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Supplementary Fig. 1. Surface morphology of a-NbOx with and without C60-anchoring. a, 
SEM cross-section images of the SHJ bottom cell with 20 nm a-NbOx samples without any surface 
modification and with C60-anchoring, and b, with spin-casted np-SnOx. a-NbOx films on the 
micron-sized pyramidal textured silicon bottom cells are conformal without any notable thickness 
changes across the different parts of the pyramids. However, np-SnOx shows huge thickness 
variations across the profile. c, AFM surface morphology of the a-NbOx films without and with 
C60-anchoring. The average surface roughness of the neat a-NbOx is 1.39 nm, while the C60-
anchored one is 1.49 nm. For np-SnOx films, the non-modified one is 1.27 nm, and the C60-
anchored one is 1.05 average roughness for the scanned lines. All these average roughness values 
are in the same range and do not change after C60-anchoring significantly.   
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Supplementary Note- 1: XPS analysis of the neat and C60-anchored a-NbOx and np-SnOx 
films 
High-resolution XPS spectra of the a-NbOx and np-SnOx films reveal that Nb and Sn ions exist in 
single metal oxide environments of Nb5+ and Sn4+ with Nb 3d 5/2 (207.3 eV) and Sn 3d 5/2 (487.07 
eV) simple 3d doublets attributed to a-NbOx, and np-SnOx, respectively as opposed to a mixture 
of oxidation states. The binding energy (BE) and doublet splitting of Nb5+ fit well with that of 
previously reported sputtered films (207.3 - 207.2 eV).1. The Sn 3d 5/2 BE compares with low 
temperature prepared np-SnOx films.2 The O 1s peak, which is located at a BE of 531 eV, display 
a majority of metal oxide, as shown in Supplementary Fig. 2, with a minor shoulder at 32.4 eV 
attributed to hydroxyl or oxyhydroxyl feature OH (M-OH/OH2). 3, 4 After the C60-SAM anchoring, 
the BEs of the Nb5+ and Sn4+ are invariant (both referenced to initial a-carbon), suggesting no 
Fermi level shift occurs on the top metal oxide surface of the film in contact with C60-SAM.5  

Elemental quantification of the surfaces of a-NbOx and np-SnOx films 
From XPS analysis, we found that whereas a-NbOx has an atomic percentage ratio of Nb/O = 
1/2.52, np-SnOx has Sn/O = 1/2.09, which are showing the nearly stoichiometric character of the 
films. Considering the minor hydroxyl/oxyhydroxyl peak, centered around 532.4 eV, which is 11% 
and 22% for a-NbOx and SnOx, these values are re-evaluated as Nb/OMetalOxide = 1/2.2 and 
Sn/OMetalOxide =1/1.8 indicating these metal oxide films to be slightly sub-stoichiometric. Here, the 
majority of the water/OH/Oads result from environmental contamination or solution film formation; 
however, a small fraction will result from surface bridging M-OH-M and M-OH species and 
resulting in a slight overestimate the percentage of water/OH/Oads. XPS survey spectra revealed 
that solution process np-SnOx layers show the presence of K (~3.3%) impurities, magnified peak 
shown in inset Supplementary Fig. 2b, which was reported previously.6  
  

         

