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perovskite/silicon tandem solar cells, 
including composition tuning,[3] device 
structure design,[4,5] processing optimiza-
tion,[6] light management,[7–9] and recombi-
nation layer optimization.[10] Currently, the 
certified power conversion efficiency (PCE) 
of 29.8% is achieved,[11] which have sur-
passed that of single-junction perovskite 
solar cells (25.7%) and market-dominant 
crystalline silicon photovoltaics (26.7%).[12]

To obtain wide-bandgap perovskites for 
top-cell, bromine (Br) and Cesium (Cs) 
are often alloyed in formamidinium lead 
iodide (FAPbI3) to achieve a bandgap of 
1.60–1.75 eV. Unfortunately, the migration 
of halide ions leads to significant phase 
segregation to form I-rich and Br-rich 
domains under continuous illumination. 
The phase segregation not only leads to 
large open-circuit voltage (VOC) deficit 
due to I-rich domains,[13,14] but also gives 

birth to extra nonradiative-recombination centers to deteriorate 
the device power output.[15] The device lifetime is thus ham-
pered, which limits the commercialization of perovskite/silicon 
tandem solar cells.

To solve the problem, many strategies have been explored 
recently. First, composition engineering can improve the 

Perovskite/silicon tandem solar cells are promising to penetrate photovoltaic 
market. However, the wide-bandgap perovskite absorbers used in top-cell 
often suffer severe phase segregation under illumination, which restricts the 
operation lifetime of tandem solar cells. Here, a strain modulation strategy 
to fabricate light-stable perovskite/silicon tandem solar cells is reported. By 
employing adenosine triphosphate, the residual tensile strain in the wide-
bandgap perovskite absorber is successfully converted to compressive strain, 
which mitigates light-induced ion migration and phase segregation. Based 
on the wide-bandgap perovskite with compressive strain, single-junction 
solar cells with the n–i–p layout yield a power conversion efficiency (PCE) of 
20.53% with the smallest voltage deficits of 440 mV. These cells also maintain 
83.60% of initial PCE after 2500 h operation at the maximum power point. 
Finally, these top cells are integrated with silicon bottom cells in a monolithic 
tandem device, which achieves a PCE of 26.95% and improved light stability 
at open-circuit.

1. Introduction

Hybrid halide perovskite is an excellent candidate for top 
cells in tandem solar cells due to its strong optical absorp-
tion, long diffusion lengths, and tunable bandgap.[1,2] Recently, 
tremendous efforts are reported to improve the efficiency of 
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perovskite quality by A-site engineering and X-site cascade.[16–18] 
Second, additive engineering can optimize film morphology 
and passivate defects in the bulk and at the surface.[19] In  
addition, interface engineering, like 2D/3D heterostructures,[20] 
graded perovskite surface,[21] and so on, are reported to adjust 
band alignment and suppress the nonradiative recombination 
at the surface.[3,13,19,22]

Alternatively, residual strain are found to impact perovskite 
crystallinity, crystal phase stability, electronic band structure, and 
carrier dynamics within the device, which originates from their 
fabrication conditions including the material composition,[23]  
the substrate for film growth,[24] and external stimuli[25] during 
processing.[26] Moreover, residual strain correlates to I/Br phase 
segregation in wide-bandgap perovskite.[26–29] Recently, it is 
reported local tensile strain can facilitate light-induced phase 
segregation at grain boundaries and generate I-rich domains in 
I/Br alloyed perovskite films.[30] It is found that tensile strain 
results in weaken bonds to migration of halide ions.[23] The 
theoretical calculation demonstrates an increase activation 
energy for ion migration with compressive strain,[31] which is in 
accordance with experimental results.[32]

