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A B S T R A C T

All-vapor-deposited perovskite solar cells (PSCs) offer promising potential for maintaining high efficiency across 
large-area solar modules. However, a comprehensive understanding of device stability, particularly the crucial 
photodegradation mechanism under sunlight exposure, remains scarce in the existing literature. In this study, we 
investigate thermally co-evaporated perovskite polycrystals grown on two typical organic hole-transporting 
layers (HTLs), macrocyclic copper (II) phthalocyanine (CuPc) and the arylamine derivative of N4,N4,N4′,N4′- 
tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1′-terphenyl]-4,4′-diamine (TaTm). Surprisingly, the robust CuPc limits the 
device performance with substantial non-radiative recombination loss and accelerates device degradation under 
light exposure. When built upon TaTm, the PSCs demonstrate a 47 times prolonged T80 lifetime (the efficiency 
drops to 80 % of the initial efficiency) of 1128 h by regulating the surface crystallography. By reducing the 
perovskite thickness to approach the buried heterojunction interface, we unravel the loss mechanism by directly 
observing crystallization dynamics. Our investigation reveals that surface polarity significantly influences the 
precursor adhesion, grain growth, and recombination dynamics at the HTL-perovskite interface. These findings 
underscore the critical role of the underlying surface in vapor-deposited PSCs, highlighting the potential for 
improved photostability through the regulation of interface imperfections.

1. Introduction

Among the emerging photovoltaic technologies, thin-film solar cells 
based on organic–inorganic hybrid lead halide perovskites, hereafter 
referred to as perovskites, stand out as the most promising material 
system [1]. The intense interest in perovskite stems from the unprece
dented potential to obtain high-quality polycrystalline films through 
cost-effective deposition methods [2,3], ascribed to the low crystalli
zation activation energy and high tolerance to constituent perturbation. 
Consequently, single-junction perovskite solar cells (PSCs) have expe
rienced soaring growth within a mere decade of research development, 
achieving an exceptional power conversion efficiency (PCE) in the 
presence of high-density defect sites [4,5]. Despite holding great 
promises, the success of PSCs has so far been accomplished by the vast 
majority of literature focused on confined areas. Whether these 
laboratory-size perovskites are poised for feet-long solar modules with 

minimal efficiency loss remains challenging [6].
Thermal evaporation, a commercial physical vapor deposition 

practice for preparing organic light-emitting displays, is an alternative 
to developing large-area, homogeneous perovskites in a solvent-, 
contamination-free manner [7,8]. It sublimes solid-state compounds to 
the gaseous phase under high vacuum conditions before condensing on 
the substrates of interest. The ability of precise thickness control over 
consecutive stacking multilayers inspires single-junction PSCs with 
direct opposite polarity [9], tandem device structures [10], and flexible 
solar modules processed at low temperatures [11]. Unlike the predom
inant research based on accessible solution-based methods, a minor 
effort is devoted to advancing high-performance PSCs using thermally 
evaporated approaches [12,13]. A handful of vacuum-processed pe
rovskites literature has been reported until recently [14,15], with 
encouraging photovoltaic performance comparable to the state-of-the- 
art PSCs [16]. However, these works took a prolonged layer-by-layer 
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precursor deposition in sequence and were built upon solution- 
processed charge-transporting layers, further complicating the device 
fabrication procedure. In addition, despite the long-standing reputation 
of the solution-processed hole-transporting layers (HTLs) in delivering 
high-performance PSCs, they have become critical bottlenecks to ful
filling durable perovskite solar panels for a lifetime beyond decades 
[14,17].

Thermally evaporated charge-extraction layers guarantee low- 
efficiency losses for scaling up perovskite solar modules [18]. The 
promising industrial potential encourages the introduction of vacuum- 
processable organic molecules in PSCs. For example, small molecules 
such as N4,N4,N4′,N4′-tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1′-terphenyl]- 
4,4′-diamine (TaTm), an arylamine derivative, has been recurrently 
utilized as HTL in high-performance PSCs with an inverted p-i-n struc
ture [9,12,19]. The long π-conjugation of TaTm supports electron- 
resonance stabilization, which should achieve small reorganization en
ergy and promote the probability of the electron-hopping process (fa
vors hole mobility in this case). Another common HTL is metal 
phthalocyanine, a class of macrocyclic molecules renowned for their 
high carrier mobility, suitable energy level, and chemical stability [20]. 
In particular, copper (II) phthalocyanine (CuPc) was employed by 
Tavakoli et al. as a dopant-free hole-selective contact for fully evapo
rated PSC with negligible hysteresis [21]. Johnston et al. demonstrated 
the thermal stability of CuPc restricted the device degradation, with no 
degradation found after 3710 h of continuously stressing the device at 
85 ℃ [22]. In addition, Xu et al. chose CuPc in favor of the conformal 
coating perovskite precursor solution on textured substrates for perov
skite/silicon tandem configuration [23]. However, this information 
differs from the empirical findings that Paetzold et al. gathered from 
thermally co-evaporated perovskite [24], suggesting that a non-polar 
surface is critical in incorporating organic compounds into the perov
skite framework. Whether the robust yet hydrophilic CuPc is an ideal 
HTL for all-vapor-deposited PSCs remains controversial. While tremen
dous improvements have been made to advance operational stability 
over the last decade of research focus, most of the knowledge was gained 
from solution-based treatment [25]. Stranks et al. found that the thermal 
and ambient air stability of vapor-deposited perovskite was remarkably 
improved with the inclusion of excess PbI2 [26]. However, the device 
dropped 10 % of the initial performance after only 35 h of continuous 
operation, which can be attributed to the nature of PbI2 photolysis and 
solution-processed HTL. A shortage of insight into the photostability of 
the vacuum-deposited PSCs was found in the literature, particularly the 
buried interface beneath the thermally evaporated perovskite [27,28].