Supplementary Fig. 2. XPS survey spectra of the ESLs. Survey spectra of pristine and C60-
SAM anchored a, a-NbOx, and b, np-SnOx thin films in the survey spectra of the main elemental 
peaks. c, HR spectra of Sn 3d before and after C60-SAM anchoring. 
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The elemental quantification of the films was determined by peak area integration of the specific 
peak from a wide survey scan. The individual raw peak areas are normalized for the orbital 
sensitivity (Scofield relative sensitivity factors (RSF)), instrumental transmission function, and the 
electron inelastic mean free path (IMFP) to obtain comparative elemental percentages within the 
CASA XPS analysis software. This region of analysis is estimated to be the first 5-10 nm depth. 
The quantification procedure was verified, producing equal elemental percentages for several core 
peaks in Ag test sample. XPS analysis revealed that upon C60- anchoring, the metal oxide core 
lines are strongly attenuated with a concomitant increase in the peak at ~284.7-285 eV, 
corresponding to C60 sp2 carbon (Supplementary Fig. 3). This peak intensity change can give 
useful information about the coverage of the C60-SAM molecule on np-SnOx and a-NbOx films. In 
addition, the features at 289 eV assigned to C60 shake-up satellite can also be used to measure 
differences in chemical affinity.7 In order to make a qualitative comparison between the C1s region 
of the C60-SAM modified np-SnOx and a-NbOx films, these peaks have been normalized to the 
adventitious environmental carbon. Here, we found that np-SnOx has a relatively higher intensity. 
Besides, the measured 21.22 eV UPS frontier orbital region displays clearly defined and stronger 
C60 features for the np-SnOx film. Overall, the above-mentioned results evidence that both np-
SnOx and a-NbOx show good affinity to the pyrrolidine group on C60-molecule with pyrrolidine 
group. 

 
 
 

Samples 
 

a-carbon C60 
carbon 

Ratio 
C60/a-

C 

C60 shake-
up 

satellite 

Ratio 
S/a-C 

a-NbOx 7336 N/A    
a-NbOx / C60 N/A 16501 2.224 1088.4 0.14 

np-SnOx 4137.2 N/A    
np-SnOx/ C60 N/A 19453.3 4.70 935.9 0.22 

 
Supplementary Fig. 3. C1s XPS spectra of metal oxide a-NbOx and np-SnOx films on ITO. 
Offset in the intensity for clarity recorded under identical measurement conditions. a, The binding 
energy has been calibrated to the a-carbon present on the pristine films at 284.7 eV. Vertical lines 
indicate the positions of a-carbon, Sp2 C60, the C60 shake-up satellite, and K 2p peaks. b, Area 
integrations of peaks fitted in C1s carbon envelope for np-SnOx, C60-SAM anchored np-SnOx, a-
NbOx, and C60-SAM anchored a-NbOx. 
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Supplementary Note- 2: Influence of the post-annealing on the properties of a-NbOx films 
 

      
 

   

   
 
Supplementary Fig. 4. Structural analysis of annealed a-NbOx layers. a, XRD graph, b, 
transmittance, and absorptance spectra, and c, SEM top-view images of the a-NbOx thin films on 
glass substrates for as-deposited and annealed samples at different temperatures. Here, the 
annealing process has been performed in ambient air for 30 min, and measurements were done 
without C60-SAM. Here, the temperature is limited by 500 °C since for the single junction 
devices fabrication, the best temperature resilient TCO of FTO can withstand up to this 
temperature.  
 
The electrical conductivity of our as-deposited a-NbOx films is 1.25 × 10-7 S/cm, which is very 
close to the reported value for fully stoichiometric films.8 Nevertheless, compared to np-SnOx and 
TiO2, a-NbOx has two orders of magnitude lower conductivity (Supplementary Table 1). In 
general, increasing the oxygen flow during processing or post-annealing in an oxygen environment 
resulted in O-rich films either in amorphous or crystalline structures.9 Here, we speculate that the 
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post-annealing of our a-NbOx films in an ambient atmosphere results in filling the O vacancies and 
decreased conductivity, as can be seen in Supplementary Table 1. Indeed, previous reports 
revealed that a small increase of Nb/O ratio increases the conductivity of the films drastically.8, 10 
In line with this, the electrical conductivity of the films also decreases two orders of magnitude 
after the post-annealing process due to the further oxidation of the films.  
 
Supplementary Table 1. Hall-effect measurement results of the as-deposited and annealed a-
NbOx samples together with np-SnOx. Here, we also compare the TiO2 samples reported in the 
literature. 
 

