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Abstract:  

The performance of perovskite solar cells with inverted polarity (p-i-n) is still limited by 

recombination at their electron extraction interface, which also lowers the power conversion 

efficiency (PCE) of p-i-n perovskite-silicon tandem solar cells. A ~1 nm thick MgFx interlayer at 

the perovskite/C60 interface through thermal evaporation favorably adjusts the surface energy of 

the perovskite layer, facilitating efficient electron extraction, and displaces C60 from the perovskite 

surface to mitigate nonradiative recombination. These effects enable a champion Voc of 1.92 volts, 

an improved fill factor of 80.7%, and an independently certified stabilized PCE of 29.3% for a ~1 

square centimeter monolithic perovskite-silicon tandem solar cell. The tandem retained ~95% of 

its initial performance following damp-heat testing (85 Celsius at 85% relative humidity) for > 

1000 hours. 

 

 

One Sentence Summary: Magnesium fluoride interlayer reduces interface recombination and 

enables a certified 29.3% efficient monolithic perovskite/silicon tandem solar cell. 
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Main Text:  

Integrating high-performance wide-bandgap perovskite solar cells onto silicon solar cells can lead 

to very high power conversion efficiencies (PCEs) by minimizing carrier-thermalization losses (1-

6). Although initial research explored n-i-p tandems, recent works have focused on the p-i-n 

configuration, in which the n-type electron-collecting contact faces sunward (7-9), and on 

improving performance through device optics and optimizing perovskite composition (10-15). 

More recently, attention turned to the interface between the perovskite and the hole transport layer 

(HTL) to reduce voltage losses. Approaches include molecular passivation of NiOx (16, 17) and 

the use of self-assembled monolayers (SAMs) such as 2PACz and Me-4PACz, anchored on oxides, 

to reduce Voc losses (18, 19).  

Despite this progress, state-of-art PSCs, especially those incorporating wider-bandgap perovskites 

(e.g. ~1.68 eV as frequently used for tandem applications), have an undesirably large Voc deficit 

when compared to the theoretical radiative limit. This problem mainly stems from substantial 

charge carrier recombination and an energy level mismatch at the perovskite interface with the 

electron transport layer (ETL) (20-22), which most commonly consists of evaporated C60. Inserting 

an ultrathin LiF layer at the perovskite/C60 interface alleviates this issue to a certain extent, yet this 

may result in reduced device stability, usually attributed to the deliquescent behavior and high ion 

diffusivity of Li salts (19, 23-25). Two-dimensional (2D) perovskites and some fullerene 

derivatives prepared by solution processes have been previously used to passivate the 

perovskite/C60 rear interface in single-junction p-i-n PSCs (26, 27). However, in the p-i-n tandem 

configuration, the perovskite/C60 interface faces sunwards, which demands interfacial layers with 

a high transparency, high stability and good thickness control. To this end, we systematically 

investigated alternative evaporated metal fluorides (such as NaF, CaFx, and MgFx) as interlayer at 

the perovskite/C60 interface. We demonstrated that the charge transport and recombination 

interfaces could be carefully tuned with MgFx interlayers, enabling a certified stabilized PCE of 

29.3%.  

We fabricated monolithic perovskite-silicon tandem solar cells from silicon heterojunction (SHJ) 

bottom cells using crystalline silicon (c-Si) wafers with double-side texture (Fig. 1A) to reduce the 

front reflection and improve light trapping in our devices (8, 16). We verified the ultrathin nature 

of the fluoride-based interlayers, inserted at the electron-selective top contact, with cross-sectional 

high-resolution scanning transmission electron microscopy (HR-STEM, Fig. 1B and figures S1 

and S2). The magnified STEM images and energy-dispersive X-ray (EDX) spectroscopy mapping 

clearly outline the perovskite/MgFx/C60/SnO2/IZO top contact structure, identifying the presence 

of a ~15 nm C60 layer and a ~20 nm SnO2 layer. The latter acts as a buffer against damage from 

sputtering of the indium zinc oxide (IZO) transparent top electrode (28). We note that after 

perovskite deposition, all subsequently deposited films were obtained by vapor deposition 

techniques that yield highly accurate and reproducible layer thicknesses. For instance, because the 

fluoride-based film is thermally evaporated, the resulting interlayer is highly uniform in thickness, 

less affected by the surface roughness of the underlying perovskite, contrasting with typical 

solution-processed interlayers (27).   

We investigated the energy-level alignment of our perovskite layers with LiF, NaF, CaFx and MgFx 

overlayers by ultraviolet photoemission spectroscopy (UPS) and low-energy inverse 

photoemission spectroscopy (LE-IPES) for occupied and unoccupied states, respectively. As 

shown in Fig. 1C, the work function (WF) of the bare perovskite is ~4.97 eV. By coating the 

perovskite with a thin fluoride-based layer, the WF systematically shifts toward smaller values. 



Submitted Manuscript: Confidential 

Template revised February 2021 

3 

 

Both MgFx and CaFx caused a larger WF shift than did LiF and NaF did (Fig. 1C and Fig. S3). 

With the presence of metal fluoride interlayers, the valence band maximum (VBM) of the 

perovskite, determined with a Gaussian fitting method (29), was lowered relative to its Fermi level 

(EF), implying that the metal fluorides caused a downward band bending at the perovskite interface 

that favored electron extraction.  

Kelvin probe force microscopy (KPFM) measurements, conducted in an ambient environment, 

confirmed the trend of the UPS results (Fig. S4) (30), that is, the MgFx and CaFx samples displayed 

a larger WF shift compared to LiF and NaF ones (Fig. S5). To further evaluate such band bending 

as a function of ETL thickness, we conducted additional UPS/LE-IPES measurements (Fig. S6 

and S7) that allowed us to map out the band structure at the perovskite/ETL interface. The 

perovskite/C60 sample displayed negligible band bending (Fig. S6), which is consistent with 

previous work on the MAPbI3/C60 interface (31). However, the presence of a MgFx interlayer led 

to energy band bending at the perovskite surface (Fig. 1D). Also, the lowest unoccupied molecular 

orbital (LUMO) of the C60 layer bent down toward the perovskite interface, which implied that the 

MgFx layer promoted the formation of electron-selective contacts with low interfacial resistance 

(32).  

Moreover, the MgFx interlayer also displaced C60 from the perovskite surface, thus suppressing 

interface recombination (see below). The thinness of the metal fluoride interlayer with a thickness 

of 0.5~1.5 nm ensures that collected electrons can reach the LUMO of the C60 layer through 

quantum-mechanical tunneling or via pinholes, thus enabling the selective extraction of electrons 

Once the electrons transferred to C60, they became the majority charge carriers and were easily 

transported through the C60 layer and collected by the SnO2/IZO transparent electrode. 

