@8 s) and after (@48 s) HTAB dripping, as indicated by the black 
dashed lines in (b). e) The extracted intensity @ q = 0.31 Å–1 (ordered intermediate phase, as indicated by red arrow in (d)) as a function of time. f) The 
integrated intensity versus q from the 2D GIWAXS patterns at 8 s (black) and 48 s (red). g) Zoom-in of the integrated intensity versus q in the low q regime.
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HTAB coating, as shown in Figure 3g. To quantify the forma-
tion of this ordered intermediate phase, we plotted the intensity 
with q = 0.31 Å–1 versus the frames (2 s per frame), as shown 
in Figure  3e. Surprisingly, we found that only a few seconds 
are needed to complete the entire formation process of the 
ordered intermediate phase, indicating a strong chemical reac-
tion between the HTAB and 3D perovskite crystals. The exist-
ence of this reaction sufficiently explains the reason for the 
decrease in the 3D perovskite (110) scattering peak when the 2D 
perovskite scattering peaks in the low q regime intensified as 
the HTAB concentration increased. Real-time 2D GIWAXS pat-
terns depicted in Figure S7 (Supporting Information) present 
the evolution of the ordered PQWs intermediate phase after 
HTAB treatment. To exclude the possibility that the reaction is 
between a residual PbI2 and HTAB, we performed a real-time 
GIWAXS experiment by coating HTAB on top of a pure PbI2 
film, as shown in Figure S8 in the Supporting Information. The 
resulting real-time GIWAXS intensity map presents the dif-
ferent scattering peaks from the ordered intermediate phase in 
comparison to the 3D perovskite bulk layer. Moreover, a com-
parison of the 2D GIWAXS patterns between the perovskite 
and PbI2 layers are shown in Figure S9 (Supporting Infor-
mation), which indicates that the reaction is not between the 
residual PbI2 and HTAB. The ordered intermediate phase even-
tually converted into PQWs after the thermal annealing treat-
ment; the entire perovskite evolution process is illustrated in 
Figure S10 (Supporting Information).

To further examine our hypothesis, we performed the real-
time GIWAXS experiment with a lower HTAB concentration 
(1 × 10−3 m) on a 3D perovskite film. As a result, the exact same 
location of the scattering peak in the low q regime (q = 0.31 Å–1) 
was shown, although the intensity decreased with the same 
fast transition process, as expected (detailed information has 
been presented in Figure S11, Supporting Information). Con-
sidering the PQWs formation, we have zoomed in on the low 
q regime to explore the evolution process. Initially, there were 
no scattering signals from the pristine 3D  perovskite layer 
(Figure  3h); then, the HTA+ involved ordered intermediate 
crystal formation after the HTAB solution coating (Figure 3i); 
and eventually the top of the film transited into the 2D perov-
skite upon the post thermal annealing treatment, as shown 
in Figure 3j. In addition to the HTAB ligand molecule, other 
widely used ligands, namely phenethylammonium iodide 
(PEAI) and tert-butylammonium bromide (BABr) were also 
examined as the PQWs spacer ligands after coating the top of 
a 3D perovskite layer. After coating the ligand molecules on 
top of a 3D perovskite layer, an XRD measurement was imme-
diately performed on the samples. New diffraction peaks at 
low 2θ values (larger d-spacing) appeared for both PEAI and  
BABr treated samples, as shown in Figure S12 in the  
Supporting Information. This observed phenomenon is 
sufficiently consistent with the HTAB results indicated above. 
Furthermore, there is nearly no change in the XRD spectra of 
the 3D perovskite film before and after the pure solvent treat-
ment (Figure  S13, Supporting Information), which excluded 
the solvent effect during the PQWs formation process.

The structural evolution of PQWs (n  = 1) was investigated 
by first-principle calculations based on the density functional 
theory (see the Supporting Information for computational 