Sample Sheet Resistivity 
[Ω sq-1] 

Resistivity 
[Ω cm] 

Carrier 
Density [cm-³] Reference 

As Deposited a-NbOx 3.6 ´ 109 8.0 ´ 106 1.3 ´ 109 

This work 

Annealed a-NbOx at 100 °C 1.1 ´ 1013 9.3 ´ 107 1.8 ´ 108 
Annealed a-NbOx at 200 °C 9.3 ´ 1012 1.1 ´ 107 1.6 ´ 107 
Annealed a-NbOx at 300 °C 2.7 ´ 1011 5.4 ´ 108 3.1 ´ 107 
Annealed a-NbOx at 400 °C 3.3 ´ 1010 4.1 ´ 108 4.9 ´ 107 
Annealed a-NbOx at 500 °C 7.5 ´ 1012 1.3 ´ 107 7.5 ´ 107 
np-SnOx (Annealed at 150 °C) 8.1 ´ 108 2.4 ´ 103 9.3 ´ 1015 This work 
TiO2 (Annealed at 500 °C) - 1.0 ´ 105 2.6 ´ 1014 11 
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Supplementary Note- 3: DFT calculations for NbOx and SnOx ESLs 

Calculation details 
To elucidate key features related to the role of functionalized a-NbOx as ESL, we selected one of 
the several possible Nb2O5 polymorphs to serve as an approximation for the modeling of the bulk 
of the material and its surface Nb2O5. Based on our results, crystalline phases of Nb2O5 are ranked 
as follows according to their relative stability and starting with the most stable (the number refers 
to space groups): #12, #3, #139, #15, #19, #11, #5. Of these structures, we selected the monoclinic 
phase with space group #15 (symbol C2/c, four chemical formulae in its unit cell) as the only 
suitable choice for our DFT modeling of bulk supercells and surface slabs (supercells of other 
crystal phases are too large for the calculations needed in this study). 
 
Supplementary Table 2. Relative stability and lattice parameters of Nb2O5 crystalline 
polymorphs based on DFT calculations. Z is the number of chemical formulae in the unit cell, ΔΕ 
is the energy difference (in meV) per chemical formula referenced with respect to the most stable 
structure. 
 

Space Group Z ΔE (meV) a (Å) b (Å) c (Å) α β γ 

#3 14 3 19.613 3.842 20.634 90.0ο 115.7ο 90.0ο 
#5 2 517 8.978 6.727 5.843 90.0ο 133.3ο 90.0ο 
#11 2 463 6.742 3.837 7.723 90.0ο 89.8ο 90.0ο 
#12 16 0 28.955 3.825 17.849 90.0ο 125.1ο 90.0ο 
#15 4 142 12.889 4.943 5.634 90.0ο 103.7ο 90.0ο 
#19 4 410 5.33 9.832 9.78 90.0ο 90.0ο 90.0ο 
#139 16 68 20.602 20.602 3.826 90.0ο 90.0ο 90.0ο 

 

 

 

 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 5. Structure of the C2/c polymorph of NbOx. The dashed line shows the 
unit cell. 
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NbOx (100) surface: structure and DOS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 6. DOS calculations for Nb2O5. a, Projected density of states (PDOS) for 
an O atom on a (100) surface of NbOx, which is terminated by (a) truncated octahedra that are 
missing one O atom, (b) by full octahedra (Nb: light green, O: red spheres). The dashed line 
shown the position of the Fermi level. A C60-pyrrolidine molecule chemisorbs strongly through 
its pyrrolidine group on the surface shown in (b) with a binding energy of 1.63 eV. b, Projected 
density of states (PDOS) for three of the surface O atoms of the structure shown in the inset 
figure, which depicts the chemisorption of Pyrrolidine groups on an O-deficient NbOx surface. 
The vertical line at the center shows the energy of the highest occupied states, which here lie at 
the bottom of the conduction band.  
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Supplementary Fig. 7. DOS calculations for SnOx. a, Electronic DOS for bulk SnO2 (black line) 
and a 72-atom supercell of SnO2 with one O vacancy, OV, (blue line). The energy of the highest 
occupied state in each case is set to zero. The inset shows the crystal structure of SnO2 with its unit 
cell delineated by a dashed blue line (Sn: gray, O: red spheres). The O vacancy creates a state 
within the energy band gap of SnO2. b, Electronic DOS for SnO2 (gray background), a SnO2-(001) 
surface (blue line), and a SnO2-(001) surface with pyrrolidine molecules anchored as shown in the 
inset (Sn: big gray, O: red, C: gray, N: blue, H: white spheres). The energy of the highest occupied 
state in each case is set to zero. The pyrrolidine molecule is anchored (the adsorption energy is 
equal to 2.18 eV) to a surface Sn atom through its end O-atoms, and the corresponding H atom is 
attached to a neighboring surface O atom. As shown in the DOS plots, functionalization with 
pyrrolidine molecules creates a number of states within the energy band gap of SnO2. 
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Supplementary Fig. 8. Contact angle measurements. Contact angle measurements for neat 
and C60-anchored a-NbOx thin films on glass substrates and textured devices. The increased 
contact angle proves the existence of the C60-SAM layers on both flat substrates and fully-
textured SHJ bottom cells. 
  