To date, strain engineering has been broadly studied in 
single-junction perovskite solar cells, which is seldom reported 
in perovskite/silicon tandem device. In this work, we first 
studied the relationship between strain type and phase segre-
gation in I/Br alloyed wide-bandgap perovskites. By adding 
adenosine triphosphate (ATP), we obtain perovskite absorber 
with compressive strain, which enhances the energy barrier 
for ion migration and restrains light-induced phase segrega-
tion for not only A-site, but also X-site. Based on the modified 
1.65-eV absorber, the single-junction device achieved a PCE 

of 20.53%. The VOC achieved 1.21 V with a 0.44 V VOC-deficit, 
which was one of the lowest VOC deficits at present. Impor-
tantly, the devices after strain modulation exhibited a remark-
able long-term operational stability by maintaining 83.60% of 
initial PCE after 2500 h maximum power point (MPP) tracking. 
Finally, we combined the optimized perovskite top cells with 
silicon bottom cells to fabricate two-terminal tandem solar 
cells, yielding a PCE of 26.95%.

2. Results and Discussion

2.1. Chemical Interaction and Residual Microstrain

To match the current of sub-cells, perovskite/silicon tandem 
devices require the bandgap of the perovskite absorber to be in 
the range of ≈1.60 and ≈1.68 eV, when considering their actual 
operating temperature.[33] We thus fabricated the perovskite  
absorber of Cs0.22FA0.78Pb(I0.85Br0.15)3 alloyed with 5% MAPbCl3.  
The bandgap of this perovskite film was determined by the 
Tauc plot from the ultraviolet–visible (UV–vis) spectra, as 
shown in Figure S1, Supporting Information. Moreover, we 
introduced a foreign molecule ATP in perovskite absorber 
during film growth (see Supporting Information for details). 
Two kinds of perovskite films and corresponding cells fabri-
cated with or without ATP molecule were denoted as REF and 
ATP, respectively.

As the molecular structure shown in Figure 1A, ATP mole-
cule is composed of adenine, ribose and phosphate groups. We 
probed the chemical interaction between perovskite and ATP 
molecule by Fourier transform infrared spectroscopy (FTIR). 

Adv. Mater. 2022, 34, 2201315

Figure 1.  A) The structure of ATP molecule. B) FTIR spectra of REF and ATP films. C) XPS spectra of Pb 4f signal for REF and ATP films. D) The sche-
matic describing of interaction between ATP and perovskite. E) XRD spectra in (001) planes of REF and ATP films before and after light soaking for  
2 h. F) The W–H analysis for REF and ATP films before and after light soaking.
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As shown in Figure  1B, the signals at 3401.4 and 892.4 cm−1 
are assigned to the stretching vibration of NH and rocking 
vibration of NH3 for A-site cation in hybrid perovskite, respec-
tively.[34,35] When ATP was introduced, the signals shifted to 
3396.9 and 896.5 cm−1 for the stretch vibration of NH and rock 
vibration of NH3, respectively, suggesting the intermolecular 
hydrogen bonding between FA cation and ATP molecule.[34,35] 
Furthermore, we analyzed the chemical environment of various 
components in perovskites by X-ray photoelectron spectroscopy 
(XPS). As profiled in Figure  1C, the core level peaks of Pb 4f 
7/2 and 4f 5/2 shifted to lower binding energies in ATP films, 
as compared with REF films, which means that Pb2+ directly 
interacted with ATP molecule. Meanwhile, the negligible shift 
for peaks in XPS spectra of I, Br, and Cs were observed and 
summarized in Figure S2, Supporting Information. Thus, ATP 
molecule interacted with perovskites by hydrogen bonding with 
organic cations and coordination with Pb2+.

