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Halide perovskite photovoltaics have 
gained enormous attention because of 
their ever-increasing power conversion 
efficiencies (PCEs) over the past few 
years.[1–6] Further improvements in the 
performance of perovskite photovoltaics 
are hampered by a lack of in-depth under-
standing of the heterojunction interfaces 
and optimal interface designs,[7–9] specifi-
cally the buried interfaces within polycrys-
talline perovskite films.[10–14] Studies to 
date have focused on the top surfaces,[15–17] 
yet undesirable non-radiative losses 
that hinder the device power outputs 
are known to exist at the interfaces with 
bottom contact layers due to the accumu-
lation of deep-level trap states.[12,18] For 
example, though empirical device optimi-
zation approaches suggest that the excess 
lead halide in the perovskite starting 

ABSTRACT: Understanding the fundamental properties of buried interfaces in 
perovskite photovoltaics is of paramount importance to the enhancement of 
device effi-ciency and stability. Nevertheless, accessing buried interfaces poses 
a sizeable challenge because of their non-exposed feature. Herein, the mystery 
of the buried interface in full device stacks is deciphered by combining 
advanced in situ spectroscopy techniques with a facile lift-off strategy. By 
establishing the microstructure–property relations, the basic losses at the 
contact interfaces are systematically presented, and it is found that the buried 
interface losses induced by both the sub-microscale extended imperfections and 
lead-halide inhomo-geneities are major roadblocks toward improvement of 
device performance. The losses can be considerably mitigated by the use of a 
passivation-molecule-assisted microstructural reconstruction, which unlocks 
the full potential for improving device performance. The findings open a new 
avenue to under-standing performance losses and thus the design of new 
passivation strategies to remove imperfections at the top surfaces and buried 
interfaces of perovskite photovoltaics, resulting in substantial enhancement in 
device performance.
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 solution has a beneficial effect of bulk crystallization and pas-
sivation,[19,20] the large amounts of excess lead halide existing 
at the buried interface could vary the surface electronic states 
and behave like traps. Consequently, it is urgently needed to 
compromise between these detrimental effects and beneficial 
effects. However, exploring these issues will become complex 
when the excess lead halide accumulates at the buried interface 
featuring non-exposed characteristics. Although in situ tech-
niques have been developed to study buried interfaces in full 
devices,[21,22] directly visualizing buried microstructures along 
with their local semiconductor nature has never been realized. 
It is yet rather pressing to find ways to access the buried inter-
faces to achieve device efficiency limits.[23]

We present a simple and effective lift-off process to expose 
and uncover the buried interfaces of pristine and robust poly-
crystalline perovskite films. By combining interface and surface 
characterizations, we show that the losses at buried interfaces 
arise from the sub-microscale imperfections and inhomogenei-
ties. Both of these are introduced by the complex phases com-
prising multiple nanoscale lead-halide crystallites, and even 
just tiny excess ends up being detrimental at the interfaces. 
By exploiting time-related confocal spectroscopic imaging and 
materials characterizations, we also demonstrate that the sub-
stantial sub-micrometer imperfections and heterogeneities can 
be mitigated at both top surfaces and buried interfaces through 
a passivation-molecule-assisted microstructural reconstruction.

To generate the state-of-the-art polycrystalline perov-
skites used for experimental observations, we begin with 
one of the most commonly used mixed-cation lead mixed-
halide perovskites for perovskite solar cells (PSCs),[24,25] 
FA0.81MA0.10Cs0.04PbI2.55Br0.40 (FA and MA are formami-
dinium and methylammonium, respectively) (Figure S1 and 
Table S1, Supporting Information). The outstanding photo-
voltaic performances of PSCs from these materials confirm 
the high quality of the pristine film used throughout this 
work. Without passivation (control devices), inverted PSCs 
consisting of indium tin oxide (ITO)/poly[bis (4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA)/perovskite/[6,6]-phenyl-
C61-butyric acid methyl ester (PC61BM)/buckminster-
fullerene (C60)/bathocuproine (BCP)/Cu deliver PCEs of up 
to 19.92%. By contrast, regular PSCs comprising ITO/SnO2/
perovskite/2,2′,7,7′-tetrakis(N,N-dipmethoxyphenylamine)-9, 
9′-spirobifluorene (Spiro-OMeTAD)/Au show PCEs of 20.67%. 
Upon an ammonium-halide post-treatment passivation with 
n-hexyltrimethyl ammonium bromide (n-HABr), the PCEs 
increase to 22.26% and 23.11% for the inverted and regular 
PSCs, respectively, and both exhibit comparable stabilized 
power outputs tracked at the maximum power points.