In this work, we focus on exploring cost-effective and durable HTLs 
for single-junction wide-bandgap PSCs. As opposed to the prolonged 
period of the layer-by-layer deposition for perovskite generation, we 
deposit the FA0.9Cs0.1Pb(I0.9Br0.1)3 perovskite layer via a ternary co- 
sublimation process in favor of throughput requirement for industriali
zation [29]. The all-vapor-deposited p-i-n PSCs show maximum PCEs of 
11.71 % and 15.57 % for CuPc and TaTm-based devices, respectively. To 
our surprise, the CuPc-based device loses 20 % of its initial PCE value 
(T80 lifetime) in 24 h against successive light soaking conditions, where 
it takes more than 47 days for TaTm-based PSC to decay to the same 
level. Despite a greater extent of non-radiative recombination of the 
CuPc-based PSC, identified in electroluminescence (EL) and photo
luminescent (PL) analysis, it is challenging to investigate the buried 
HTL-perovskite interface with scanning electron microscopy (SEM) im
ages. In this case, we systematically explore the interfacial losses by 
examining the surface morphology of vapor-deposited perovskite pre
cisely close to the contact via atomic force microscopy (AFM). It is 
advised that the adhesive behavior of FAI precursor has profound con
sequences in perovskite formation in the vicinity of the HTL-perovskite 
interface, and the substrate polarity plays a pivotal role in regulating the 
localized perovskite crystallography from the nano-scale scope and, 
eventually, the overall device longevity. We believe the interaction be
tween substrate surface and vapor-deposited perovskite found in this 

work is not limited to vacuum-processed p-type HTLs but applies to 
other device architectures, such as the n-i-p configuration or more 
complicated tandem stacks.

2. Material and methods

2.1. Crude material

The materials, including TaTm, CuPc, and 2,9-Dimethyl-4,7- 
diphenyl-1,10-phenanthroline (BCP), were acquired from Shine Mate
rials. The fullerene (C60) was purchased from 1-Material. MoO3 and 
perovskite precursors, including PbI2 (99.9985 % metal basis) and CsBr 
(99.999 % metals basis), were provided by Thermo Scientific Chemicals. 
The formamidinium iodide (>99.99 %) and formamidinium bromide 
(>99.99 %) were purchased from Greatcell Solar. MeO-2PACz was 
purchased from Tokyo Chemical Industry Co., Ltd.. N, N-dime
thylformamide (DMF) and dimethyl sulfoxide (DMSO) were obtained 
from Acros Organics. Ethyl acetate was purchased from Fisher Chemical. 
All materials were used as received. The ITO-coated glass substrates 
were purchased from Lumtec Corporation, whereas the FTO-coated 
substrates were purchased from FrontMaterials. Before thin film depo
sition, the substrates were cleaned with diluted detergent, deionized 
water, acetone, and isopropanol in a sonication bath for 10 min each.