Besides, we clearly observed P signals from the surface of 
perovskite films via XPS measurement, indicating the exist-
ence of ATP molecule at the surface possibly due to large steric  
hindrance of adenine and phosphate groups. In order to confirm  
the distribution of ATP molecule experimentally, we selected 
the P atom in ATP to study its distribution in perovskites by 
time of flight secondary ion mass spectrometry (ToF-SIMS) 
mapping. As shown in Figure S3, Supporting Information, we 
found that there was nearly no P signal in REF bulk, while it was 
obvious in ATP sample.[3] To further investigate the distribution 
of ATP molecules, we selected the areas of 500  nm × 500  nm  
to perform nano-FTIR analysis which simultaneously recon-
structing atomic force microscopy (AFM) topography and 
broadband IR response of surfaces,[36] as shown in Figure S4, 
Supporting Information. We adopted the PO characteristic 
vibrational mode[37] at 1241 cm–1 to track the existence of ATP 
molecules. Interestingly, these characteristic IR signals were 
mostly observed at the grain boundaries, while there were 
nearly no signals within the grains, which clearly illustrates 
the ATP molecules prefer to stay at the grain boundaries. The 
schematic diagram was illustrated in Figure 1D. In addition, we 
discussed the impact of ATP on the grain size or morphology of 
perovskite film, as shown in Note S1, Supporting Information.

We find ATP molecules could affect the residual local strain 
in polycrystalline films, which further impacts the ion migra-
tion and phase segregation in perovskites. X-ray diffraction 
(XRD) was employed to analyze the crystal structural change of 
perovskite films upon illumination. REF and ATP films were 
both exposed under continuous illumination of simulated sun-
light (xenon lamp, AM 1.5G, one sun, 100  mW cm–2, 50  °C) 
for 2 h to accelerate their ion migration and phase segrega-
tion. All XRD spectra for REF and ATP films before and after 
light ageing were shown in Figure S5, Supporting Information. 
It shows distinct diffraction peaks at ≈13.5°, 31.4°, and 40.2°, 
corresponding to crystallographic planes of (100), (012), and 
(022), respectively.[38] We picked the characteristic peak at ≈13.5o 
to observe that it was broadened and slightly shifted to the lower 
diffraction angle in the REF film after light ageing as shown in 
Figure 1E. It is possible that iodine-rich segregations with larger 
lattice constant were formed in aged REF films, which is in line 
with pervious observation.[39] Surprisingly, there was no obvious 
shift and widen for (100) peak in ATP films after ageing.

Subsequently, we estimated the microstrain within the films 
by using Williamson–Hall (W–H) method to in-depth under-
stand the variation of XRD peaks (see Supporting Informa-
tion for details). As shown in Figure  1F, before continuous 
light ageing, both REF and ATP films exhibited microstrain, 
wherein the slope of the fitted curves are found to be 0.00042 
and 0.00019, respectively. It indicates that the microstrain in 
REF films is larger than that in ATP films during the prepara-
tion. After light ageing, the REF films have significantly larger 
microstrain than that in the ATP films, revealing that ATP 
molecules could achieve the smaller microstrain in both prepa-
ration and ageing stages.[40,41]