The lift-off process is schematized in Figure 1a and shown in 
Video S1, Supporting Information. We first validate that the lift-
off process does not alter the structure, morphology, and optical 
features of polycrystalline perovskite films (see Figure  S2 and 
Note S1, Supporting Information, for details), enabling in-
depth characterizations of the previously inaccessible buried 
interfaces and the potential impacts of the passivation. Firstly, 
cross-sectional techniques enable direct observations of the 
microstructures of the perovskite films in inverted PSCs. From 
the scanning electron microscopy (SEM) image of the control 
device (Figure  1b), the perovskite grains closely pack normal 
to the interface. Bright grains are distributed throughout the 

perovskite thin film, while some small grains are located near 
the top interface and other flaky grains are located at the grain 
boundaries near the buried interface. Transmission electron 
microscopy (TEM) is used to determine their compositions and 
crystal structures (Figure 1c and Figure S3, Supporting Informa-
tion). The high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) image and corresponding 
energy disperse X-ray (EDX) elemental mappings confirm that 
the brighter strip-like structures are the large bright flaky grains 
observed by SEM, which predominately consist of lead (Pb), 
iodine (I), and bromide (Br), with the larger average atomic 
number evident from backscattered electrons (even when the 
detector is pulled away from the standard detector position in 
the second electron imaging mode). The large strip-like grains 
show highly oriented lattice lines (in the selected area denoted 
as “1”) corresponding to the crystal planes of the hexagonal lead 
mixed-halide crystals, determined by indexing the diffraction 
spots in the selected area (denoted as “2”), with a lattice spacing 
of 6.66 Å, closely matching the PbI2 (005) crystal plane (6.98 Å,  
PDF No. 73–1286). Such electron diffraction patterns are dif-
ferent from those of the perovskite crystals near the strip-like 
grains (Figure S3b, Supporting Information). From the X-ray 
diffraction (XRD) patterns of the perovskite film (Figure S2b, 
Supporting Information), we note that the diffraction peak at 
≈13.1° is larger than that of the PbI2 (≈12.7°), in agreement
with a smaller lattice spacing for the strip-like grains obtained
by TEM. When I ions (radius 1.70 Å) are substituted by Br
ions (radius 1.06 Å), the lattice spacing of the PbI2 crystal will 
decrease due to the smaller radius of Br ions, since the strip-
like grains have a composition of PbI2−xBrx. Through further 
analysis of the crystalline features near the strip-like grains, we 
note that there are randomly distributed smaller lead-halide 
grains near the strip-like PbI2−xBrx, forming the sub-microscale 
complex phases comprising multiple nanoscale lead hal-
ides and adjacent perovskites surrounding those lead halides 
(Figure S3c, Supporting Information).