2.2. All-vapor-deposited perovskite solar cells

The ITO-coated substrates were loaded into the thermal evaporation 
chamber (Syskey Technology). A 10− 6 torr base vacuum level was 
guaranteed before thin film deposition. After that, a 6 nm of non- 
stoichiometric MoO3 was first deposited to ensure ohmic contact with 
the anode, followed by the hole-transporting layer deposition (CuPc 10 
nm, TaTm 10 nm, or CuPc 10 nm/ TaTm 10 nm). We fixed a total 
thickness of 20 nm for the CuPc/TaTm bilayer to keep the same recipe of 
individual layers as that of CuPc- and TaTm-based PSCs. The samples 
were transferred to a second chamber for perovskite thin film deposi
tion. The co-evaporation process was performed with a 0.15, 0.8, and 
1.1–1.2 Å/s deposition rate for CsBr, FAI, and PbI2, respectively. The 
perovskite thin films changed to a dark brownish after post-annealing 
treatment (135 ℃ for 30 mins) in an N2-filled glovebox (MBraun). The 
perovskite solar cells were finalized after the successive deposition of 
C60 (10 nm)/BCP (7 nm)/Ag (100 nm) multilayer structure. An energy 
level diagram has been included in the Supporting Information (Fig S1). 
The actual thickness of each layer was calibrated with a surface profiler 
(Bruker, DektakXT). The active area of the device was 4 mm2. To 
characterize the photovoltaic performance in the ambient atmosphere 
that conforms to the ISOS-L-1 standard, we transferred the perovskite 
devices to the N2-filled glovebox (O2 < 0.1 ppm; H2O<0.1 ppm) for 
encapsulation. Note we chose a glass-to-glass encapsulation sealed with 
UV-curable epoxy resin (Everwide Chemical Corporation Limited 
EXC345) to prevent air ingress. A more practical approach would 
require a commercial encapsulation technique that passes the damp heat 
test for outdoor testing.

2.3. Solution-processed perovskite preparation

The MeO-2PACz HTL layer (0.3 mg/mL in ethanol) was spin-coated 
onto the clean FTO-coated substrate (see cleaning protocol above) at 
3000 rpm for 30 s, following post-annealing treatment at 100 ℃ for 10 
mins in air. A 1.4 M perovskite precursor solution was prepared by 
mixing CsI, FAI, FABr, and PbI2 in the DMF and DMSO mixture (4:1, v/v; 
1 mL). This solution was then spin-coated onto the as-prepared HTL film 
at 5000 rpm for 30 s in a glove box filled with N2. After spinning for 20 s, 
300 μl of ethyl acetate antisolvent was dropped on the sample, forming a 
transparent intermediate perovskite phase. The samples were then 
annealed on a hot plate (first at 150 ℃ for 10 mins and then at 100 ℃ for 
2 mins) to form the dark-brown perovskite films.
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2.4. Characterization

All measurements were performed in an ambient atmosphere (room 
temperature ~25 ℃; relative humidity ~65 %). The photovoltaic per
formance was evaluated under the AM1.5G one sun solar simulator 
(Enlitech, SS-X). The external quantum efficiency (EQE) spectrum and 
the corresponding integrated current density were measured using a 
quantum efficiency measurement system (Enlitech, QE-R) recorded in 
AC mode with the calibration in advance (Hamamatsu S1337). The Voc- 
loss Analyzer (Enlitech, REPS) recorded the electroluminescence spec
trum and quantum efficiency. The photostability of the perovskite solar 
cells was evaluated by soaking the device with one sun equivalent in
tensity of a white LED source (Newport, LSH-7320). The light intensity 
was periodically checked with a silicon reference cell. The absorption 

spectra were recorded by the UV–Vis spectrometer (Jasco, V-770), while 
the photoluminescence spectrum was recorded by the spectrofluorom
eter (HORIBA, FluoroMax Plus). The spectrometer (Edinburgh, 
FLS1000) recorded the transient photoluminescence dynamics with a 
pulse laser of 447 nm. The laser was operated at a 500 ns excitation 
duration. The X-ray diffraction pattern was recorded with an X-ray 
analyzer (Bruker, D2 PHASER). The scanning electron microscopy im
ages and the elemental analysis were captured with an ultra-high reso
lution field emission microscope (Hitachi SU8200) operating at an 
accelerating voltage of 3 kV over platinum metalized samples. The 
grazing incidence wide-angle X-ray scattering patterns were recorded at 
the 23A beamline station (National Synchrotron Radiation Research 
Center, Taiwan), with analysis following the previous report [29]. The 
surface morphology images were captured by atomic force microscopy 

Fig. 1. Photovoltaic performance of the all-vapor-deposited PSCs. (a) The schematic illustration of the fully evaporated p-i-n PSCs built upon different organic HTLs 
with insets of the molecule structure. (b) The PCE distribution of the devices based on CuPc, TaTm, and CuPc/TaTm HTLs. (c) The EQE spectrum for the champion 
devices and the corresponding integrated Jsc. The derivative of the EQE spectrum edge is shaded (arbitrary unit). The circle highlights the slope change around the 
wavelength of 370 nm. (d) The EQEEL characteristics with respect to various injection current densities under dark conditions. The photocurrent (Jph) is as labeled. 
(e) The degradation dynamic of the devices under continuous one-sun equivalent soaking (ISOS-L-1 standard). The shaded area shows the 100–80 % region from the 
initial performance. An alternative estimation (TS80) is given for the CuPc-based PSC after the initial burn-in (shown in orange). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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(Bruker, Innova).