details). The lattice constants of the structures of the 3D perov-
skite intercalated by the HTA+ ions replacing FA+, a) before and 
b) after optimization, are indicated in Figure 4. The lattice con-
stant after optimization was a  = b  = 7.253 Å and c  = 28.95 Å. 
It is important to note that, this lattice constant c includes two 
ligands from both the sides. The c axis is the right direction 
the ligand molecules pack along, resulting in different enlarged 
d-spacings as indicated by the scattering peaks in the low-q 
regime. The structure of the 3D perovskites was destroyed when 
the small cation (FA+) was replaced with HTA+ (Figure  4a,b), 
which revealed the strong chemical reactions that occurred 
between HTAB and 3D perovskites (instead of simple cation 
exchanges). This observation is in agreement with the real-time 
GIWAXS data, where intermediate phase formation occurred 
as soon as HTAB was coated. Furthermore, the HTA+ ions 
were stabilized at the vertex of the PbIxBr3−x octahedron with a 
binding energy of 6.72 eV (Figure 4c,d). The charge density dif-
ference at the interface between the PbIxBr3−x octahedron and 
the PQWs is depicted in Figure  4e. The charge redistribution 
mainly occurs near the N atom in the PQWs, reflecting a strong 
interaction. The long chains contribute weakly to the charge 
transfer, which is in agreement with the weak charge carrier 
transport in the reduced-dimensional perovskite layer.

The UV–vis absorption spectra of the annealed perovskite 
layers at 120 °C for 10  min after being treated with different 
concentrations of HTAB are shown in Figure 5a. The blue-shift 
of the absorption shoulder of the perovskite film as the HTAB 
concentration increases corresponding to the wider bandgap of 
PQWs compared to the pristine 3D counterpart and the inclu-
sion of bromide ions, the side product of the HTAB molecules. 
Figure  5b presents the PL spectra of the related perovskite 
films. As can be seen the PL peak location also exhibits a notice-
able blueshift as the HTAB concentration increases. For the 
100 × 10−3 m HTAB treated sample, the PL peak position signifi-
cantly shifted to 701 nm in contrast to 769 nm of the pristine 3D 
sample; this was a result of the conversion of PQWs from the 
3D perovskite and the inclusion of the bromide ions. Notably, PL 
peak quenching was observed for the sample with a moderate 
amount of HTAB treatment, suggesting a suppressed recombi-
nation due to the passivated top surface with reduced surface 
traps or defects. Planar n–i–p PSCs (as shown in Figure 5c) are 
then fabricated to examine the effect of HTA+-based PQWs on 
the photovoltaic performance of related devices. As expected, 
the highly concentrated HTAB-treated samples demonstrated 
significantly inferior photovoltaic performance, due to the 3D 
perovskite structure severely diminished by the HTAB. In com-
parison, the device treated by HTAB with a moderate concentra-
tion (1 × 10−3 m) yielded a PCE of up to 22.02%, which is higher 
than that of the pristine 3D perovskite device (20.95% champion 
device), as shown in Figure 5d. The enhanced PCE was mainly 
due to the increased VOC (by 30  mV), in agreement with the 
reported results.[18,26,30] The photovoltaic parameters are avail-
able in detail in Table S1 in the Supporting Information . The 
PCE distribution (from over 20 devices in each condition) as a 
function of the HTAB concentration is plotted in Figure S14 in the  
Supporting Information. The increased Voc indicates that 
the PQWs with a wide bandgap effectively passivated the 3D  
top surface, which led to a reduced trap density and resulted 
in a suppressed non-radiative recombination. This was also 
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observed in PSCs upon poly(triarylamine) (PTAA) as a hole-
transport layer (HTL), as shown in Figure S15 (Supporting 
Information).

The stability issue for high efficiency PSCs with a lithium 
salt doped Spiro-OMeTAD HTL is well-documented due to 
the lithium salt. PTAA is an alternative widely used HTL. 
In this study, dopant free PTAA was used for the fabrication 
of perovskite solar cells based on a 1 × 10−3 m HTAB treated 
perovskite, with a champion PCE of 20.09%. This value is 
≈10% lower than that in the case of the traditional salt doped 
Spiro-OMeTAD HTL. Through the floriation strategy modi-
fied PTAA, called 1F-PTAA (the molecular structure is avail-
able in Figure S16 in the Supporting Information), a high PCE 
of 22.16% was achieved (Figure  5e) with a stabilized PCE of 
21.89%, as shown in Figure 5f; this is, thus far, the best among 
the reported perovskite solar cells with dopant free HTLs. In 
contrast to the benchmark material PTAA, the incorporation 
of fluorine atoms into the PTAA polymer chain resulted in a 
deeper HOMO energy level,[31] yielding an improved energy 