To compare the differences between the top and bottom 
sides of the polycrystalline film, we used the lift-off technique 
to expose the buried interface of the perovskite film. From the 
SEM images for both sides of the perovskite film, the larger 
perovskite grain sizes (≈233 ± 8 nm) are observed on the bottom 
side, in comparison to those on the top side (≈186 ± 6  nm,  
Figure 2a,b and Figure S4a, Supporting Information). Moreover, 
the bottom side presents large flaky lead-halide grains aligned 
almost normal to the substrate, consistent with the cross-
sectional SEM and TEM results. By contrast, the top side is  
more uniform, with smaller lead-halide grains filling in the 
perovskite grain boundaries. We also note that the accumula-
tion of large flaky lead halides at the bottom side is commonly 
observed in a variety of perovskites processed from the PbI2-
excess precursor, regardless of the bottom contacts on which 
the perovskites are crystallized (Figure S4c,d, Supporting Infor-
mation). For the stoichiometric perovskite film (made from the 
precursor without excess PbI2), the bottom side is less compact 
in comparison to those processed from the precursor with 
excess PbI2 (Figure S4b, Supporting Information), which is 
likely due to different film growth processes.[22]

To characterize the chemical composition distribu-
tion of both sides, we performed nanoscale-resolved Fou-
rier transform infrared (nano-FTIR) microscopy and X-ray 



photoelectron spectroscopy (XPS). The non-destructive chem-
ical mapping afforded by nano-FTIR allows us to resolve the 
spatial distribution of the organic components near the sur-
faces of the film (≈10  nm). From the nano-FTIR white-light 
imaging (Figure  2c,d and Figure S5a, Supporting Informa-
tion), we observe more pronounced inhomogeneity for the 
lateral concentration of the dominant A-site cation (FA+; 
the MA+ is below the detection level) at the bottom side in  
comparison to the top side (Figure  2e). This could arise 
from the local accumulation of organic components or the 
existence of flaky lead halides at the bottom side during 
annealing/cooling.[26] XPS characterization shows that the 
average ([I] + [Br])/[Pb] ratios are 2.81 and 2.32 for the top 
side and bottom side, respectively, with respect to the nom-
inal value of 2.95 (Figure S5b, Supporting Information), 

further emphasizing the uneven chemical distributions on 
both sides. Moreover, we also observe that the signals from 
metallic Pb (Pb0) are absent in the XPS spectra (Pb 4f ) of the 
bottom side but are evident on the surface (top side) of the 
perovskite film as reported elsewhere,[27] although the origin 
of the Pb0 remains elusive.

To probe the local energetic variation, Kelvin probe force 
microscopy (KPFM) was used to correlate the surface poten-
tial with topography. We note that the flaky lead halides at 
the bottom side have larger surface potentials (≈50  mV) 
with respect to the rest of the film, significantly changing 
the local distribution of the bottom energy levels (Figure 2f). 
While on the top side, the surface potentials are more homo-
geneous (Figure S5c, Supporting Information) than those 
of the bottom. Consequently, the morphologies and surface 

Figure 1.  a) Schematic of the lift-off process. A: monovalent organic or inorganic cations, B: Pb2+, X: halogen anions. b) Cross-sectional SEM image 
of inverted PSCs. The bright grains are highlighted by the yellow dotted circles or ellipses. Scale bar: 2 µm. c) The sectional HAADF-STEM and corre-
sponding EDX images from the quasi-PSC, highlighting the brighter contrast in the HAADF image owing to the larger average atomic number. Selected 
area 1: The enlarged TEM image of the flaky crystal near the buried interface. Selected area 2: The high-resolution lattice image and corresponding fast 
Fourier transform (FFT) pattern of the flaky crystal. Scale bar in the HAADF image: 200 nm.



potentials are distinct for both sides, probably owing to the 
heterogeneous morphological and chemical distribution as 
discussed above.[28]

To correlate the optoelectronic properties with the 
observed features at the microscale, we performed confocal 
photoluminescence (PL) imaging on the top and exposed 
bottom sides. A 470-nm pulsed laser illumination was 
employed to generate excitations near the surface of the film 
(1/e excitation depth of ≈70  nm). The detection wavelength 
ranges were set to 700–790  nm to identify the perovskites 
and 500–570 nm to monitor the emission from the lead hal-
ides that exhibit a PL peak centered at ≈506 nm (Figure S6a, 