3. Results and discussion

3.1. Device performance

We simultaneously sublimate formamidinium iodide (FAI), lead io
dide (PbI2), and lead bromide (CsBr) precursors to form the perovskite 
active layer (see Material and methods). Although multi-ion composi
tion thermodynamically stabilizes black-phase FA-based perovskite at 
room temperature, we introduced rather restricted CsBr content to 
prevent halide segregation under light exposure or bulk recombination 
attributed to irregular morphology [30,31]. Note that we have screened 
the perovskite composition by varying the precursor rate on individual 
substrate surfaces, and optimal photovoltaic performance is received 
with a 5 % excess PbI2 from the stoichiometric case (assured with 
energy-dispersive X-ray spectroscopy), a balance of defect passivation 
without compromising charge extraction [26,32]. The all-vapor- 
deposited PSCs were constructed by developing a perovskite layer on 
the substrate decorated with different intrinsic organic HTLs (CuPc and 
TaTm) in the p-i-n stacking configuration, respectively (Fig. 1a). These 
two candidates have been widely utilized in the literature without 
additional dopants because of their high mobility and share the highest 
occupied molecular orbital (HOMO) level in accord with the photoactive 
perovskite layer. The PCE distribution of 25 individual devices under 
AM 1.5G solar illumination is recorded for CuPc, TaTm, and CuPc/TaTm 
bilayer structures (Fig. 1b), respectively. When the perovskite is devel
oped on TaTm HTL, the PSC presents an open-circuit voltage (Voc) of 
1.05 V, a short-circuit current density (Jsc) of 19.25 mA cm− 2, a fill 
factor (FF) of 77.05 %, and a PCE as high as 15.57 %, which is compa
rable to the previous studies with similar composition given a 150 nm 
perovskite layer constructed [32]. For the CuPc-based PSCs, the device 
performance demonstrates a Voc of 0.94 V, a Jsc of 15.08 mA cm− 2, and 
an FF of 71.01 %, counting for a PCE of 9.7 %. Compared to the TaTm- 
based PSCs, the CuPc HTL device demonstrates a more extensive spread 
in all three metrics describing photovoltaic performance (Fig. S2). 
Specifically, a substantial Voc drop of more than 100 mV observed from 
the perovskite built upon CuPc highlights the different charge carrier 
mechanisms between the two devices. Although we expected the CuPc/ 
TaTm bilayer to unleash the power of CuPc (photostability and hole- 
extraction ability) and TaTm (electron-blocking ability and hydropho
bicity), the CuPc/TaTm-based device still suffers slight non-radiative 
recombination losses (Fig. S2). Further modification may suppress the 
non-radiative recombination while supporting an efficient hole extrac
tion. We recorded the external quantum efficiency (EQE) of the cham
pion devices to various monochromatic lights and the corresponding 
integrated Jsc value in Fig. 1c. All devices show a clear efficiency drop 
beyond the wavelength of 550 nm. Although this can be ascribed to the 
transmittance loss for the devices that include a CuPc layer (Fig. S3), we 
attribute this behavior to the mismatched distribution of the optical field 
and charge generation, as well as the enhanced reflection loss of a thin 
perovskite layer that was constructed [33]. Additionally, a slope change 
can be observed for the TaTm-based device at the wavelength of 370 nm 
(marked in Fig. 1c), which can be aroused by the characteristics of the 
TaTm layer (Fig. S3). To estimate the bandgap energy of the PSC, we 
take the inflection point of the spectra derivative (∂EQE/ ∂E). The 
bandgap is around 1.65 eV with a slightly bathochromic shift for the 
perovskite constructed on CuPc. We believe this can be ascribed to the 
surface polarity that favors FAI aggregation, which will be elaborated 
later on. Nonetheless, the TaTm-based PSC can utilize most of the visible 
photons, while a general efficiency loss is found on CuPc-based PSCs in 
line with the Jsc characteristic obtained from Fig. S2b.

To study the Voc loss aroused by the interface, we characterize the 
external quantum efficiency of the radiative electroluminescence 
(EQEEL) from the PSCs in the dark (Fig. 1d). Generally, a higher EQEEL 
stems from radiative relaxation from the injected current instead of 

recombination loss via non-radiative pathways based on the equation of 
[34]: 

Voc =
kBT
e

ln
(

EQEEL
Jph

Jem
+1

)

(1) 

where kB is the Boltzmann constant, T is room temperature in our case, e 
is the elementary charge, Jph represents the current under light illumi
nation, and Jem stands for the current of absorbed/emitted photon flux in 
equilibrium aroused by the thermal radiation from the surrounding. As a 
result, the Voc deficit induced by the non-radiative recombination can be 
assessed according to: 

Vnon− rad
loss = −

kBT
e

lnEQEEL (2) 

A close EQEEL value between TaTm and CuPc/TaTm-based PSCs with 
a deduced non-radiative Voc loss of 260 mV is obtained, close to the 
value obtained from thermally evaporated inorganic PSCs [35]. How
ever, a stark contrast is observed on CuPc-based PSCs with a limited 
radiative intensity. Note that although one should calculate the loss at 
the recombination current density equal to the Jsc under one-sun solar 
illumination, we cannot collect helpful information from the CuPc-based 
device at this level due to its low radiative intensity. Nevertheless, the 
above quantitative analysis suggests a substantial non-radiative 
recombination loss at the CuPc-perovskite interface, which can be sup
pressed once TaTm is inserted at this heterojunction interface.