a-NbOx on textured Si C60-anchored a-NbOx on textured Si  

a-NbOx on glass C60-anchored a-NbOx on glass 
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Supplementary Note- 4: UPS and IPES analysis of the layers 
Here, the UPS measurements of the perovskite layers were done on ITO/a-NbOx/C60 films. The 
high dependency of the EF on the layers underneath of the perovskite might be the reason for the 
n-type character of the perovskite surface.12  
 
 

       
 

    
Supplementary Fig. 9. Energy levels of layers for the opaque and semitransparent 
perovskite cells. Relative band edges for the layers in the opaque single-junction a,b, perovskite 
and c, semitransparent perovskite top cells (for perovskite/silicon tandems). The “solid black” 
lines represent the measured WF values of the given films. d, KPFM measurement results of the 
various stacks. Note that, for KPFM measurements, the samples were exposed to ambient air 
while UPS/IPES samples transferred in a vacuum. 
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Supplementary Fig. 10.  UPS and IPES spectra of the films with a detailed view of cut-off 
values. VBM values have been calculated using the equation of VBM = WF + Eonset, 
Eonset represents the UPS photoemission onset energy. 
 
Supplementary Table 3. The direct comparison of the band edges, work function, and bandgap 
of the Nb2O5 and np-SnOx films used in this study with other reports in the literature with 
different techniques. 
Nb2O5 

Technique  Eg (eV) Technique  CBM (eV) WF (eV) VBM (eV) Ref. 
Sputtering 3.85 UPS -4.35 -4.70 -8.20 13 
Sputtering - KPFM - -4.31 - 14 
Sol-gel 3.37 UPS -4.37 - -7.74 15 
Nanoparticle/Spin coating 3.46 UPS/KPFM -4.33 -4.80 -7.79 16 
E-beam  UPS - -4.25 - 17 
Solution 3.41 UPS -4.02 -6.66 -7.43 18 
Solution - KPFM - -4.28 - 19 
Sputtering 3.65 UPS -3.85 -4.32 -7.50 This work 
Sputtering+C60 - UPS -3.85 -4.33 -6.30 This work 