Supporting Information). From the PL mapping of the top 
side, we observe relatively spatial homogeneous PL signals 
from the perovskite grains, with weak signals arising from 
the lead halides surrounding perovskite grains (Figure  3a). 
By contrast, the bottom side is more inhomogenous, exhib-
iting a high density of regions with low-luminous perovskite 
grains and sub-microscale dark regions (Figure  3b). Note 
that in most dark regions, the flaky lead-halide emissions are 
detected even if both are not perfectly overlapping. The perov-
skite PL intensity is found to decrease with the appearance of 
the lead-halide signals, which confirms the grain-to-boundary 
PL heterogeneities at the bottom side (Figure 3c). The carrier 

Figure 2.  a,b) SEM images of the top (a) and bottom (b) sides of the perovskite films. c,d) FA+ spatial distribution of the top (c) and bottom (d) sides 
obtained from nano-FTIR over the wavenumber range of 1500–1900 cm−1. Color bar: the normalized intensity of the reflection signals from the sample. 
e) The statistical distribution of infrared radiation (IR) intensities of both sides, and the collected IR intensities from the white dotted lines in (c) and
(d). f) AFM image (top panel), and corresponding KPFM image (bottom panel) of the bottom side. Scale bars for all figures: 0.5 µm.



lifetimes extracted from two regions selected on the bottom 
side (denoted as “1” and “2”, where the selected regions 1 and 
2 are dominated by pure perovskites and mixed perovskites/
lead halides, respectively) show more rapid recombination 
kinetics in region 2, indicating that the lead halides could 
accelerate the annihilation of the photo-generated charge car-
riers (Figure S6b, Supporting Information). Moreover, the 
histogram of PL intensities (from perovskites) represented by 
pixel counts indicates that the top side emits more photons 
than the bottom side under the same excitation conditions 
(Figure 3d), showing inferior PL properties at the bottom side 
of a polycrystalline perovskite film.

We observe the same effects on the buried interfaces of 
as-fabricated perovskite films, using a dedicated sample struc-
ture with an ultrathin transparent substrate (Figure S7a, Sup-
porting Information). The consistent luminescence features, 
including sub-microscale dark regions along with the lead 
halides, are similar to those of the lift-off perovskite films  
(Figure S7b–e, Supporting Information). These sub-microscale 
dark regions negatively affect the excited-state charge-carrier 
population at the buried interface, as further evidenced by the 
reduced lifetime and external photoluminescence quantum 
efficiency (PLQE) when selectively exciting the buried interface 
of the as-fabricated samples compared to the top interface with 

Figure 3.  a,b) Confocal PL mapping images of the top (a) and bottom (b) sides. Scale bar: 2 µm. The ranges of the detection are 700–790 nm (red 
bar) and 500–570 nm (blue bar), respectively. c) The line scan of the PL intensities obtained from the yellow line in (b). d) The statistical distribution 
of the top and bottom PL grey values (0–255) extracted from the confocal PL mapping images. e) 2D temperature-dependent PL spectra taken from 
80 to 300 K for both top and bottom sides from one perovskite film. f) The PL curves at different temperatures extracted from the 2D temperature-
dependent PL spectra.



an excitation wavelength 550  nm that is below the absorption 
threshold of the lead halides (Figure S6c, Supporting Informa-
tion). This means that the presence of these dark PL regions 
at the buried interface leads to device efficiency losses through 
non-radiative recombination.[29,30]