Furthermore, X-ray photoelectron spectroscopy (XPS) results (Fig. S8) showed that the evaporated 

ultrathin (~1 nm) MgFx films strongly deviated from their bulk stoichiometric (x=2) composition, 

with an x value in the range 1.0±0.2. We expect this substoichiometric nature to produce a 

transverse electric dipole in this layer that promotes electron extraction. 

To evaluate enhanced contact passivation with fluoride interlayers, we quantified the non-radiative 

recombination losses at the perovskite/ETL interfaces through absolute photoluminescence (PL) 

imaging under 1-sun equivalent illumination. This method let us extract the quasi-Fermi-level 

splitting (QFLS or Δµ) in the perovskite layer, which relates to the upper limit voltage of complete 

devices (33, 34). Fig. 2A and Fig. S9 showed that the mean QFLS of IZO/2PACz/perovskite 

structures without ETL was ~1.285 eV, whereas the IZO/2PACz/perovskite/C60 sample exhibited 

a sharp decline of QFLS with a mean value of 1.179 eV. The LiF- and MgFx-treated samples 

display QFLS values of 1.198 and 1.217 eV, respectively. The HTL side remained unchanged, so 

we associated the undesired lower QFLS with trap-assisted recombination at the perovskite/ETL 

interface. Structural disorder or molecular imperfections in fullerene-based ETLs commonly have 

a strong band tail state (35, 36) that may interact electronically with the perovskite layer to form 

undesired recombination channels.  

Time-resolved photoluminescence (TRPL) spectroscopy further revealed that the 

IZO/2PACz/perovskite structure supported a very slow carrier decay process with an average 

carrier lifetime of ~1.6 μs (Fig. 2B and Table S1). Coating C60 directly onto the perovskite 

expectedly caused a large reduction in PL lifetime to 26 ns, but the use of a MgFx interlayer 

prolonged the average PL decay time to 83 ns, compared to 38 ns for the perovskite/C60 sample.  
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Transient absorption spectroscopy (TAS, see Fig. S11) revealed a sharp negative band peaking at 

718 and 710 nm for bare and C60-coated perovskite samples, respectively, that could be assigned 

to ground-state photobleaching. As expected, the TAS signals of the perovskite/C60 sample 

exhibited faster decay of the bleaching peak than their perovskite/MgFx/C60 counterparts. By 

globally fitting the TA decay curves of the three samples under four laser excitation conditions to 

a diffusion equation (Fig. S10), we obtained a first-order charge-carrier decay constant k1 of 

3.48×105 s-1 (1/k1≈2.87 μs). This value was consistent with our PL decay and the electron-hole 

diffusion length of ~12 μm, which is much longer than perovskite thickness, as desired for efficient 

solar cells.  

These result indicate that the trap states causing nonradiative recombination mainly reside at the 

perovskite/ETL interface. To investigate the origin of these traps, we conducted density functional 

theory (DFT) calculations with the structural model of the perovskite/C60 interface shown in Fig 

2C. The density of states (DOS) calculated at the relaxed contact distance showed the formation 

of deep trap states within the perovskite bandgap (inset, Fig. 2C). Similar calculations on 

prototypical FAPbI3 perovskite confirmed the formation of such induced states (Fig. S12). 

Notably, these states are not created by defects in the perovskite but are induced by proximity with 

C60 and are similar to metal-induced gap states in metal/semiconductor contacts (37, 38). The 

MgFx interlayer displaced C60 away from the perovskite and suppressed the induced trap states. 

Based on these findings, we argue that a key role of the interlayers is the blocking of the gap-state 

assisted recombination channels, thus suppressing charge recombination at the perovskite/ETL 

interface. In addition, DFT calculations showed that without interlayers, partial electron transfer 

from the perovskite into the C60 (Fig. S16) created a barrier for electron extraction.  

To verify improved charge extraction at the perovskite/C60 interface, we fabricated single-junction 

p-i-n devices with metal fluoride-based interlayers, as well as control samples without interlayer. 

The solar cell with a MgFx contact displacer reached a Voc of 1.23 V, representing a ~50 mV 

absolute enhancement when compared to the control (Fig. S17) and a ~20 mV enhancement versus 

a LiF interlayer. These results agreed well with our energy-level and surface-passivation analyses. 

Notably, the FF improved to 81.1%, which we attributed to enhanced charge extraction and 

suppressed interface recombination at maximum-power point conditions. In addition, we tested 

CaFx devices and found they also show remarkable Voc and FF, implying that the alkali-earth metal 

fluoride as a contact displacer is a generic route to improve device performance.  

We fabricated monolithic perovskite/silicon tandem solar cells using double-textured Si bottom 

cell with a sub-micrometer random pyramid structure (Fig. S19). The MgFx-based device showed 

a remarkable reverse-scan PCE of up to 30.5% with a short-circuit current density, Jsc of 19.8 

mA/cm2, a Voc of 1.92 V, and a FF of 80.7% (Fig. 3A). The control tandem showed a best PCE of 

28.6% with a Jsc of 19.8 mA/cm2, a Voc of 1.85 V, an FF of 77.9% under reverse scan. The device 

statistics (Fig. 3, B and C, and Fig. S20) corroborated that the PCE improvement was mainly the 

result of enhanced Voc and FF. One unencapsulated MgFx-based tandem was certified at 

Fraunhofer ISE CalLab, showed a reverse-scan PCE of 29.4% with a Jsc of 19.8 mA/cm2, a Voc of 

1.91 V, an FF of 77.6%, and a steady-state PCE of 29.3% (Fig. 3D or Fig. S21). Integrating the 

calibrated EQE (Fig. 3E) over the AM1.5G spectrum yielded Jsc values of 20.0 and 19.8 mA/cm2 

for the perovskite and c-Si subcells, respectively, which agreed with our tandem Jsc values of ~19.8 

mA/cm2. Our optical analysis revealed that the optical loss, in addition to some reflection, mainly 

came from parasitic absorption in the IZO transparent top electrode and C60 layer (Fig. S22), which 

accounted for equivalent values of 0.64 and 0.62 mA/cm2, respectively.  
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To evaluate the perovskite subcell device performance, we conducted electroluminescence (EL) 

measurements on tandem devices. With an injected current of 22 mA/cm2, we observed well-

resolved EL spectral mapping with peaks positioning at ~735 nm (Fig. 3F and 3G), corresponding 

to the perovskite bandgap energy of ~1.69 eV. Under any current injection condition, the MgFx-

based tandem showed a relatively higher EL emission intensity than the control device, indicating 

a higher internal voltage (Fig. S24). Combining the EL spectra results of the perovskite subcell 

under distinct current injection conditions with Suns-Voc data of the c-Si single-junction cell, we 

constructed so-called pseudo J-V curves of our perovskite/silicon tandem (Fig. 3H), free of any 

series resistance (Rs) losses. For the MgFx-based tandem, we obtained a pseudo-Voc of 1.93 V 

which is remarkably near the Voc of 1.92 V from standard J-V measurements. A pseudo-FF of 

84.8% and pseudo-PCE of 32.5% could be also estimated, implying that ~3% in absolute PCE was 

lost to series resistance.  