2.2. Strain Modulation Restricts Ionic Migration

We find ATP additives can modulate macro strain types of 
resultant perovskite films. We conducted grazing incident XRD 
(GIXRD) measurement on the absorber films with the probe 
depth of ≈500 nm, which were deposited on the top of silicon 
cells (Supporting Information). And we chose the characteristic 
peak at ≈31.4o, corresponding to (012) plane, to conduct further 
analysis with the most reliable structural symmetry informa-
tion.[23] As shown in Figure 2A, it was obvious that the position 
of characteristic peak gradually shifted to a lower diffraction 
degree with the instrument tilt angles ψ varies from 0° to 50°, 
suggesting the increasing of crystal plane distance d(012) for REF 
films. The results clearly indicated that the REF film was bearing 
a large in-plane tensile strain as a whole. On the contrary, the 
characteristic peaks for ATP films showed a clear movement to 
a higher diffraction degree by varying the instrument tilt angles 
ψ from 0° to 50°, which demonstrated the reduced crystal plane 
distance d(012), as presented in Figure 2B. Moreover, we fit the 
diffraction data (2θ) with Gaussian distribution function, and 
then profiled the linear relationship between 2θ and sin2ψ, 
as shown in Figure  2C. The fitting lines exhibited a negative 
slope for REF films and a positive slope for ATP films, and the 
tensile stress value was estimated as 16 ±  1 MPa in REF films 
while the compressive stress value in ATP films was estimated 
as 13  ±  1  MPa, respectively. This distinct difference indicates 
that ATP molecule could modify the strain status of perovskite 
absorber on silicon bottom cells from tensile to compressive 
strain. In addition, we also studied the macro strain types for 
both REF and ATP films deposited on the glass/ITO/SnO2 
substrates. As shown in Figure 2D and Figure S6, Supporting 
Information, similar change from tensile to compressive strain 
was observed, when ATP was introduced in the films. By linear 
fitting 2θ with sin2ψ, we also estimated that the tensile stress 
value was 43 ±  1 MPa in REF film and the compressive stress 
value was 42 ± 3 MPa in ATP film on glass substrates. Similarly, 
ATP molecule spin coated at the surface (top and bottom) could 
achieve in-plane compressive strain (see Note S2, Supporting 
Information). We speculate the compressive stress is possibly 
attributed to ATP at the grain boundaries and surface, which 
would squeeze crystal lattice during annealing.[24,29,42] In order 
to insure the reproducibility of result, we reconducted GIXRD 
measurement, demonstrating the same result as shown in 
Figure S7, Supporting Information and Table S1, Supporting 
Information. In addition, ATP films with compressive strain 

Adv. Mater. 2022, 34, 2201315
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exhibited valence band (VB) upshifting from the ultraviolet  
photoelectron spectroscopy (UPS) results as shown in Figure S8,  
Supporting Information. This result further confirmed the 
compressive strain in ATP films, agreeing with past reports.[23] 
We thus achieved effective strain modulation by ATP molecule 
in both I/Br alloyed wide-bandgap perovskite solar cells and 
corresponding tandem devices.

We further studied how macro strain impact ion migra-
tion through density functional theory (DFT) calculation. Both 
tensile and compressive strains were simulated by applying  
different ratio of biaxial strain from +1.0% to −1.0%. We inves-
tigated the possible route of ion migration and the activation 
energy (Ea) in different films. The details are presented in  
Supporting Information. Figure 2E displays the migration route 
for I ion between two adjacent sites in ATP and REF films, 
from which we estimate the corresponding Ea of REF and ATP 
films. When the tensile strain in perovskites was converted 
to compressive strain, the Ea for ion migration was improved 
from 0.43 to 0.51  eV (Figure  2F). This result illustrates that 
compressive strain in ATP films could increase barrier for ion 
migration.

Furthermore, we measured the temperature-dependent 
conductivity of REF and ATP films under dark and light  
conditions. The experimental activation energies (Ea.e) for ion 
migration were extracted following Nernst–Einstein equation 
(Supporting Information). As shown in Figure 2G,H, for REF 
films with tensile strain, the Ea.es of ion migration in dark and 
light conditions were 0.086 and 0.049  eV, respectively. When 
the tensile strain was converted to compressive strain by ATP 
molecule, the Ea.es in dark and light conditions were increased 
to 0.29 and 0.11  eV, respectively. These results are consistent 
with the previous simulation, and further underline the effec-
tively suppressed ion migration in perovskite absorber by strain 
modulation.