level matching of 1F-PTAA molecules with valance band maxi-
mums of the perovskite photoactive layer, which facilitates a 
more efficient charge extraction. The related energy diagrams 
are available in in Figure S17 in the Supporting Information. 
Notably, the new HTL leads to a PSC with negligible hyster-
esis from the forward and reverse scans, as shown in Figure 
S18 in the Supporting Information. The time-resolved PL 
(Figure 5g) confirms an over threefold increase in the charge 
carrier lifetime after the application of the PQWs on top of 
the pristine 3D perovskite bulk layer (t  = 127  ns for pristine 
3D perovskite while t = 423 ns for the PQWs modified one), 
once again suggesting the high optoelectronic quality of the 
3D/PQWs perovskite film and a suppressed non-radiative 
recombination. The value of the integrated JSC obtained from 
the EQE spectra (22.59  mA cm−2) is in agreement with the 
J–V measurement (23.72 mA cm−2) within an error of 5%, as 
shown in Figure 5h.

Finally, we evaluated the influence of the 3D/PQWs het-
erostructure regarding the ambient and thermal stabilities. 

Figure 4.  a,b) Structures of 3D perovskite intercalated by HTA+ ions to replace FA+ before (a) and after (b) optimization. c,d) Structures of 2D perovskite 
absorbed by PQWs before (c) and after (d) optimization. Charge density difference between 2D perovskite and PQWs. Yellow and purple color indicate 
charge accumulation and depletion, respectively. Iosvalues of isosurfaces were set to 0.002 e borh−3.
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Figure  6a presents photographs of fresh perovskite films 
(substrate size: 1.5 cm × 2.0 cm) treated with different HTAB 
concentrations, as indicated, and the respective aged ones 
stored in an ambient condition with an HR of 70–75% for 
48  h at room temperature. Compared to the rapid decaying 
of the pristine sample and the highly concentrated HTAB 

treated sample, the moderately concentrated HTAB treated 
perovskite film remained blackish in color, indicating a 
strong protection of PQWs against water molecules in an 
ambient condition. To quantify the difference in terms of 
ambient stability, we further evaluated the PSC photovoltaic 
performance with different perovskite light-harvesting 
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Figure 5.  a,b) UV–vis absorption spectra (a) and PL spectra (b) of perovskite layers annealed at 120 °C for 10 min after being treated with HTAB with 
different concentrations. c) Device structure of conventional planar PSC. d) 1 sun J–V characteristic curves of planar PSCs upon doped spiro-OMeTAD 
with a perovskite light-absorber layer treated with HTAB with different concentrations as indicated. e) 1 sun J–V characteristic curves of planar n–i–p 
perovskite solar cells upon undoped PTAA/1F-PTAA with perovskite light-absorber layer treated with 1  × 10−3 m HTAB. f) Stabilized photocurrent 
measurement at a bias voltage of maximum power point (1.00 V) under 1 sun illumination. g) Time-resolved PL decay traces recorded from pristine 
perovskite film and 1 × 10−3 m HTAB treated one, excited by 470 nm. h) EQE spectrum and integrated JSC for champion device upon pure 1F-PTAA.
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layers of both fresh and aged ones, by completing the HTL 
(Lithium salt doped Spiro-OMeTAD) and Au top electrode. 
The pristine sample without HTAB presents approximately 
no photovoltaic performance after aging at room tempera-
ture, with an HR of 70–75% for 48 h due to the fast perov-
skite decomposition to yellow, as shown in the photograph 
above, although the fresh one can yield a high PCE of 
>20%. It is also noted that the PSC with the highly concen-
trated (100 × 10−3 m) HTAB treated perovskite film failed to 
exhibit a photovoltaic performance due to the destruction 
of the 3D perovskite structure by the excessively long chain 
ions of HTA+. Furthermore, the one treated with a moderate 
concentration (1 × 10−3 m) of HTAB exhibited a significantly 
enhanced stability in the ambient condition while yielding 
a decent PCE of 18.5% after 48 h of aging at an HR of 
70–75%, as shown in Figure 6b, i.e., 86.0% of its initial PCE 
was maintained. It is a direct evidence of the significantly 

enhanced stability due to the formed PQWs. We also per-
formed a related aging test under ambient conditions, as 
shown in Figure S19 (Supporting Information).