We explored the effect of the interlayer on device stability by monitoring the photovoltaic 

performance of the control and fluoride-based tandems without encapsulation under continual 

standard AM1.5G illumination (Fig. 4A). The control device benefitted from light soaking in that 

its PCE increased from initially 27.2% to 28.0% after 10 min of illumination. The J-V curves (Fig. 

S26) demonstrated that the light soaking improved Voc and FF; we speculate that continuous 

illumination caused a slight favorable adjustment of the energy alignment at the perovskite/ETL 

interface. The fluoride-based devices did not appear to benefit from this (Fig. 4B and Fig. S26), 

possibly because of the improved energy-level alignment at their perovskite/ETL interface. On a 

longer timescale, the LiF-based tandem, reputed for low stability (19), showed a gradual 

performance drop from 29.1% to 27.5% in air, whereas the MgFx-based tandem retained nearly 

>99% of its initial PCE after 260 min, which we attribute to MgFx being non-hygroscopic and 

having a lower metal ion diffusivity. The control device maintained relatively stable but still lower 

absolute Voc and FF values after the light-soaking period, compared to MgFx-based devices.  

In addition, we subjected our encapsulated tandem device to damp-heat testing (85 oC with 85% 

relative humidity, RH, IEC 61215:2021 standard, Fig. 4C and Fig. S27). The MgFx-treated tandem 

device did not show any Voc or Jsc degradation after over 1000 hours, and retained 95.4% of its 

initial PCE. The Voc even improved slightly, indicating that the perovskite itself and the interfacial 

layers were sufficiently tolerant to thermal stress. The FF showed a slight drop, which may be 

related to the increase in the series resistance of the contact electrode. In contrast, the LiF-treated 

tandem showed an obvious drop in PCE after an initial 125-hour testing (Fig. 4C and Fig. S27). 

These results indicated that our MgFx-tandem devices, with a reasonable encapsulation scheme, 

could pass the damp-heat test protocol of the IEC 61215:2021 standard.  
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Fig. 1. Interface structure and electronic properties. (A) Schematic of the monolithic 

perovskite/silicon tandem solar cell built from a double-side textured silicon heterojunction cell. 

(B) Cross-sectional HR-STEM image and the corresponding energy-dispersive X-ray (EDX) 

mapping at the ETL-side. (C) Valence band (VB) and photoelectron cut-off region of the 

perovskite, and perovskite/1 nm-interlayer using UPS and IPES spectra. All samples were 

deposited on IZO/2PACz coated c-Si substrates. (D) Energy level diagram of the perovskite/C60 

interface with MgFx insertion layer. 
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Fig. 2. Photoluminescence and transient absorption spectra. (A) Quasi-Fermi level splitting 

(QFLS) mapping for the perovskite, perovskite/C60, perovskite/LiF/C60, and perovskite/MgFx/C60 

samples on 2PACz-coated Si cell under 1 sun equivalent light intensity. The scale bar is 50 μm. 

(B) Time-resolved photoluminescence (TRPL) spectra of the bare perovskite and the perovskite 

films coated with different ETL structures. (C) Schematic model and DOS of a wide-bandgap 

perovskite as a function of the distance d to the C60 molecule. The inset of the enlarged DOS shows 

the induced midgap states when C60 is in close proximity to perovskite.  
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Fig. 3. Photovoltaic performances and Pseudo JV characteristics stability tests. (A) J-V curves 

of the champion tandem cell. (B, C) Histogram of Voc (B) and PCE (C) for the tandem solar cells 

fabricated in this study. (D) Stabilized power output of one MgFx-based tandem device, certified 

by Fraunhofer ISE CalLab. (E) EQE spectra of the certified tandem device. (F, G) Absolute EL 

mapping of perovskite subcell without and with MgFx interlayer under 22 mA/cm2 injection 

current. (H) Reconstructed pseudo JV characteristics of our tandem device. 
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Fig. 4. Stability tests. (A) Evolution of the photovoltaic performance under continual AM 1.5G 

illumination for over 4 hours in air. J-V scans were performed each ~5 min. The inset is the photo 

of one device under test with a black aperture mask on it. (B) J-V curves of the tandem devices 

with MgFx interlayer under continual AM 1.5G illumination. (C) Photovoltaic-performance 

evolution of the encapsulated tandem devices, when subjected to a damp-heat stability experiment 

at 85 oC and 85% RH. The inset is the photo of one encapsulated device. (D) J-V curves of the 

tandem devices during damp heat tests.  
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Materials and Methods 

Materials 

Patterned tin-doped indium oxide (ITO) (~15 Ω/sq) coated glass was purchased from Xin Yan 

Technology LTD. Lead iodide (PbI2, 99.999%) and lead bromide (PbBr2, 99.999%) were 

purchased from Alfa Aesar.  Formamidinium iodide (FAI), methylammonium bromide (MABr) 

were purchased from Greatcell Solar. Cesium iodide (CsI, 99.999%), anhydrous 

dimethylformamide (DMF, anhydrous, 99.8%), anhydrous dimethyl sulfoxide (DMSO, 

anhydrous, ≥99.9%), anhydrous chlorobenzene (CB, anhydrous, 99.8%), lithium fluoride (LiF) 

were purchased from Sigma-Aldrich. Sodium fluoride (NaF) and magnesium fluoride (MgFx) were 

purchased from Plasmaterials, Inc.  [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) was 

purchased from TCI. C60 (>99.5% purity) was purchased from Nano-C. Bathocuproine (BCP, 

>99.5% purity) was bought from Ossila Ltd. The ceramic 2-inch IZO target was purchased from 

Plasmaterials, Inc. All the chemicals were used as received without further purification. 