2.3. Strain Modulation Suppresses Phase Segregation

It’s well known that restricting ion migration helps to  
suppress light-induced phase segregation in perovskites.[43] To 
visualize the impact of strain modulation by ATP molecule on 
the evolution of perovskite phase under illumination, the time-
dependent Photoluminescence (PL) measurement was applied. 
The emission spectra of REF and ATP films were recorded, 
immediately after fixed periods of light exposure by one-sun 
equivalent white LED. As shown in Figure 3A,B, REF and ATP 
films both exhibited an emission peak at ≈750 nm before light 
soaking (0 min). Along with the increase of illumination time, 
the emission peak of REF gradually redshifted. After 20  min 
illumination, an obvious redshift of ≈761 nm was observed for 
REF films. In contrast, there was no detectable variation for 
ATP films in the first 30  min ageing, and it showed a slight  
redshift until 45 min. Finally, the emission of REF films shifted 
to ≈773  nm while that of ATP films nearly kept at ≈762  nm, 
after 90  min light soaking. The obvious redshift of peaks was 
mainly contributed to I-rich domain formed under illumina-
tion.[14] This result indicates that the strain modulation by ATP 
molecule effectively suppress light-induced phase segregation 
and offer a superior photostability.

Moreover, we further conducted the ex-situ 2D PL mapping 
for both REF and ATP films under illumination of simulated 
sunlight by a xenon lamp (AM 1.5G, one sun, 100 mW cm–2,  
50  °C). As shown in Figure  3C, the characteristic emission 
of REF and ATP films were similar and homogeneous at  
initial state (0 min). After light soaking of 60 min, the REF film  
exhibited obvious PL redshift and wavelength heterogeneity. 
After 120  min light soaking, we observed the significant  
redshifted emission occurred in almost all measured area of 
REF films. In contrast, the PL heterogeneity was mitigated in 
ATP films.

Adv. Mater. 2022, 34, 2201315

Figure 2.  A,B) Different instrumental ψ values in XRD for REF (A) and ATP (B) films (hollow circles, measured XRD patterns; solid lines, the fitted 
results with the Gauss function) at a depth of 500 nm, respectively, which are deposited on the top of silicon cells. C,D) Linear fit of 2θ-sin2ψ at a depth 
of 500 nm for ATP and REF films on SnO2/silicon substrate (C) and SnO2/glass cells substrate (D). E) Scheme of ion migration under compressive 
strain in the DFT calculation. F) Strain-dependent activation energies for the vacancy-assisted migration of halide ions for REF and ATP films from DFT 
calculation. G,H) The temperature-dependent conductivity for REF (G) and ATP (H) films under dark and light conditions.
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We further quantify the wavelength variations across the 
entire PL regions to assess the extent of phase segregation. 
Before the light ageing (0  min), almost all emission peaks 
were both centered at ≈748  nm for REF and ATP film. After 
light exposure for 60  min, REF films exhibited a slight split-
ting of the emission peak, and two extra emission peaks were 
concentrated at ≈757 and ≈765 nm (Figure 3D), which was not 
found in ATP films at the same ageing condition. Besides, 
with the ageing time prolonged to 120 min, the centered wave-
length of emission peak shifted from ≈748 to ≈768 nm due to 
the dominating emission of iodine-rich segregation in REF. 
Interestingly, the ATP films exhibited just a slight redshift  
from ≈748 to ≈752  nm in the statistics profile (Figure  3E),  
suggesting almost suppressed phase segregation. The peak 
distributions in 2D PL mapping evolved as consistent with the 
time-dependent PL spectra (Figure 3A,B). Moreover, the in-situ 
PL mappings for both REF and ATP films under illumination 
of 457 nm laser (15 mW cm−2, 300 K) were recorded (Figure S9,  
Supporting Information). Due to the large intensity of the 
laser probe, the PL mapping revealed a small circular plot after 
5 min illumination, in which the light-induced phase segrega-
tion occurred. Along with the increase of illumination time, 
the circular plot gradually enlarged for REF films. In contrast, 
the light-induced phase segregation was suppressed in ATP 
films, as also evidenced by the peak statistics in entire meas-
ured regions (Figure S10, Supporting Information). In addi-
tion, the time-dependent UV–vis spectroscopy also reveals 

that the compressive strain helps to prevent the redshift of the 
bandgap due to the phase segregation in wide-bandgap perov-
skite, as compared with REF films (Figure S11, Supporting 
Information).