A consensus has emerged on vacancy-assisted halide redistribution 
acting as the degradation pathway under light illumination with acti
vation energy as low as 0.6 eV [36]. It has been proposed that chemi
cally neutralizing the mobile defects or the decoration of low- 
dimensional perovskite can curb halide-driven decomposition [37,38]. 
However, a lack of photostability assessment was found from all-vapor- 
deposited PSCs, let alone a facile strategy developed for the in-vacuum 
fabrication. Here, we evaluate the intrinsic device photostability by 
following the protocols based on the International Summit on Organic 
Photovoltaic Stability (ISOS) [39]. The assessment was performed with 
one-sun equivalent illumination under ambient conditions, conforming 
to the ISOS-L-1 standard. Note that we chose a typical glass-to-glass 
sealing to prevent moisture ingress that stimulates the hygroscopic na
ture of organic cation. As shown in Fig. 1e, the CuPc-based PSCs expe
rienced a monotonic decay after the initial rapid drop (often termed 
“burn-in”). It took only 24 h of continuous one-sun exposure for the 
device to lose 20 % of the initial performance (T80), that an extended 
lifetime of 310 h (denoted as TS80), during which the PCE dropped 20 % 
of its magnitude after the end of the burn-in process (Tburn-in), can be 
extrapolated. Although it usually takes rapid progress for the initial 
burn-in followed by a stabilized degradation profile, this behavior 
should be prohibited to guarantee maximum performance of the PSCs. 
Intriguingly, it has been validated the burn-in behavior should be 
ascribed to the pattern of cation migration on a timescale of several 
hours under illumination with a direct trace of compositional redistri
bution over the entire PSC [40,41]. Namely, instead of the most 
vulnerable halide migration under lighting, a cation redistribution could 
be the reason for the burn-in feature observed on our all-vapor- 
deposited PSCs consisting of CuPc HTL (with a significant loss on Jsc 
over time in Fig. S4). However, TaTm-based PSCs followed a non
monotonic degradation without the appearance of initial burin-in 
behavior, achieving a T80 lifetime beyond 1,128 h (~47 days). To our 
knowledge, this photostability is one of the best-performing vapor- 
deposited PSCs to date (see Table 1) [42]. It indicates the critical 
character of the underlying charge transporting layer (HTL in our case) 
for the device longevity as a whole and requires in-depth insight into the 
efficiency loss in the CuPc-based case, given the robustness of the CuPc 
molecule itself.
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3.2. Photophysical properties

To avoid the pitfalls of EL characterization from complete PSCs, with 
imbalanced charge transport and require current density higher than Jsc 
for samples that prefer non-radiative recombination [43], we analyze 
the half-stack configuration of ITO/ MoO3/ HTLs (CuPc, TaTm, and 
CuPc/ TaTm)/ perovskite in the following sections. The absorbance 
spectra of the perovskite fabricated on individual HTLs are shown in 
Fig. 2a. All thin films share the absorption profile with an onset wave
length of around 775 nm in high similarity, with a deduced bandgap of 
1.6 eV from the corresponding Tauc plot. The typical bandgap offset 

between the absorption onset and the EQE spectrum (1.65 eV in Fig. 1c) 
can originate from the energy-dependent recombination rates [44]. 
Nonetheless, both bandgaps advise that limited bromide is incorporated 
into the perovskite solid. [12,22]. This guarantees confined halide 
segregation of the perovskite into different domains. Indeed, we find no 
other transition bands or components but a single representative PL 
spectra from all samples in Fig. 2b, validating a phase-pure perovskite 
formation. However, a different intensity is found when the perovskite is 
deposited on different HTLs. While comparable intensities are found 
between the perovskites deposited on TaTm and CuPc/TaTm, a sup
pressed PL spectrum is recorded on the CuPc-based perovskite. We 

Table 1 
Summarized information on the thermally evaporated perovskite solar cells that includes a photostability assessment.