 

Si bottom cell fabrication 

4-inch n-doped float-zone (FZ) Si wafer with a thickness of 260-280 μm was used for Si bottom 

cell fabrication. The double-side texture structure with random distributed pyramids was obtained 

using an alkaline solution. The size of the pyramids is controlled by adjusting the alkaline 

concentration and the process temperature. The wafers were dipped in hydrofluoric acid solution 

followed by cleaning process, before transferred into a plasma enhanced chemical vapour 

deposition (PECVD) cluster (Indeotec Octopus II) for amorphous silicon (a-Si) deposition. 8 nm 

intrinsic (i), 6 nm n-doped, and 13 nm p-doped a-Si layer were grown on wafer using the PECVD 

cluster tool. The process temperatures are 200 °C. 150 nm ITO and 250 nm Ag were sputtered on 

the backside of the wafer through a shadow mask of 1.1 x 1.1 cm2. 15 nm IZO recombination 

junction was sputtered on the front side through an aligned mask with an opening area of 1.1 x 1.1 

cm2. In order to recover sputtering damage, an annealing step at 200 °C for 10 min was carried 

out. The wafer was then laser-cut to 2.2 cm x 2.2 cm square substrate for tandem fabrication.  

 

Perovskite top cell fabrication on Si bottom cell 

The Si bottom wafers were subjected to UV-Ozone treatment for 10 min before transferred into 

the glovebox. For 2PACz deposition, 1 mg/mL 2PACz in ethanol was used. The 2PACz as hole 

transport layer (HTL) was spin-coated on ITO-coated substrates at 5000 rpm for 30 s, followed by 

drying at 100 °C for 10 min. 1.7 M Cs0.05FA0.8MA0.15Pb(I0.755Br0.255)3 perovskite precursor solution 

was prepared by dissolving a mixture of FAI, MABr, CsI, PbI2, and PbBr2 in a mixed solvent of 

DMF and DMSO with a volume ratio of 4:1. The perovskite films were spin-coated at 2000 rpm 

for 45 s an acceleration of 400 rpm/s, then followed with 7000 rpm for 10 s with an acceleration 

of 5000 rpm/s. Chlorobenzene of 200 μL was dropped in the center of the substrates 12 s before 

the end of the spin-coating process. After the rotation ceased, the substrates were immediately 

transferred onto a hotplate of 100 °C and were annealed for 15 min. After perovskite deposition, 

~1 nm metal fluorides (NaF, LiF, MgFx or CaFx) were deposited by thermal evaporation. The 

samples were then quickly transferred to a C60 evaporation chamber to minimize air exposure as 

much as possible. During the transfer process, the samples may be exposed to air for a short period 

of time, but we did not find that this process obviously affected the device performance. 15 nm 

C60 were subsequently deposited by thermal evaporation. 20 nm SnO2 was then deposited by 

atomic layer deposition (ALD) using a Picosun system. The substrate temperature was maintained 

at 100 oC during ALD deposition with TDMASn precursor source at 80 oC and H2O source at 18 
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oC. The pulse and purge time for Tetrakis(dimethylamino)tin(IV) (TDMASn) is 1.6 and 5.0 s with 

a 90 sccm carrier gas of nitrogen, for H2O is 1.0 and 5.0 s with 90 sccm N2. 140 cycles was used. 

70 nm IZO was sputtered from a 3-inch IZO ceramic target on top of the SnO2 through a shadow 

mask. Ag finger with a thickness of 500 nm was thermally evaporated using a high precision 

shadow mask. Finally, 100 nm MgFx was thermally evaporated as an anti-reflection layer. The 

thickness of C60, IZO and metal fluoride layers were first calibrated by spectroscopic ellipsometry. The 

evaporation rate and thickness of each experiment were monitored by quartz crystal microbalance 

sensors.  

 

Single-junction perovskite solar cell fabrication 

ITO glasses were ultrasonically cleaned with detergent, deionized water, acetone, and isopropanol 

successively, and then blow-dried with compressed nitrogen. The substrates were subjected to UV-

Ozone treatment for 10 min before any film deposition. The processes for HTL and perovskite are 

the same as that on tandem devices. After perovskite deposition, fluoride-based interlayer, 25 nm 

C60, 5 nm BCP and 100 nm Ag layers were thermally evaporated on perovskite films sequentially.  

 

Device encapsulation and stability tests 

The tandem device was sandwiched between two 3-mm-thick cover glass/encapsulant with black 

butyl rubber sealant at the edges. The device was vacuum-laminated in an industrial laminator 

(Ecolam5 Ecoprogetti) at 120°C for 20 min. Tinned plated copper strips were used to contact the 

upper and lower electrodes of the tandem devices using Ag paste, and were extended to the outside 

of the cover glass. For damp heat test, the devices were placed inside an environmental chamber 

with a condition of 85 oC and 85% relative humidity, and were taken out for J-V measurement at 

some intervals. 

 

Solar cell Characterization 

Single-junction opaque devices were tested in a glove box using Keithley 2400 at room 

temperature under AM 1.5G illuminations (1000 W/m2) from an Abet Technologies Sun 3000 

solar simulator which was calibrated using a standard silicon cell (RERA). Current-voltage (J-V) 

curves were obtained both in reverse (1.3 V → -0.1 V) and forward scan (-0.1 V → 1.3 V) with a 

step size of 10 mV. J-V measurements on tandem devices were performed in the air under LED-

based solar simulator (WaveLabs Sinus 220). About 200 mV/s scan speed was used and no 

preconditioning was used in this work. A mask with an aperture area of 1.0 cm2 for tandem device 

was used. The light intensity was calibrated using Fraunhofer ISE CalLab certified c-Si solar cells.  

 

UPS/LE-IPES/XPS  

The electron spectroscopy measurements of ultraviolet photoelectron spectroscopy (UPS), X-ray 

photoelectron spectroscopy (XPS) and low energy inverse photoemission spectroscopy (LE-IPES) 

were conducted in a single UHV ScientaOmicron system at 10-9 mbar. The surface work function 

and valence region were studied by UPS with a vacuum ultraviolet unfiltered He(1) (21.22 eV) 

source (focus), with an aperture attenuation. The samples was biased to -10 V to observe the 

secondary electron cut-off. To obtain a spectra of He(1) α, the satellite He(1) β 1.87% (23.09 eV) 

and α 0.35% (23.74 eV) components were subtracted, by first measuring the fermi step edge step 

of a clean (Argon sputtered) Au film. Repeated scans were recorded to assess any shifts resulting 

from photoemission induced surface charging. A constant pass energy of 5 eV was used and EF 

reference made to the measured Au film. The photoelectrons were measured with hemispherical 
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analyzer Sphera II EAC 125 analyzer and 7 channeltron detector positioned normal to the sample. 