To gain a deeper insight into the inferior PL properties of the 
perovskite bottom side, we measured the temperature-dependent 
PL spectra for both sides (Figure 3e). As the peaks redshift with 
decreasing temperatures, the spectral peak widths become nar-
rower. Even though both sides have similar PL spectra at low 
temperatures, they show a distinct evolution with increasing 
temperature, and finally the PL peak of the bottom side red-
shifts by 13 meV with respect to its top-side counterpart at 300 K 
(Figure 3f). This behavior arises from the difference in the band 
structures, which may originate from the inconsistently chem-
ical compositions on both sides as verified by nano-FTIR and 
XPS measurements. Moreover, the full width at half maximum 
(FWHM) of the PL peak can be broadened by the scattering pro-
cesses between charge carriers and phonons or impurities.[31] 
We further calculate the electron–phonon coupling (Γop) for 
both sides by fitting the temperature-dependent FWHM over the 
range 80–300 K (Figure S6d and Table S3, Supporting Informa-
tion). The Γop of the bottom side (Γop,bottom ≈ 167.5 meV) is esti-
mated to be greater than that of the top side (Γop,top ≈ 77.2 meV), 
confirming the inferior crystal qualities and PL properties at the 
bottom side. We also associate the larger estimated inhomoge-
neous broadening term (Γ0) of the bottom side with imperfec-
tions and serious structural disorder stemming from variations 
of local compositions and structures.[28] These results collectively 
show that the multi-scale heterogeneities and imperfections per-
meate the perovskite film, particularly at the buried interface, 
and ultimately result in different optoelectronic behaviors on 
both sides of a polycrystalline perovskite film.

In order to assess whether we can regulate these imper-
fections and multi-scale heterogeneities of buried interfaces 
and link these changes to the device performance, we use the 
n-HABr as a post-treatment passivation molecule since the
n-HABr shows the most outstanding capabilities in the effi-
ciency improvements and has a largest cation size in a variety
of the passivation molecules.[2,16,32,33] In practice, we first spin-
coated a layer of the n-HABr on the top of the as-prepared
perovskite film that is processed by regular routes and subse-
quently monitor the local changes of the lead halides and the
sub-microscale dark regions at the buried interfaces by confocal
PL maps at a different annealing time of 100 °C (Figure 4). Ini-
tially, we see the distribution of both lead halides and the dark
regions, but over the first 1 min of annealing, most of the lead
halides are eliminated while the sub-microscale dark regions
remain stable. After 10 min of annealing, both the lead-halide
signals and sub-microscale dark regions disappear while both
the PL intensity and spatial homogeneity of the perovskite sub-
stantially improves. These improvements are also confirmed in
very spatially uniform and luminescent-enhanced PL mappings
on the bottom side of the lift-off perovskites (Figure S7f, Sup-
porting Information).

To demonstrate the improvements in the confocal PL map-
pings at buried interfaces of the passivated films, we show the 
variation of the morphologies of both sides of a perovskite film 
after the ammonium-halide passivation (Figure  5a,b). Notably, 

the passivated perovskite film exhibits a lead-halide elimination 
microstructural reconstruction in comparison to the control film 
(Figure 2a,b). Moreover, we also observe similar changes in the 
microstructure of the perovskite films treated by a series of other 
ammonium-halide molecules (with different molecular sizes) 
which are broadly utilized in the best-performing PSCs[2,16,32,33] 
(Figure S8, Supporting Information). Upon lead-halide elimi-
nation microstructural reconstruction, the ratios of both  
[Br]/[Pb] and ([I] + [Br])/[Pb] on the bottom side increase and are 
close to the nominal values as confirmed by XPS (Figure  S9a, 
Supporting Information), suggesting a reduction of local non-
stoichiometric components. The absence of lead halides in 
the passivated perovskite films also results in more uniform 
surface-potential mapping by KPFM (Figure S9b, Supporting 
Information). These improvements have a positive impact on 
enhancing the PLQE value of the passivated film as compared 
to the control: the bottom side increasing from (1.92 ±  0.55)% 
to (15.18 ± 0.45)%, from (2.41 ± 0.31)% to (14.95 ± 0.68%) for the 
top side (Figure  5e). Thus, the microstructural reconstruction 
through the ammonium-halide passivation plays a key role in 
improving optoelectronic properties over the entire film.