SnO2 
Technique  Eg (eV) Technique CBM (eV) WF (eV) VBM (eV) Ref. 
Sputtering 3.72 UPS -4.36 -5.01 -8.08 20 
Sputtering 3.99 UPS -3.65 -4.20 -7.44 21 
Solution - UPS - -4.20 -7.80 22 
Solution 3.91 UPS -4.85 -5.16 -8.76 23 
ALD 3.25 UPS -4.32 -4.20 -7.57 24 
Alfa-np 3.79 UPS -4.31 -4.36 -8.10 25 
Alfa-np 3.62 UPS -4.01 -4.01 -7.91 This work 
Alfa-np+C60 - UPS -3.80 -4.30 -6.35 This work 
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Supplementary Fig. 11. Optical properties of the sputtered a-NbOx and np-SnOx films. a, 
Spectroscopic ellipsometry data for the sputtered a-NbOx films. b, Absorptance spectra of np-SnOx 
and RF-sputtered a-NbOx films in the logarithmic scale. The measured optical band gap values of 
the c, a-NbOx, and d, np-SnOx films from (αhn)2 vs hn graphs. Here, 50 nm of a-NbOx and 20 nm 
of np-SnOx films have been deposited on bare glass substrates, and transmittance (T), reflectance 
(R) measurements were performed with integrating sphere. Interestingly, although our NbOx films 
are amorphous, they show a steeper absorption edge, which suggests a less disordered 
microsctructure compared to np-SnOx films (Supplementary Fig. 5b). e, Absorptance (A) spectra 
of the a-NbOx and np-SnOx films with and without C60-anchoring.  
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Supplementary Fig. 12. Structural and optical properties of the 1.61 eV perovskite 
absorber. a, XRD graph b, SEM top-view image of the perovskite absorber layer, which is used 
for the fabrication of the single junction devices. Excess PbI2 phases can be seen (bright regions) 
at the grain boundaries. The calculated optical band gap values for c, low and d, wide bandgap 
perovskite for the 640 nm layer. e, The PL emission of the perovskite samples with different 
bandgaps extracted from the streak camera image. The PL peaked at ~738 nm corresponding to 
1.68 eV (slightly different from the Tauc plot) while ~768 nm corresponding to 1.61 eV bandgap 
perovskite. 
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Supplementary Fig. 13. Single junction device statistics of C60-anchored np-SnOx and a-
NbOx films. Results for 1.61 eV based perovskite absorbers. Note that all devices here utilize 
C60-anchored ESLs.  
 
Supplementary Table 4. Performance overview for the fabricated single-junction PSCs and 
mini-modules. Note that, the reported devices are with 2D/3D passivation on perovskite layers 
and utilize doped spiro-TTB/TPBI/VOx as HSL. 

 
ESL stack Perovskite 

Bandgap 
Area Scan 

Direction 
VOC  

(mV) 
JSC 
(mA 

cm-2) 

FF 
(%) 

PCE 
(%) 

np-SnOx 1. 61 eV 0.1 cm2 
VOC to JSC 1069 23.0 72.6 17.8 
JSC to VOC 1006 23.0 64.2 14.8 

C60-anchored np-
SnOx  1. 61 eV 0.1 cm2 

VOC to JSC 1155 23.7 72.6 19.9 
JSC to VOC 1065 23.7 68.2 18.4 

a-NbOx 1. 61 eV 0.1 cm2 
VOC to JSC 1082 23.8 71.7 18.5 
JSC to VOC 911 23.8 63.4 13.8 

C60-anchored a-NbOx  1. 61 eV 0.1 cm2 
VOC to JSC 1155 24.0 76.8 21.3 
JSC to VOC 1158 24.0 75.8 21.1 
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Supplementary Fig. 14. Influence of the a-NbOx thicknesses on the performance of the 
single-junction solar cells (1.61 eV). The statistical distribution of the device characteristics of 
the C60-anchored a-NbOx based devices with different a-NbOx thicknesses, without cherry-
picking from the batch. Note that, the reported devices here do not have 2D/3D passivation on 
perovskite layers.  

25
 nm

50
 nm

75
 nm

10
0 n

m

20

21

22

23

24

25

Js
c 

(m
A 

cm
-2

)

25
 nm

50
 nm

75
 nm

10
0 n

m
1040

1050

1060

1070

1080

1090

1100

1110

1120

1130

Vo
c 

(m
V)

25
 nm

50
 nm

75
 nm

10
0 n

m
60

62

64

66

68

70

72

74

76

78

80

FF
 (%

)

25
 nm

50
 nm

75
 nm

10
0 n

m

15

16

17

18

19

20

21

PC
E 

(%
)



 
 

17 
 

Supplementary Note 6: Electric-field simulation for the single-junction perovskite solar 
cells 

  
 