For each UPS measurement, it takes 50-100 s time with a fluence of ~2×108 photons/mm2/s and a 

spot diameter of ~3 mm. The work function was determined by intersection of a linear 

extrapolation to the baseline. For all the perovskite and perovskite/interlayer samples, the band 

edge was determined by fitting the spectral edge using Gaussian function and then subtracting the 

Gaussian peak position by 2.9σ (39). For the C60-coated samples, the band edge was determined 

by subtracting the Gaussian peak position by 2.0σ (40). 

The LE-IPES was conducted in a homemade system in the Bremsstrahlung isochromatic mode in 

the adjoining chamber consisting of a monoenergetic electron source (Staib) of 0.25 eV energy 

dispersion and drain current of 20-40 μA with a 2-3 mm sized electron spot, directed normal to the 

sample surface. The emitted IPES light was detected through a lens assembly (vacuum and 

airside), bandpass filter of 280 nm (4.43 eV), and solid-state photo-multiplier tube (PMT) 

(Hamamatsu). Vacuum level calibration was made to the turn-on point in the drain current energy 

trace recorded simultaneously with the PMT signal, accounting for the band pass energy. A similar 

methodology to the UPS spectra was adopted to determine the CBM, fitting a Gaussian function 

and assigning the position as 2.9sigma. Plots of UPS and IPES are constructed taking into account 

the shared EF position and arbitrarily adjusted in intensity. 

Note that all the samples for this surface-sensitive analysis was loaded in a glovebox, and were 

transferred into the UHV system using a closed transfer box to minimize air exposure as much as 

possible. The UPS UHV system is equipped with one small thermal evaporator where C60 

depositions were conducted. The thickness of evaporated C60 layer was monitored by a quartz 

crystal microbalance. For the measurements of the samples with different C60 thickness, the 

samples were transferred back and forth several times between the C60 evaporation chamber and 

analysis chamber without breaking the vacuum. 

XPS was conducted with a monochromated Al Kα 1487.6 X-ray source, with the samples in 

electrical contact to the analyzer at ground potential. The photoelectrons were also measured from 

the same spot as used for UPS and directed normal to the surface plane to the analyzer (same as 

analyzer as used in UPS). A two point binding energy calibration was made with the measurement 

of a clean Au films EF step edge and Au 4f core level 84.1 eV. The X-ray source power is around 

380 W with a 10 mm-sized spot. Quantification of XPS spectra were conducted in CASAXPS(r), 

integrating the peak areas using a Tougaard based background function and accounting for the 

instrumental transmission function, mean free path and Scofield RSFs of  Mg1s (11.18), F1s (4.43) 

and O1s 2.93.  

 

Kelvin probe force microscopy (KPFM) measurement 

KPFM potential and topographic mappings were obtained using a Digital Instruments Multimode 

AFM (Veeco Metrology Group). AFM tips (model: OSCM-PT) with nominal spring constant 0.5-

4. N/m and 20 nm PtTi coating was used. The perovskite films were deposited on 2PACz/ITO-

coated Si substrate. The substrates were grounded and measurements were performed in air. 

 

Transient-absorption spectroscopy (TAS) 

Transient absorption measurements were performed using a commercial setup (Helios, Ultrafast 

Systems). The pump pulse has a wavelength of 600 nm. The reason to choose this relatively-longer 

wavelength is out of the consideration that it is close to the bandgap of perovskite films and hence 

the hot-carrier related effects can be neglected. The pump pulse comes from an optical parameter 

amplifier (TOPAS-C from Light Conversion) which is pumped by an 800-nm laser seed (~100 fs 
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pulse, 1 kHz, Astrella, Coherent). The probe light ranges a broad spectral region, from 450 to 1000 

nm. This broad-band probe light is generated by pumping a 2-mm thick calcium fluoride crystal 

with an 800-nm pulse which also originates from the same seed laser amplifier (~100 fs pulse, 1 

kHz, Astrella, Coherent). This fraction of 800-nm pulse passes through a mechanical delay line 

before reaching the sample, so as to obtain precisely-manipulated delay time in reference to the 

600-nm pump pulse. Moreover, to improve the data acquisition process a small fraction of the 

probe light is also acquired. Throughout the whole measurement process, we also closely monitor 

the possible degradation of perovskite films by comparing the acquired results from each specific 

scan. We did not observe any degradation during the measurement. All the samples were measured 

at room temperature and ambient conditions. The laser excitation fluence varies from 38 to 159 

uJ/cm2. 

One-dimension carrier diffusion/recombination model was used to fit the decay curves. This model 

has been successfully used in both inorganic semiconductors (41) and perovskites (42) as well. It 

is briefly introduced as follows.  

𝜕𝑁(𝑥, 𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑁(𝑥, 𝑡)

𝜕𝑥2
− (𝑘1𝑁(𝑥, 𝑡) + 𝑘2𝑁(𝑥, 𝑡)2+𝑘3𝑁(𝑥, 𝑡)3)      (1) 

Initial carrier distribution:  𝑁(𝑥, 0) = 𝑁(0,0) × exp(−𝛼 𝑥)       (2) 

Boundary conditions (front and back interface recombination velocities):  

𝜕𝑁(𝑥, 𝑡)

𝜕𝑥
|

𝑥=0
=

𝑆𝑓

𝐷
𝑁(0, 𝑡)      (3) 

𝜕𝑁(𝑥, 𝑡)

𝜕𝑥
|

𝑥=𝑑
= −

𝑆𝑏

𝐷
𝑁(𝑑, 𝑡)      (4) 

Herein, N(x, t) denotes to carrier density which is a function of both space (x) and time (t); Sf and 

Sb denote surface/interface recombination velocities at the front (f) and back (b) 

surfaces/interfaces, respectively; bulk-specific parameters are the diffusion coefficient (D) and the 

1st (k1), 2
nd (k2), and 3rd (k3) order recombination coefficients; α is the absorption coefficient; d 

represents the film thickness. The unique feature of this model is that it not just takes into account 

bulk recombination (k1, k2, k3) and diffusion, but also takes into account what is happening on the 

surface/interface. 

The global fitting is done in such a way. All bulk related parameters (D, μ, k1, k2, k3) are shared 

for all of these three samples, since they all have the same active layer (please refer to the sample 

structure). Meanwhile, the Sf parameter varies between different samples. Following such a 

procedure, we could improve the fitting accuracy and extract exclusively information of the 

surface. 

 

Transmission electron microscope (TEM) analysis 

The EDX mapping of the cross-sectional tandem cells were investigated in Titan Cs Probe TEM 

equipped with EDX and HAADF detector in STEM mode at 300 kV operating voltage. The cross-

sectional lamella was prepared first in a scanning electron microscope (Helios G4 DualBeam, FEI), 

equipped with an EasyLift nanomanipulator with the help of a Ga focused ion beam (FIB). To 
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protect the sample, the protective carbon and platinum layers were deposited under electron and 

ion beams.  