Additionally, we performed a thermal stability analysis of the 
PQW-modified perovskite solar cells. To exclude other factors, the 
thermal stability tests of unencapsulated devices were conducted 
in an N2-filled glove-box. We conducted a thermal cycling test 
(one thermal cycle: heating a device in a glove-box at 80 °C for 
90 min and then natural cooling it down to room temperature for 
another 90 min) for the devices with the normal structure. Rapid 
degradation of the pristine normal perovskite device with Li-salt 
doped spiro-MeOTAD was observed under the thermal cycle test, 
while a slight improvement was observed for the PQWs modi-
fied, as shown in Figure  6c. For the PQW-modified perovskite 
architecture, replacing the doped spiro-OMeTAD with pure 
1F-PTAA as HTL led to a significant enhancement in its thermal 
stability. As a result, it was able to maintain 81.0% of the initial 
PCE value despite undergoing 100 thermal cycles, indicating 
that the doped spiro-OMeTAD is the primary reason responsible 
for the thermal instability of the normal perovskite structure.[32] 
The enhanced thermal stability for the PQW-modified perovskite 
architecture with pure 1F-PTAA was attributed to the synergy 
between suppressed ion migration by PQWs and the stable 
dopant-free 1F-PTAA as HTL.

We explored the in-depth mechanism of PQWs formation 
in the PQWs/3D heterostructure in order to realize efficient 
and stable perovskite solar cells. We concluded that PQWs 
derived from the reaction between HTAB cation molecules 
and 3D perovskite bulk material leads to an enlarged domain 
size. Time-resolved GIWAXS revealed a rapid ionic reaction 
immediately after HTAB casting, yielding a highly ordered 
intermediate phase within only a few seconds. We reported a 
systematic investigation on the effect of HTAB casting influ-
encing the PQWs, morphology, photovoltaic performance, as 
well as the stability of the related perovskite devices. Control-
ling the reaction of HTAB and 3D perovskite bulk material was 
determined to be the primary challenge in the formation of the 
desired PQWs/3D perovskite hierarchy; PQWs with a thick-
ness of ≈15 nm on top of a 3D perovskite were obtained with 
a moderate concentration of HTAB (1  × 10−3 m) casting. This 
optimal PQWs/3D perovskite hierarchy lead to an improved 
photovoltaic performance. More importantly, it enabled the 
formation of the dopant-free PTAA-derivative (1F-PTAA) with a 
PCE of up to 22.16%, along with significantly improved mois-
ture and thermal stress stability.

Experimental Section
Materials: FTO glass substrates with a sheet resistance of ≈14 Ω sq−1 

were purchased from OPVTECH Inc. Formamidinium Iodide (FAI) and 
methylammonium bromide (MABr) were supplied from Dyesol. PbBr2 
(99.99%), bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99%), 
4-tert-butylpyridine (tBP, 96%) and CsI (99.99%) were supplied from 
Sigma-Aldrich. Tin (II) chloride dehydrate (SnCl2·2H2O), thiourea, DMF, 
DMSO, CB, acetonitrileand were purchased from Sigma-Aldrich. PbI2 
(99.8%) were purchased from TCI. Spiro-OMeTAD (purity. 99.5%) was 
purchased from Feiming Science and Technology Co., Ltd. All chemicals 
were used as received without further treatment.

Fabrication of Devices: The PSCs were fabricated on cleaned FTO 
substrates. FTO substrates were sequentially rinsed by sonication in 