Supplementary Fig. 15. Potential and electric field distribution on single-junction solar 
cells. Spatial distribution of the potential and b, the electrical field across the np-SnOx, and c, d, 
across the NbOx based PSCs. Here, PSC represents 1.61 eV perovskite, and Spiro describes 
Spiro-OMeTAD. 
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Supplementary Table 5. Parameters used for the simulations. Here, IL1 and IL2 represent the 
interface defect layers (for interfacial recombination) which were inserted ESL/perovskite and 
perovskite/HSL interfaces respectively. The thickness, and energetics (bandgaps, electron affinity) 
related to the perovskite and other layers used in the simulation are obtained from spectroscopic 
ellipsometry and UPS/IPES Measurement measurements and listed in Supplementary Fig. S10 
and Table 3. The dielectric constant (permittivity) at room temperature for a-NbOx and np-SnOx 
are measured by impedance spectroscopy. The Hall mobility of the a-NbOx samples were out of 
range of the measurement tool so they were assumed same with np-SnOx. Furthermore, other input 
parameters used in the simulation which are not included were set to be identical and consistent 
with previous simulations performed on perovskite solar cells 26 : effective density of states at 
conduction (CB) and valence band (VB) were set to be 2.2 x 1018 and 1.8 x 1019 cm-3. The rest of 
the parameters are based on the literature values as given in the references.    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 16. Comparison of potential distribution on the single-junction devices. 
Comparative analysis of potential distribution between NbOx and the SnOx PSCs at -0.5V 
(representative voltage) and summary of the peak ratios of the electric field at ESL/perovskite and 
perovskite/HSL interfaces. 

 
 

Parameters ITO NbOx SnOx C60 IL1 PVK IL2 Spiro- 
TTB 

Thickness (nm) 120 50 20 2 5 600 5 25 
Bandgap (eV) 3.06 3.85 3.9 2.45 1.68 1.68 1.68 3.44 
e affinity (eV) 4.3 3.85 4.01 3.85 3.84 3.84 3.80 2.22 

Permittivity (εr) 9.0 (26) 38.6 10.4 4.25 (27) 6.6 6.6 (26) 6.6 3.0 (28) 
Mobility of e- (cm2 V-1 s-1) 20 (26) 0.34 0.34 0.16 5.31 (29) 5.31 (29) - - 

Mobility of h+ (cm2 V-1 s-1) - - - - - 10.19 (29) 10.19 
5.7 x 10-5 

(30) 

Density of n-type doping (cm-3) 
1.0 x 1019 

(26)  
1.3 x 109 9.3 x 1015 1.0 x 1017 1.0 x 1013 1.0 x 1013 1.0 x 1013 - 

Density of p-type doping (cm-3) - - - - - - - 
1.0 x 1018 

(31) 

Defects Density (cm-3) 
1.0 x 1015 

(26) 
1.0 x 1015 1.0 x 1015 1.0 x 1015 

1.0 x 1017 

(32) 
3.0 x 1011 

1.0 x 1017 

(32) 
1.0 x 1015 

 
Type Bias Peak 1 Peak 2 Peak1/Peak2 

SnOx -1.0 3.25e6 4.01e6 0.80 

 -0.5 2.42e5 3.01e6 0.81 

  0.5 8.01e5 8.40e5 0.95 

 1.0 2.10e5 1.50e6 0.14 

NbOx  -1.0 3.51e6 4.38e6 0.82 

 -0.5  2.80e6 3.34e6 0.83 

  0.5  1.28e6 1.20e6 1.06 

 1.0  8.44e5 6.58e5 1.27 
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Supplementary Fig. 17. Influence of the dielectric constant of ESLs on the device parameters. 
a-d, Simulated device parameters for PSCs as a function of the dielectric constant of the ESL. 
Increasing the dielectric constant of ESL results in increment on the FF and VOC values. Therefore, 
one can attribute FF enhancement in a-NbOx based PSCs to the high dielectric constant of a-NbOx 
which is relatively higher than the np-SnOx, as measured by impedance spectroscopy in panel e. 
The relative dielectric constant (ε’) for both materials were calculated from complex impedance 
data using parallel plate capacitor model (for 20 nm SnO2 and 50 nm Nb2O5 layers.), given by: 
 

ε’ =
t

ωAε!
	 .