 

Photoluminescence measurement 

Steady photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements 

were carried out with a spectrofluorometer (Fluoroma-Modular, Horiba Scientific). For steady PL, 

500 nm monochromatic light was continuously illuminated on the surface of the films. Emission 

spectra with wavelengths between 650 nm and 850 nm were collected.  For TRPL, a 633 nm pulsed 

laser which was generated from a picosecond laser diode (PicoQuant) was used for the pump 

excitation. The fluence is estimated to be around ~10 nJ/cm2. A long-pass 650 nm filter was used, 

and 738 nm light was probed.  

For QFLS mapping, the perovskite films on 2PACz/ITO coated Si cell were encapsulated in a 

nitrogen glovebox using an ultra-thin glass cover slide with edge sealed by UV-curable epoxy. The 

absolute PL spectra was obtained using hyperspectral luminescence imaging system equipped with 

an optical microscope with a 20 X objective and a 532 nm laser with controlled laser intensity. 

The integration of photon numbers over the photon energy was obtained using Matlab, and was 

then used to calculate Jrad. The quasi-Fermi level splitting (QFLS) was obtained following the 

equation kT*ln(Jrad/Jo,rad). To reduce the noise, 5X5 data binning was adopted. 

 

Electroluminescence measurement 

The electroluminescence (EL) spectra was recorded using hyperspectral luminescence imaging 

system equipped with an optical microscope with a 20 X objective. Bare tandem devices without 

encapsulation were used. Keithley 2401 source meter was used as current source to drive our 

tandem device, and a home-made matlab-based program is used to record voltage and current data 

as function of time. The injection current varies from 10 μA /cm2 to 30 mA/cm2. It takes almost 6 

minutes for each injection current Jinj. Photometric calibration was conducted to convert the spectra 

to a calibrated spectral photon flux defined as number of photons arriving at the pixel per unit of 

time, per unit of photon energy (in eV), per unit surface. 

 

Pseudo JV Reconstruction 

The pseudo JV of perovskite subcells in the tandem was obtained based on injection current-

dependent EL measurements, while for silicon subcell, Suns-VOC method, in which the VOC values 

of one Si single-junction cell were recorded under different illumination intensity, was employed. 

The pseudo JV curves of each subcell are shifted to the Jsc (based from EQE cruves) points of the 

corresponding sub-cells. Then the pseudo JV curves of the two sub-cells are numerically summed 

to obtain the final pseudo JV curves.  

Following previously established processes (43), the approach explained below is used to calculate 

quantum efficiency of electroluminescence (EQEEL) and extract the quasi-Fermi level splitting 

(QFLSEL) of perovskite subcells. 

EQEEL is define as the ratio of radiative recombination current (Jrad) to injection current (Jinj). 

QFLSEL could be calculated using 

𝑄𝐹𝐿𝑆𝐸𝐿 = 𝑘𝑇 ∗ ln (
𝐽𝑟𝑎𝑑

𝐽0,𝑟𝑎𝑑
) = 𝑘𝑇 ∗ ln (𝐸𝑄𝐸𝐸𝐿 ∗

𝐽𝑖𝑛𝑗

𝐽0,𝑟𝑎𝑑
) 

Assuming that the device is at 300 K in thermal equilibrium with its environment, the dark 

radiative recombination current is 
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𝐽0,𝑟𝑎𝑑 = q ∫ 𝐸𝑄𝐸(𝐸) ∗
∞

0

𝛷𝐵𝐵(𝐸)𝑑𝐸 

where 𝐸𝑄𝐸(𝐸) is quantum efficiency of perovskite subcell in the tandem.  𝛷𝐵𝐵(𝐸) in unit of 

photons/(m2.s.eV) is the black-body radiation of the surroundings at 300K, and is defined as  

𝛷𝐵𝐵(𝐸) =
2𝜋𝐸2

ℎ3𝑐2

1

exp(
𝐸

𝑘𝑇
) − 1

 

with ℎ plank’s constant, 𝑘 Boltzmann constant and T temperature. 

Jo,rad could be calculated by integrating the product of the external quantum efficiency (EQE) and 

the black body spectrum 𝛷𝐵𝐵 at 300 K over the energy, as shown in Fig. S23.  
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Fig. S1. High-resolution cross-sectional TEM images and the EDX mapping of 

perovskite/Si tandem. (A) The completed perovskite subcell on textured Si. (B) The 

perovskite/MgFx/C60/SnO2 interface position. (C) Another location for the 

perovskite/MgFx/C60/SnO2 interface. 

  

HAADF In C Sn Pb I SiIn C Sn Pb Si

100 nm

Mg FIn C PbHAADF

A

B

C



Submitted Manuscript: Confidential 

Template revised February 2021 

19 

 

 

 
Fig. S2. Top-view TEM images and EDX mapping of perovskite/MgFx sample. In this top-

view specimen, the perovskite and MgFx layer were successively deposited on a TEM grid. 

Pb Mg FHAADF
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Fig. S3. UPS results of the second perovskite and perovskite/MgFx samples. (A) Valence 

photoemission spectra. (B) Secondary electron cut-off (SECO) region. 
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Fig. S4. AFM height and the corresponding KPFM surface potential maps for the perovskite film 

and those perovskite films coated with metal fluoride layer. 
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Fig. S5. Comparison of the WF change of the perovskite films coated with interlayers using 

KPFM and UPS techniques. 
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Fig. S6. UPS and LE-IPES results of perovskite/C60 sample with different thickness of C60 

layer. (A) Valence photoemission spectra and IPES spectra of the perovskite and the samples 

coated with different thicknesses of the C60 layer. From IPES, the CBM position relative to EF 

can be extracted. All energies are referenced to a common Fermi level (0 eV). (B) Secondary 

electron cut-off (SECO) region. (C) Experimentally determined energy level diagrams of the 

ETL-side interface without any interlayer. 
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Fig. S7. UPS and LE-IPES results of perovskite/MgFx/C60 sample with different thickness 

of C60 layer. (A) Valence photoemission spectra and IPES spectra of the perovskite samples as a 

function of C60 thickness. (B) Secondary electron cut-off (SECO) region. 
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Fig. S8. XPS composition analysis of evaporated MgFx films. (A) XPS survey spectrum. (B) 

Elemental composition ratio. 
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Fig. S9. Histogram of QFLS mapping for the perovskite, perovskite/C60, perovskite/LiF/C60, and 

perovskite/MgFx/C60 samples 

  

1.10 1.15 1.20 1.25 1.30
0

1000

2000

3000
 perovskite

 perovskite/C60

 perovskite/LiF/C60

 perovskite/MgFx/C60

 

 

C
o

u
n

ts
 

QFLS (eV)



Submitted Manuscript: Confidential 

Template revised February 2021 

27 

 

Table S1. Extracted TRPL lifetime of Figure. Bi-exponential fitting method with the equation 

A(t)=A1exp(-t/τ1)+A2exp(-t/τ2)+B was used. Average PL decay time τave is calculated using the 

equation τave= (A1τ1+A2τ2)/(A1+ A2). 