Beyond the emission mapping and bandgap analysis, we 
also performed 2D ToF-SIMS mapping to directly visualize 
the composition segregation due to ionic migration. As shown 
in Figure  3F, all ions of interest, including Br, I, and Cs ions, 
show homogeneous distribution in both REF and ATP films 
before the light ageing. After light ageing (AM 1.5G, one sun, 
100 mW cm–2, 50 °C) for 4 h, both Br distribution and I distribu-
tion of REF films in Figure  3G exhibited distinct segregation. 
We further overlaid the Br and I distributions to observe obvious 
domains at the scale of several micrometers. In contrast, ATP 
films after effective strain modulation showed superior homo-
geneity in both Br and I distributions, which was consistent 
with relatively uniform PL emission in previous experiment. To 
be noted, Cs distribution also showed an obvious segregation 
in REF films, while it was absent in ATP films. Although Cs 
heterogeneity has less effect on the bandgap of wide-bandgap 
perovskites than the Br/I phase segregation, it promotes the 
degradation of perovskite solar cells under illumination.[44] 
Thus, it’s worth highlighting that the strain modulation here 
demonstrates universality in inhibiting various ion migration 
and mitigating different phase segregation, which ensures the 
great operation stability or photostability of wide-bandgap perov-
skite based solar cells.

Adv. Mater. 2022, 34, 2201315

Figure 3.  A,B) Evolution of PL spectra for REF (A) and ATP (B) films under one-sun equivalent white LED illumination over 1.5 h. C) The PL mapping of 
REF and ATP films under one-sun illumination (AM 1.5G, 100 mW cm–2) for 2 h; scale bar: 10 µm. D,E) PL mapping emission peak statistical diagram 
of REF films (D) and ATP films (E). F,G) ToF-SIMS mapping of REF and ATP films, including total ion, Br ion, I ion, I–Br overlay, and Cs ion before 
light soaking (F) and after light soaking (G).
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2.4. Performance of Single-Junction Perovskite Solar Cells

Strain modulation not only leads to the restricted light-induced 
ion migration and phase segregation in perovskites, but also 
improves the optoelectronic properties of perovskite films and 
thus devices. We conducted the time-resolved PL and PL meas-
urements to investigate carrier recombination in both REF 
and ATP films with a structure of glass/perovskite. As shown 
in Figure S12, Supporting Information, the improved carrier 
lifetime and emission intensity suggested decreased defect  
density, which also reduced the routes for ion migration in 
resulted ATP films.

Subsequently, we prepared the planar n–i–p perovskite solar 
cells to study the influence of strain modulation on its photo-
voltaic performance. The optimal concentration of ATP was 
found to be 0.25  mg mL−1 (Figure S13, Note S3, Supporting 
Information). And we achieved the champion PCE of 20.53% 
with the active area of 0.0805 cm2. It exhibited a VOC of 1.21 V, 
a short-circuit current density (JSC) of 21.08 mA cm−2 and a fill 
factor (FF) of 80.49% in ATP devices, while the REF devices 
showed a PCE of 18.59%, as shown in Figure  4A. The supe-
rior VOC ensured a low deficit of 440 mV, which was one of the 
lowest VOC-deficits in I/Br alloyed wide-bandgap perovskite 
solar cells with n–i–p structure. Besides, the champion device 
gave a stabilized power output (SPO) of 19.8% by holding a bias 
near the maximum power output point (1.02 V), as shown in the 
inset of Figure  4A. Moreover, we further conducted the statis-
tical analysis on 27 individual devices in each group. As shown 

in Figure 4B, the histogram indicated the great reproducibility  
and verified the PCE enhancement from 18.1 ± 0.8%  to  
19.8 ± 1.1%  by strain modulation. And corresponding statis-
tics of VOC, JSC and FF were shown in Figure S14, Supporting 
Information. The average VOC increased by 50  mV from  
1.15 ± 0.02  V  to 1.20 ± 0.01  V,  which was caused by reduced 
nonradiative recombination. The average FF increased from  
73 ± 3% to 79 ± 3%,  and the average JSC improved from  
20.3 ± 0.5 to 21.0 ± 0.4 mA cm−2, mainly due to better carrier 
transport by strain modulation.