Protocolsa Light sourceb Conditionc Loadd Encapsulate Lifetime (hours)e Reference

ISOS-L-1I Candlelight LED N2 MPP No T90 ~ 120 [9]
ISOS-L-1 NA Ambient MPP Yes T90 = 35 [32]
ISOS-L-1I White LED N2 OC No T90 = 100 [21]
ISOS-L-1I NA N2 OC NA T80 = 500 [11]
ISOS-L-1I Candlelight LED N2 MPP Yes T90 = 340 [12]
ISOS-L-1I Candlelight LED N2 MPP Yes T90 = 720 [42]
ISOS-L-1 White LED Ambient MPP Yes T90 ~ 60 [45]
ISOS-L-1I Candlelight LED N2 MPP Yes T80 = 495 [54]
ISOS-L-1I White LED N2 MPP No T92 = 450 [16]
ISOS-L-1I White LED N2 OC No T92 = 528 [15]
ISOS-L-1 Newport (LSH-7320) Ambient OC Yes T80 = 1,128 

T90 = 830
This work

a The protocols developed by the International Summit on Organic PV Stability (ISOS).
b The light source employed as the aging stressor. It should be noted that the spectrum and detailed information of the light source are not available in the previous 

literature, which can undermine the reliability of the assessment [42].
c The measurement environment is either in an ambient atmosphere or a nitrogen-filled glovebox.
d OC stands for open-circuit condition, whereas MPP represents maximum power point tracking.
e The time for the device to decay 10% (T90) or 20% (T80) from the initial performance.

Fig. 2. Photophysic study of the perovskite thin film deposited on different organic HTLs. (a) The UV–Vis absorption spectra. The inset shows the corresponding Tauc 
plot for bandgap estimation. (b) The unnormalized PL spectra from an excitation wavelength of 320 nm. Note that the intensity of the perovskite deposited on CuPc is 
magnified by a factor of 5 for observation. (c) Time-resolved photoluminescence (TRPL) from a pulse laser source of 447 nm. The decay profiles are reproduced with 
double exponential approximation (y = A1 exp(− x/t1) + A2 exp(− x/t2) + y0). (d) The differential lifetime τdiff(t) = − (dlnФ(t))/dt)− 1 deduced from (c), where the 
initial ten nanoseconds are shaded.
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believe this is attributed to the different levels of non-radiative recom
bination given the EL results from Fig. 1d. This highlights substantial 
non-radiative recombination density from the CuPc-perovskite inter
face, insinuating an unfavorable scenario against perovskite formation 
at the contact. To explore the underlying causes governing the charge 
transfer dynamic at the contact, we track the transient PL decay with a 
double exponential approximation in Fig. 2c, which reflects the different 
behavior of the charge carrier recombination processes [22]. In partic
ular, the monoexponential decay at delayed time gives information 
about the non-radiative recombination that can be readily described by 
the Shockley-Read-Hall model [45]. The perovskite thin film based on 
TaTm follows a slower decay with a longer time constant τ1/e (defined as 
the time drops to 1/e of the initial intensity) than that based on CuPc. We 
further estimate the differential lifetimes (Fig. 2d) by finding the de
rivative of the PL profile. Compared to the device based on TaTm, the 
CuPc and CuPc/TaTm samples show a rapid transition around 10 ns, 
signifying a faster carrier extraction from the interface [19]. We believe 
the high mobility of CuPc expedited the hole extraction of CuPc/TaTm- 
based perovskite with the most prolonged transient PL decay in Fig. 2c. 
The steadily increased lifetime at the early time can be ascribed to the 
radiative recombination of the perovskite, while the differential lifetime 
saturates at a constant value at a longer time scale dominated by non- 
radiative recombination [22]. The lower differential lifetime of the 
perovskite deposited on CuPc indicates higher trap-assisted recombi
nation at the CuPc-perovskite interface compared to the perovskite 
constructed on TaTm or CuPc/ TaTm surface, which matches well with 
the information received from EL characterization (Fig. 1d).

3.3. Crystallographic studies

We investigate the crystalline properties of the perovskite deposited 
on different HTLs with the XRD pattern shown in Fig. 3a. A typical 
signature of black α-phase perovskite and the crystalline PbI2 can be 
observed with no event of yellow δ-phase FAPbI3 or CsPbI3 inclusions in 
the profile. The clear PbI2 signal (5 % excess PbI2 evaporation rate) is 
comparable to the representative (110) perovskite and relatively weak 
compared to the results presented by Stranks et al. with much more PbI2 
[26]. Compared to the perovskite deposited on CuPc, a stronger repre
sentative intensity of {100} planes is observed when deposited on the 
TaTm or CuPc/ TaTm bilayer. It should be noted that the appearance of 
(110) and (210) characters signifies the formation of alternative crystal 
orientations [22]. Nevertheless, these signals can be suppressed when 
the perovskite is deposited on TaTm. In fact, the Grazing Incidence 
Wide-Angle X-ray Scattering (GIWAXS) characterization advises a 
preferential ordering of perovskite films constructed on TaTm (Fig. S5). 
By directly juxtaposing the 2D GIWAXS patterns of the perovskite 
polycrystal deposited by either vapor deposition or solution process, a 
high degree of structural orientation is discovered on vapor-deposited 
thin film as opposed to the diverged crystallization of the solution- 
based perovskite with multiple diffraction rings. This implies the 
unique crystallographic features of the vapor-deposited perovskite with 
an anisotropic nature [46], which will be elaborated in the following 
section. Meanwhile, the SEM images of the half-stack device are 
captured for direct crystal identification (Fig. 3b-d). Despite deliberately 
choosing a stoichiometric-excess PbI2 for passivation, it leaves no trace 
of observable entities in top-view images but well-defined grain-to-grain 
crystalline boundaries [26]. Although the vapor-deposited perovskite 
follows a somewhat limited coalescence process for large grain 