Samples 
bi-exponential fitting  

τ1 (ns) A1 %  τ2 (ns) A2 % τave (ns)  

perovskite 809 50.7% 2501 49.3% 1643  

perovskite/C60 13 83.1% 92 16.9% 26  

perovskite/LiF/C60 12 70.1% 99 29.9% 38  

perovskite/MgFx/C60 35 68.8% 189 31.2% 83  
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Fig. S10. Relation of the effective decay lifetime (τeff) and surface recombination velocity Sf. 

Assuming the Sb at 2PACz/perovskite interface is negligible and only the front interface Sf is 

considered, thus the surface lifetime τs is expressed as 𝜏𝑠 ≅
𝑑
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+

4

𝐷
(
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2

.  The diffusion constant 

D= 0.49 cm2/s were used. According to the equation 
1
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=

1
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+

1

𝜏𝑏
, we can estimate the Sf for the 

perovskite/C60, perovskite/LiF and perovskite/MgFx cases, which are about 8.2×103, 4.4×103, 

1.6×103 cm/s. 
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Fig. S11. TAS analysis of perovskite samples. (A) power-dependent decay dynamics for 

perovskite, perovskite/C60, and perovskite/MgFx/C60. (B, C) Global fitting results based on the 12 

curves of (A). Please note that the global fitting is performed for all of these dynamics, i.e., 

twelve curves (three samples and each with four different laser excitation densities). But for 

clarity, the results are presented separately based on each sample. (D) TAS of the perovskite 

samples under the laser pulse intensity of around 6×1018 cm-3. 
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Supplementary text: DFT calculations 

We conducted DFT calculation using a wide-bandgap mixed-cation mixed-halide perovskite with 

compsoition Cs0.13MA0.13FA0.74Pb(I0.81Br0.19)3 and its bandgap close to our experiment. The structure 

is adopted from Ref. (44). We used the generalized gradient approximation of Perdew, Burke, and 

Ernzerhof (45) (Vienna ab-initio simulation package (46), VASP). A plane-wave cutoff energy of 

500 eV was employed. The Brillouin zone was sampled on a 2 × 2 × 1 k-mesh in the structural 

relaxation and on a 5 × 5 × 1 k-mesh to calculate the density of states (DOS). The structural 

relaxation was considered to be converged when the Hellmann-Feynman forces were below 0.01 

eV/Å for all atoms. Considering various orientations of the C60 molecule on 

Cs0.13MA0.13FA0.74Pb(I0.81Br0.20)3, the structure shown in Fig. 2C was obtained after relaxation. 

The energetically favorable contact distance turned out to be 1.94 Å. The DOS obtained for this 

distance is shown in Fig. 2C. Formation of deep trap states within the bandgap of 

Cs0.13MA0.13FA0.74Pb(I0.81Br0.20)3 is observed. Shifting the C60 molecule closer to the perovskite (d 

= 0.94 Å) leads to enhancement of the  trap states, while shifting it away from the perovskite (d = 

2.94 Å) suppresses the trap states. 

 

We also conducted DFT calculations based on cubic FAPbI3 (FA = Formamidinium) structure 

(47). Slab models were constructed with 5 PbI2 and 5 FAI layers along the c-axis, exposing the 

PbI2-terminated surface at the top and FAI-terminated surface at the bottom, analogous to the study 

of ref. (48). Consecutive slabs in the c-direction were separated by a vacuum layer with a thickness 

of at least 15 Å to eliminate spurious interaction with periodic images. The four model structures 

considered for this study are shown in Fig. S12. Periodic calculations were performed using the 

plane wave DFT implementation in VASP. Van der Waals interactions were incorporated 

employing Grimme’s D3 method (49). The spin-orbit coupling (SOC) was not included in our 

calculations given the large system size explored in this study, and the fact that the generalized 

gradient approximation (GGA) in the PBE functional form can provide a reasonable estimation of 

the structure and its electronic properties (50, 51). The valence-core interactions were described 

with the projector augmented wave method (46, 52). The valence electrons considered in the 

calculations for each atom type are: Li (3), Mg (8), Pb (14), F (7), I (7), O (6), C (4), H (1), N (5). 

A plane-wave energy cutoff of 650 eV was used in all calculations. Forces of each atom smaller 

than 0.01 eV/Å were used during geometry relaxation. The structural relaxation was done by 

sampling the Brillouin zone on a 3 × 3 × 1 k-mesh. To counterbalance the “finite-size errors” of 

the slab models, dipole corrections were taken into consideration in our calculations. Structure 

visualization and projected DOS plotting were performed by the VESTA (53) and Sumo (54) 

packages. VASPKIT (55) was used for plotting the planar avarage electrostatic potentials.  

Fig. S13F shows that if a C60 molecule is directly on top of the perovskite, a shallow trap state, 

composed of Pb(p) and I(p)-orbitals, is formed (indicated with grey arrow), which is a potential 

non-radiative recombination center and will lead to attenuated device performance. Moreover, in 

the absence of an interlayer in between FAPI and C60, Fig. S14D reveals that the C60 molecule will 

interact with the FAPI layer, leading to a broadened VBM/HOMO of C60.  The use of an interlayer 

eliminates this interaction and we again observe sharp DOS peaks due to C(p) of C60 (Fig. S14E-

F).  

The presence of a surface dipole at the metal-fluoride/C60 interface can increase the local work 

function and hinder efficient electron extraction (56). The z-component of the dipole moment (Dz) 

is calculated to be maximal for the FAPI/C60 system (7.24 Debye, Fig. S15B) and is significantly 
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reduced by the insertion of an interlayer, falling to 2.07 Debye for the (LiF)n-inserted case and 

1.45 Debye for the (MgF2)n-inserted case. This trend is consistent with the trend in the work 

functions measured experimentally, making the (MgF2)n-inserted case to have the highest 

efficiency.  