As shown in Figure 4C and Figure S8, Supporting Informa-
tion, we found that the VB edge showed a downshift due to 
the weakening PbX bonds under tensile strain in REF films, 
however, it upshifted for ATP films because of the strength-
ening PbX bonds under compressive strain.[23] The optimized 
band alignment between perovskite and Spiro-OMeTAD was 
responsible for the increased JSC, which was consistent with the 
integrated current density by the external quantum efficiency 
(EQE), as shown in Figure S15, Supporting Information. At the 
same time, we confirmed the bandgap of the perovskite devices 
of 1.65  eV from EQE measurements. Finally, we studied the 
internal recombination mechanism of REF and ATP devices 
by sun-dependent VOC. As shown in Figure  4D, the ideality  
factors were calculated as 1.14 and 1.53 for ATP and REF 
devices, respectively, which indicated that the defect-assisted 
SRH recombination in wide-bandgap perovskite solar cells was 
effectively suppressed. In order to further investigate how strain 
impacts defect density, carrier recombination and transport, we 

Adv. Mater. 2022, 34, 2201315

Figure 4.  A) J–V curves of REF and ATP devices. The inset is the stabilized PCE measured at a bias voltage (0.98 V for REF devices and 1.02 V for ATP 
devices, respectively). B) A histogram of the PCEs for REF and ATP devices. C) Bandgap diagram between perovskite and Spiro-OMeTAD from UPS 
results. D) The light-intensity dependence of VOC measurement related to REF and ATP devices. E) The long-term continuous MPP tracking for REF 
and ATP devices using white LED with a light intensity of 100 mW cm–2.
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conducted the space-charge-limited current analysis, transient 
photovoltage decay, and transient photocurrent decay measure-
ments, as shown in Note S4, Supporting Information.

In order to assess the influence of strain modulation on photo
stability of wide-bandgap perovskite solar cells, we monitored  
the long-term SPO of unencapsulated devices at one-sun LED 
illumination in a nitrogen atmosphere by holding the applied 
bias at maximum power point. Here, we adopted perovskite 
solar cells with the structure of planer p-i-n inverted configura-
tion to avoid the influence of aged Spiro-OMeTAD (see details 
in Note S5, Supporting Information). As shown in Figure  4E, 
the ATP devices with strain modulation maintained 83.60% of 
their initial PCE after 2500 h, while the REF devices dropped 
to 62.20% after 1500 h. Besides, we also studied the long-term 
photostability of unencapsulated devices under open-circuit 
condition at same illumination. As shown in Figure S16,  
Supporting Information, the ATP devices kept 77.93% of their 
initial PCE after 1500 h irradiation, while the REF cells main-
tained 52.66% after 1000 h. The prolonged lifetimes mani-
fested that strain modulation in perovskite absorber effectively 
restricts light-induced phase segregation, which significantly 
extends the operational lifetime of the corresponding devices.