To probe the variation of the crystallographic structures and 
to clarify what happens upon microstructural reconstruction, 
the grazing-incidence wide-angle X-ray scattering (GIWAXS) 
technique is used to obtain the crystallographic information of 
the perovskite film at different penetration depths. Figure 4c,d 
compares 2D GIWAXS patterns for the top and bottom sides 
of the ammonium-halide-passivated perovskite film with an 
incidence angle of 0.3°, respectively (patterns for the incidence 
angles of 0.1° and 0.5° and the GIWAXS information of control 
sample are provided in Figure S10a,b, Supporting Information). 
The integrated signals of the reflections located at ≈0.39, ≈0.46, 
and ≈0.67 Å−1 in Figure 4f at different incidence angles on both 
sides of the film are used to track the ammonium-halide–perov-
skite complex and confirm its permeation through the film.[15] 
With increasing penetration depth from the bottom side, the 
reflections at ≈0.46 and ≈0.67 Å−1 gradually increase, while that 
at ≈0.39 Å−1 decreases. It suggests that the preferential orien-
tation of the ammonium-halide–perovskite complex varies 
remarkably at the bottom side, due more likely to the physical 
constraint at the interface of the perovskite/bottom contact 
layer. In addition, a series of enhanced signals at ≈0.58 Å−1 of  
perovskites (as shown in Figure S10b, Supporting Information) 
at the bottom side could be associated with the ammonium-
halide-induced reconstructions of perovskites. We further 
investigate the quality of the bottom side through the micro-
strain. Based on the Williamson–Hall analysis of the integrated 
GIWAXS signals, the estimated microstrain near the bottom 
side of the ammonium-halide-passivated films decreases from 
(1.39 ± 0.02)% for the control to (1.17 ± 0.04)% (Figure  5g, 
and see Note S5, Supporting Information, for details). This 
reduced microstrain and overall improved properties for the 
ammonium-halide-passivated samples suggest that, even 
though the cation size of the n-HABr (≈8.9 Å) and other similar 
molecules are larger than the FA cation (≈2.6 Å), the imperfec-
tion of the buried interface can be improved by the molecule-
passivation-assisted microstructural reconstruction, in the right 
direction to substantial improvements in the entire film quality 
(including both top and buried interfaces).



By analyzing the fundamental properties of the buried 
interface of the pristine films including morphology, chem-
ical composition, electronic structure, and photophysics, we 
find that the sub-microscale imperfections and inhomogenei-
ties accumulating at the buried interfaces limit devices from 
reaching their performance potentials. We show that those 
imperfections and inhomogenities arise from a wide variety 

of complex phases. The complex phases consist of various 
nanoscale lead-halide crystallites at the buried interface that 
are directly related to undesirable non-radiative recombina-
tion centers, although empirical device optimization shows 
that a small fraction of excess lead-halide in the starting pre-
cursor solution benefits the film crystallization.[20] Both are 
sensitive to the excess lead-halide fraction, and optimally 

Figure 4.  a) The side and top views of the dedicated sample configuration, and the marker for the time-correlated observation. b) The confocal PL 
mappings of the focused areas and the gray-value distribution of the white dashed area at the buried interface from 0 to 10 min. Time-correlated PL 
mapping evolution of two randomly selected regions (named Region A and B) in the white dashed rectangle at different annealing time. Scale bars: 
20 µm for focused area, 2 µm for the randomly selected regions.



balancing these two counteracting effects is extremely diffi-
cult to achieve in practice. Passivation approaches including 
the use of ammonium halides will be essential to mitigate 
these undesirable imperfections by varying the morphology 
and crystallographic structure by a molecule-assisted micro-
structural reconstruction. This improvement is associated 
with the diffusion of the passivation molecules during the 
post-annealing process. We reckon that advanced microscopy 
techniques coupled with high spatial resolution imaging will 
help to elucidate the structure–function relationship at buried 
interfaces of individual grains, and ultimately an in-depth 
understanding of polycrystalline perovskite thin films. Hence, 
the methodology reported in this work represents a starting 
point to uncover the properties of the buried interfaces of 
various perovskite compositions and device structures for a 
broad range of applications including PSCs, light-emitting 
diodes, photodetectors, and other perovskite optoelectronics.

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