At the interlayer/C60 contact, the strongly electronegative F-atoms in the interlayer draw electron 

density from the C-atoms of the C60 molecule, and thus induces positive charge on C60, as estimated 

by Bader charge analysis in Fig. S16B and Fig. S16C. Evidently, the (MgF2)n layer acts as a better 

electron sink than the (LiF)n layer, as judged by the Bader charges of -1.56e in the interlayer and 

+0.11e in C60 for the (LiF)n case, as compared to -2.12e in the interlayer and +0.13e in C60 for the 

(MgF2)n case (Fig. S16). This facilitates efficient charge extraction from the perovskite, more so 

in the (MgF2)n case than the (LiF)n case. 
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Fig. S12. Structures of four slab models considered in this study: (A) pristine FAPI, (B) C60 

adsorbed over pristine FAPI layer, (C) (LiF)n interlayer in between FAPI and C60, (D) (MgF2)n 

interlayer in between FAPI and C60. 
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Fig. S13. Sum of projected densities of states of all atoms in the perovskite layer for: (A) pristine 

FAPI, (B) FAPI + C60, (C) FAPI + (LiF)n + C60 and (D) FAPI + (MgF2)n + C60. The panels on 

the right (E-H) show the corresponding zoomed DOS between 0 to 2 eV. 
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Fig. S14. Sum of projected densities of states of the C atoms constituting the C60 molecule in: 

(A) FAPI + C60, (B) FAPI + (LiF)n + C60 (C) FAPI + (MgF2)n + C60. Panels on the right (D-F) 

shows corresponding zoomed in DOS at around 0 eV. 
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Planar-average electrostatic potential 

 

 

Fig. S15. Planar-averaged electrostatic potential as a function of distance (Å) from the bottom to 

the top vacuum layer shown for: (A) Pristine FAPI, (B) FAPI + C60, (C) FAPI + (LiF)n + C60 and 

(D) FAPI + (MgF2)n + C60. The component of the dipole moment along the c-axis (Dz) is shown 

in each panel, which is the largest for C60 on top of FAPI (Dz = 7.24 Debye). The use of an 

interlayer significantly reduces Dz to 2.07 Debye for the (LiF)n case and 1.45 Debye for the 

(MgF2)n case. 
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Plots of charge density difference and Bader charges 

 

Fig. S16. Charge density difference plots (PBE) of three models involving C60: (A) C60 on top of 

PbI2-terminated FAPI, (B) C60 on top of FAPI/(LiF)n and (C) C60 on top of FAPI/(MgF2)n. (qsum = 

sum of Bader atomic charges) 
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Fig. S17. Device performance of planar p-i-n PSCs without, and with metal fluoride interlayers. 

(A) Statistics of Voc, Jsc, FF, and PCE. (B) J-V characteristics of the single-junction (SJ) 

perovskite devices. 

  

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-20

-15

-10

-5

0

5

10

15

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

m
A

/c
m

2
)

Voltage (V)

 control

 with NaF

 with LiF

 with MgFx

 with CaFx

Reverse

Forward

Devices
Scan 

conditions
Voc (mV)

Jsc

(mA/cm2)
FF (%) PCE (%)

control
FW 1172 20.59 77.6 18.73

RV 1179 20.64 78.6 19.11

NaF
FW 1161 19.78 66.8 15.35

RV 1161 19.80 69.5 15.98

LiF
FW 1207 20.60 78.8 19.61

RV 1209 20.68 80.7 20.15

CaFx

FW 1209 20.70 79.2 19.82

RV 1212 20.65 80.0 20.03

MgFx

FW 1218 20.51 79.4 19.82

RV 1226 20.58 81.1 20.46

Control
NaF LiF

MgFx CaFx

1.0

1.1

1.2

 

 

V
o
c
 (

V
)

Control
NaF LiF

MgFx CaFx

14

16

18

20

22

 

 

J
s
c
 (

m
A

/c
m

2
)

Control
NaF LiF

MgFx CaFx

60

70

80
 

 

F
F

 (
%

)

Control
NaF LiF

MgFx CaFx

12

14

16

18

20

 

 

P
C

E
 (

%
)

B            

A                           



Submitted Manuscript: Confidential 

Template revised February 2021 

38 

 

  

Fig. S18. Device performance of the single-junction perovskite devices with different MgFx 

thickness. 
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Fig. S19. Cross-sectional SEM images of our Si bottom cell and perovskite/silicon tandem. 
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Fig. S20. Photovoltaic parameters (Jsc and FF) statistic of the tandem devices without an 

interlayer, and with LiF and MgFx interlayer. 
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Fig. S21. Certification report by Fraunhofer Institute of Solar Energy (ISE). The area is (1.0002 

± 0.0062) cm2. Date of calibration: 24.09.2021. 
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Fig. S22. Optical simulation. (A) The simulated integrated current density of reflectance R and 

absorbance A based on AM1.5G spectra over 300-1200 nm under different anti-reflectance 

coating (MgFx) layer thickness. (B) Simulated reflectance curves of our monolithic perovskite/Si 

tandem devices. (C) Optical loss analysis of our optimized monolithic perovskite/Si tandem 

under 100 nm MgFx layer. (D) The ratio of integration current density for reflectance R and 

absorbance A in (C). The shadow loss caused by the front metal finger was not considered in the 

simulation. 
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Fig. S23. Calculation of the dark radiative recombination current density 𝐽0,𝑟𝑎𝑑 and the EQE of 

perovskite subcell on a tandem. 
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Fig. S24. Intensity-dependent absolute EL spectra of the perovskite subcell. 
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Fig. S25. QFLSEL mapping under different injection current: (A, B) 22 mA/cm2, (C, D) 22 

mA/cm2 , (E, F) 22 mA/cm2. 
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Fig. S26. Air stability tests. (A, B) I-V curves of the tandem devices (A) without fluoride, and 

(B) with LiF interlayer under continual AM 1.5G illumination. (C) Evolution of Voc, FF and Jsc.  
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Fig. S27. Damp heat tests. (A) Photo of test equipment which can provide damp heat 

environment of 85 °C and 85% RH. (B) Evolution of Voc, FF and Jsc of MgFx-treated tandem in 

Fig. 4C. (C) J-V curves of the LiF-treated tandem device during damp heat tests. The tandem 

device was taken out for IV measurement under standard AM1.5G spectra from time to time. 

During measurement, a black aperture mask was used. After IV measurement, the device was put 

back immediately to the damp heat chamber. Since the tandem was encapsulated with thick 

cover glass and TPU encapsulant (see Fig. 4C inset), the current density of the encapsulated 

tandem is relatively lower compared with the bare tandem, due to the reflectance loss.  
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