Figure 6.  a) Photographs of perovskite films (substrate size: 1.5  cm × 
2.0  cm) treated with different HTAB concentrations as indicated and 
stored under ambient conditions at room temperature with HR of 
70–75% for 48 h. b) Comparison of photovoltaic performance between 
the as-prepared perovskite photoactive layer treated with different HTAB 
concentrations and stored under ambient conditions at room tempera-
ture with HR of 70–75% for 48 h. c) Thermal stability of a normal structure 
of FTO/SnO2/Cs0.05FA0.81MA0.14PbI2.55Br0.45/HTL/Au (black) device tested 
in N2 filled glove-box.
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detergent, deionized (DI) water, acetone and ethanol, and finally dried in 
air by nitrogen flow. Prior to the deposition of ETLs, FTO substrates were 
exposed to UV–ozone for 20 min. A bright yellow colloidal SnO2 solution 
was synthesized by dissolving SnCl2·2H2O (900  mg) and thiourea 
(300  mg) with a molar ratio of 1:1 into 30  mL deionized water under 
vigorous magnetic stirring. The obtained SnO2 colloid precursor was spin 
coated onto FTO substrates with a spin rate of 4000 rpm for 30 s as ETLs, 
and then were annealed in air at 150 °C for 20 min, then 180 °C for 20 
min, and 200 °C for 1 h. Then, a second commercially available SnO2 
nanoparticles layer[11] was spin coated with a spin rate of 4000  rpm for 
30 s, followed by a thermal annealing process at 150 °C for 60 min. The 
Cs0.05FA0.81MA0.14PbI2.55Br0.45 precursor solution (1.1 m) was prepared in a 
mixed solvent of DMF and DMSO (4:1, v/v) in nitrogen-filled glove-box. 
The dissolved solution was filtered with the filter (0.45 µm,  Oriental 
Chemicals). The perovskite precursor solution was spin-coated on ETL 
coated substrates following 2 steps: 1000  rpm for 10 s, 6000  rpm for 
25 s. During the spin coating process, 150  µL of CB was drop-cast on 
perovkskite precursor wet film at 15 s. Thereafter, the as-cast films were 
thermal annealed at 150 °C for 60 min. Filterred spiro-OMeTAD solution 
(80 mg dissolved in 1 mL chlorobenzene) with 29 µL of tBP and 17.5 µL 
of Li-TFSI (520 mg mL−1 in acetonitrile) was spin coated on the top of the 
perovskite layer at 4000 rpm for 60 s in a glove box after the substrates 
cooling down to room temperature. PTAA/1F-PTAA was spin-coated from 
CB (6 mg mL−1) with spin rate of 3000 rpm for 60 s.

The samples were then kept in a closed dark tube with oxygen 
flow for 24 h.[33] Finally, 90–100  nm of gold was deposited by thermal 
evaporation on top of HTL layer to complete the device, using a shadow 
mask to pattern the electrodes. The active area of the cells was 0.09 cm2, 
which was defined by the overlapped area of the Au electrode and the 
FTO stripe.

In Situ GIWAXS Measurements: In situ GIWAXS measurements were 
performed at the 23A small- and wide-angle X-ray scattering (SWAXS) 
beamline at the National Synchrotron Radiation Research Center 
(NSRRC), Hsinchu, Taiwan. The wavelength of X-ray was 0.124 nm (10 keV) 
and the scattering signals were recorded by a C9728DK area detector. 
The distance from the sample to detector was ≈166 mm, calibrated with 
a lanthanum hexaboride (LaB6) sample. The incidence angle was set at 
2° to enhance the signal resolution with each frame exposure time of 
2  s. The spin-coating process was carried in an air-tight chamber under 
N2 atmosphere by N2 flow, consisting of a spin-coater and a motorized 
syringe for remote injection of HTAB ligands. After spinning starts with 
3D perovskite sample, GIWAXS measurement could start simultaneously, 
followed by a programmed HTAB solution injection onto the spinning film 
at a designated timing during the whole spinning process.

Characterization: The J–V characteristics of the devices were measured 
using a B1500 A semiconductor parameter analyzer under the calibrated 
ABET Technologies SUN 2000 solar simulator equipped with an AM 1.5 
filter at 100 mW cm−2.

The corresponding IPCE spectrum was measured in air by a QE-R3011 
system from Enli Technology Co. Ltd. (Enli).

The morphologies of PSCs were investigated by a high-resolution 
field-emission SEM (JEOL JSM-6335F). The surface analysis for the 
samples was carried out by AFM “Agilent 5400 SPM”.

XRD patterns were determined by using a Rigaku SmartLab X-ray 
diffractometer with Cu Kα radiation.

The PL spectrum and TRPL signals of perovskite film were recorded 
by using Edinburgh FLSP920 spectrophotometer equipped with the 
excitation source of 485 nm picosecond pulsed diode laser.

Computational Method: All the calculations are performed in the 
framework of the density functional theory with the projector augmented 
plane-wave method, as implemented in the Vienna Ab initio Simulation 
Package (VASP).[34] The generalized gradient approximation proposed 
by Perdew, Burke, and Ernzerhof is selected for the exchange-correlation 
potential.[35] The cut-off energy for plane wave is set to 400  eV. The 
energy criterion is set to 10–5 eV in iterative solution of the Kohn–Sham 
equation. The Brillouin zone integration is performed at the Gamma 
point. All the structures are relaxed until the residual forces on the 
atoms have declined to less than 0.03 eV Å−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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