Fig. 3. The crystalline properties of perovskite built atop different HTLs. (a) The XRD patterns of the half-stack devices. The peaks corresponding to PbI2 and ITO are 
labeled. (b–d) The top view and cross-sectional SEM images of the half-stack devices. Distorted regions are highlighted. Scale bar: 500 nm.
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formation, accounting for a grain size of 100–200 nm in typical cases, we 
observe clear crystal planes in larger entities in our thin film, which 
signifies the quality of perovskite crystal deposited on organic HTLs. 
Moreover, we find that the grain size distribution of perovskite when 
deposited on the TaTm is more homogeneous than that fabricated on 
CuPc. Indeed, a slightly narrow full width at half maximum of the EL 
spectrum suggests a higher homogeneity of perovskite grain constructed 
in TaTm-based PSC (Fig. S6) [47]. The cross-sectional SEM images 
elucidate the broad picture of morphology change that pervades 
throughout the solid. As shown in Fig. 3, all vapor-deposited perovskite 
keeps a close-packed formation attached to the contact interface, with 
preferential cuboid grain growth normal to the substrate over horizontal 
homogenization. However, distorted morphologies are distributed 
above the area where phase segregation appears in CuPc and CuPc/ 
TaTm-based half-stack. The compositional inhomogeneous can lead to 
energetic misalignment at the contact [48,49]. Also, a localized dis
torted morphology of granular grains comes in clusters that can be 
observed on the TaTm-based perovskite. Overall, although the vapor- 
deposited perovskite polycrystal presents a small grain size on 
average, the highly oriented crystallography should, in principle, form a 
homogeneous surface with fewer facets exposed to the following adja
cent layer. This could inhibit interfacial recombination at the surface 

atop for charge extraction with limited dangling bonds [50]. In addition, 
the findings presented so far emphasize the importance of the contact 
surface beneath the perovskite, where this interface affects not only the 
initial nucleation stage but also the crystallization process onwards. We 
believe a more profound analysis is required to explore the crystal 
morphology from a closer scale.

3.4. Buried interface of vapor-deposited perovskite

While various reports indicate that the substrate beneath could 
profoundly affect the crystallography of vapor-deposited perovskite, an 
empirical discussion was delivered until Abzieher et al. examined the 
perovskite crystallization dynamic on a wide range of substrate mate
rials [24]. However, instead of the disparate orientation of 
methylammonium-based perovskite deposited on the non-polar sur
faces, with preferential crystal growth perpendicular to the {110} and 
{111} planes, we find an anisotropic nature of highly preferred {100} 
orientation in our case, especially the perovskite constructed on TaTm 
(Fig. 3a). Here, we explore the nucleation and crystallization dynamics 
of vapor-deposited perovskite by directly observing perovskite forma
tion in Fig. 4. Unlike the in-situ characterization of the molecule 
behavior at the interface or through a facile lift-off strategy [51,52], we 