2.5. Performance of Perovskite/Silicon Tandem Solar Cells

Strain modulation has shown the superior in both PCE and  
stability for perovskite single junctions, which could be trans-
fered into monolithic tandem devices. We integrated the mono-
lithic perovskite/silicon tandem solar cells with n–i–p structured 

wide-bandgap perovskite top cells and single-side textured  
silicon heterojunction (SHJ) bottom cells. After cutting into the 
appropriate size, the adopted SHJ bottom cells were measured  
to exhibit a PCE of 20.1%, with a VOC of 0.71  V, a JSC of  
34.9 mA cm–2 and an FF of 80.95% (Figure S17, Supporting 
Information). The scheme and cross-section SEM image 
were shown in Figure  5A. Different from single-junction 
cells, 5  nm of MoOx was deposited by thermal evaporation 
in tandem devices to avoid the damage from sputtering ITO. 
And the designed top grid pattern was shown in Figure S18, 
Supporting Information. In addition, the mixed hole transport 
layer (Spiro-OMeTAD and PTAA) was applied to minimize 
the parasitic absorption of doped Spiro-OMeTAD in the range 
of 300–430  nm to improve the photovoltaic performance of 
tandem device,[45] as shown in Figures S19, S20, Supporting 
Information.

Subsequently, we measured the J–V curves of monolithic 
tandem devices and attained a champion PCE of 26.95% under 
reverse scan, with a VOC of 1.85 V, a JSC of 18.04 mA cm–2 and an 
FF of 80.76% for ATP based tandem devices. Correspondingly,  
J–V curve under forward scan indicated a PCE of 26.01%, with 
a VOC of 1.82 V, a JSC of 17.91 mA cm–2 and an FF of 79.80%, as 
summarized in Figure  5B. Besides, we further monitored the 
SPO of REF and ATP tandem devices by holding the applied 
voltage near maximum power point (1.60 and 1.54  V), respec-
tively (Figure  5C). The ATP tandem devices gave a higher  
stabilized PCE of 26.0% than 24.8% of REF tandem devices, 
in line with the photovoltaic performance of single-junction 
counterparts. Figure 5D shows the EQE response of champion 
tandem device. The integrated current density in perovskite 

Adv. Mater. 2022, 34, 2201315

Figure 5.  A) Schematic stack and cross-section SEM image of perovskite/silicon tandem solar cells. B) J–V curves of ATP tandem devices. C) The SPO 
measured at bias voltages of 1.60 V for ATP tandem devices and 1.54 V for REF tandem devices. D) EQE spectra measured in the champion perovskite/
silicon tandem solar cells. E) The photostability of REF and ATP tandem devices.
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and silicon subcells were 17.43 and 17.52 mA cm–2, respectively, 
which was in excellent agreement with that derived from J–V 
curves.

We further tracked the long-term stability of REF and ATP 
tandem devices to confirm the impact of strain modulation. The 
unencapsulated devices were aged under one sun-equivalent LED 
in a nitrogen atmosphere, and the J–V curves were recorded for 
every 50 h. As shown in Figure 5E, after 300 h, the ATP tandem 
devices maintained 80.50% of their initial PCE, while the REF 
tandem devices just retained 53.45%. The improved photosta-
bility in tandem devices was originated from the suppressed 
light-induced phase segregation in perovskite absorbers.

3. Conclusion

We have investigated the influence of residual strain on phase 
segregation in perovskite/silicon tandem solar cells for the first 
time. The tensile strain in I/Br alloyed wide-bandgap perov-
skites is effectively converted to compressive strain by ATP 
incorporation in the film, which significantly retards both A-site 
and X-site segregation. In addition, strain modulation results 
in improved carrier transport at the interface and less defect 
density in the perovskite film, which mitigates ion migration. 
In wide-bandgap solar cells with compressive strain, we acquire 
an increased PCE of 20.53% with lower VOC deficit of 440 mV, 
which is one of the lowest VOC deficits. The unencapsulated 
device remains 83.60% of its initial efficiency after 2500 h of 
MPP tracing under one sun-equivalent white LED illumination. 
Furthermore, we fabricated the monolithic perovskite/silicon 
tandem solar cells with n–i–p architecture and achieved a PCE 
of 26.95% and prolonged lifetime with compressive strain. 
Our findings provide an alternative approach to suppress light-
induced phase segregation by strain modulation, which guides 
the development of highly light-stable wide-bandgap perovskite 
and tandem devices.

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