Fig. 4. AFM images of the perovskite dynamics. (a–c) The initial perovskite formation on different HTLs. Clusters are labeled in dash lines. (d–f) The thin perovskite 
layer built upon different HTLs. (g–i) The final perovskite layer built upon different HTLs. The root mean square value of the surface roughness is labeled. Note all 
samples were annealed before characterization.
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examine the surface morphology of perovskite polycrystal approaching 
the buried interface with AFM characterization. Although reducing the 
bulk thickness may create a condition that deviates from the actual 
scenario, given the gradient distribution of the in-plane strain compo
nent normal to the substrate [53], we deliver a general concept that the 
underlying material dictates the perovskite growth from the interface. 
At the initial stage of the perovskite formation (Fig. 4a–c), a high 
nucleation site density is distributed throughout the surface. In contrast 
to the high coverage over the CuPc-based substrate with low root mean 
square value, clusters of independent nuclei are formed on the TaTm 
substrate through aggregation (as highlighted in Fig. 4c). This thermo
dynamically stable morphology is sustained until the critical thickness 
of the coalescence process takes place (Fig. 4f). The small nuclei first 
collapse and unify into larger crystallites, as evidenced by the increased 
grain size and surface roughness. This is similar to the previous work and 
can be described as the Ostwald ripening process [21]. However, the 
small grains on the CuPc failed to initiate the crystallization process at 
the perovskite thickness of 50 nm (Fig. 4d), but an even higher substrate 
coverage is found with the lowest roughness. Actually, this behavior can 
be suppressed after the insertion of TaTm at the CuPc-perovskite inter
face (Fig. 4e), albeit with a smaller average grain size than that without 
CuPc (Fig. 4f). Namely, it is clear that a large amount of unreacted nuclei 
is dispersed at a thickness of up to 50 nm built on top of CuPc (Fig. 4d), 
contrasting with that observed on CuPc/TaTm (Fig. 4e) or TaTm 
(Fig. 4f). We believe the delayed crystallization process of the perovskite 
built upon CuPc not only leaves a high density of unreacted aggregates 
at the buried interface, deteriorating charge collection with recombi
nation events [54], but strongly insinuates the malignant interface 
responsible for device longevity. Note that the buried topography can 
hardly be distinguished from the perovskite with a thickness up to 150 
nm (Fig. 4g–i), which resembles that observed from SEM images (Fig. 3). 
Although it usually takes a perovskite thickness beyond 500 nm to 
exploit sunlight for current generation fully, this would put more than 
three times the deposition load on the fabrication process compared to 
the perovskite constructed in this work. We believe the finding here 
applies to solar cells with thicker active layers. We explore the surface 
chemistry between the substrates to unravel the reason behind this 
phenomenon. The AFM images of the HTL and the HTL covered with FAI 
are provided in Supporting Information (Figs. S7 and S8). It has been 
suggested that substrate polarity is the driving force for precursor ad
hesive behavior, directly influencing the preferable crystal growth 
[22,24]. Indeed, the CuPc thin film shows a hydrophilic attribute that 
changes the adhesive behavior of the organic precursor on the substrate 
(Fig. S8d). The large sticking force between FAI molecules creates a non- 
uniform distribution of precursor framework, which prohibits perov
skite crystallization with a significant fluctuation in the event of pre
cursor reaction.We prepared the device based on another hydrophobic 
HTL, 2,2′,7,7′-tetra(N,N-di-p-tolyl)amino-9,9-spirobi-fluorene (Spiro- 
TTB) to verify the findings. The photovoltaic performance of the device 
based on Spiro-TTB is included in the Supporting Information
(Table S1). Overall, an understanding of the mechanism that guides the 
perovskite crystallization has been elucidated by examining the topog
raphy in the vicinity of the surface beneath through nano-scale obser
vation. The information given here goes beyond the previous study that 
focuses on the influence of the substrate material on the perovskite 
composition and electronic structure but points out that the initial 
perovskite formation at the buried interface can have a critical impact 
on the device longevity. Note that the evidence presented thus far sup
ports the idea that a non-polar surface promotes vapor-deposited 
perovskite at the initial stage of crystallization, which contrasts with 
the knowledge gained from solution-processed perovskite. Further 
passivation of the perovskite top surface may lead to durable PSC to
wards commercialization [55,56,57].

4. Conclusions

Our investigation focused on elucidating the photostability of all- 
vapor-deposited wide-bandgap PSCs. As the pursuit of stability in 
next-generation photovoltaics necessitates robust interfacial layers that 
are chemically stable and resilient to various stressors over extended 
device operation periods, we have observed significant variations in 
device durability despite the inherent stability of the HTL molecule it
self. Our findings indicate that the choice of HTL material influences the 
durability of the PSCs. Specifically, when the perovskite layer was 
deposited on the CuPc HTL, the T80 lifetime of the device was merely 24 
h, whereas the T80 lifetime reaches over 1128 h (~47 days) in the TaTm- 
based PSC. Insights gleaned from EL and PL analyses have pointed to a 
substantial degree of non-radiative recombination loss at the CuPc- 
perovskite interface. We reduced the perovskite thickness to investi
gate this phenomenon further, which is governed by the concealed 
interface. Despite similar macroscopic morphology in the perovskite 
bulk, a different behavior was observed when probing the crystallization 
dynamics at the nano-scale level near the HTL-perovskite interface. The 
presence of high-density imperfections serves as non-radiative recom
bination centers responsible for the photodegradation process. Our 
study revealed that substrate polarity beneath the perovskite is pivotal 
in driving vertical heterogeneity within the vapor-deposited perovskite. 
We posit that the interaction between surface polarity and perovskite 
formation, as uncovered in this study, transcends the specific context of 
thermally evaporated PSCs. Rather, it likely extends to other method
ologies processed under high vacuum conditions, such as chemical 
vapor deposition, magnetron sputtering, pulsed laser deposition, and 
close-space sublimation.
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