𝑍""

𝑍"# + 𝑍""# 

 
Here, A is the cross-section area of the parallel plate capacitor, t is the thickness of the individual 
layers, ε0 is the permittivity of free space, ω equals 2πf (f is the frequency of operation), Z' is the 
real part and Z” is the imaginary part of the complex impedance data.33 The dielectric constant of 
the thin films remained constant for both materials in from 100 to 50 kHz. A picture of the stacks 
used for measurements (Ag/a-NbOx/Ag, and Ag/np-SnOx/Ag) are shown in the inset. 
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Supplementary Fig. 18. a-NbOx enables higher FF values compared to np-SnOx ESLs. a, 
Light and dark J-V curves for the PSCs based on a-NbOx and np-SnOx based ESLs. b, Semilog 
dark J-V curves of the devices. c, Si test cell, and d, corresponding J-V curves with different J-V 
scan cycles. Interestingly, we observed that applying a voltage bias to the silicon test cells with 
a-NbOx interlayer enhances the FF of the devices. The increased passivation effect of the light-
soaked a-NbOx ESL was observed previously for silicon solar cell applications.34 The 
mechanism, in general, explained by increasing excess electron density by light was likely to be 
injected or tunneled into trap states in the oxide film and increased level of field-effect 
passivation.35, 36 In line with this, the J-V characteristics of our devices confirm this behavior. 
Although np-SnOx based devices show ideal diode behavior, the dark J-V of the a-NbOx based 
devices show different behavior and forms a crossover with the light J-V curves, which confirms 
light-induced enhancement of the diode behavior. Our TRPL measurements further confirm the 
field-effect passivation of the a-NbOx films by showing enhanced PL lifetime, even higher than 
bare quartz glass substrates. PL lifetime of the np-SnOx/perovskite stack is much lower than the 
quartz/perovskite stack.  
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Supplementary Note 7: Maximum power point tracking (MPPT) measurements algorithm 
The stabilized power measurements have been recorded via the homemade LabView® based 
software using a three-point weight comparison method. The concept of this method is the same 
as that of ‘perturb and observe’ (P&O); that is, the MPPT is realized by observing the power 
change induced by a perturb voltage.37 The difference is, our method uses two perturb voltages 
(Supplementary Fig. 19), and so we have three power points to weigh the power changes. This 
method can avoid the unnecessary change of the operation voltage when solar radiation is 
varying quickly or when data reading error occurs.38  
 
 

 
 
Supplementary Fig. 19. Algorithm for MPP measurements. Algorithm for three-point weight 
comparison. 
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Supplementary Note 8: Interpretation of hysteresis behavior 
The hysteretic behavior of our devices when the voltage scan direction changes can be due to 
several reasons: (i) the charge accumulation at the ESL/perovskite interface due to the potential 
barrier induced by the high CBM offsets, (ii) trap states at the interfaces, (iii) migration of the 
charged ion through the interface under electric field due to the defects within the perovskite, (iv) 
the change of the surface chemistry of the perovskite layer after deposition on ESLs, as a 
characteristic of the chosen composition.39-41 Here, based on our UPS/IPES measurements, there 
is no potential barrier at C60-anchored a-NbOx/perovskite (1.61 eV) contacts. Low bulk 
conductivity of the a-NbOx may also cause unbalanced charge extraction at the contacts and causes 
hysteresis behavior. This problem has been fixed in the TiO2 case by utilizing the mesoporous 
scaffold, which increases the surface area and provides efficient charge extraction. Here, this effect 
can be minimized by the doping of a-NbOx layers as a future study. To shed more light on the 
hysteresis phenomenon, we performed transient photocurrent (TPC) measurements on the a-NbOx- 
and np-SnOx-based devices with and without C60-anchoring. Pristine a-NbOx shows a clear 
overshoot in the TPC transient, which is commonly attributed to complications in the charge 
extraction, such as charge accumulation at the a-NbOx/perovskite interface. This phenomenon is 
suppressed in the pristine np-SnOx sample. However, after C60-anchoring, the current overshoot is 
eliminated for both a-NbOx and np-SnOx samples, suggesting an improved extraction induced by 
the presence of C60.40 As presented in Supplementary Fig. 20, the hysteresis index (HI) of the 
devices decreases with both decreasing and increasing the scan speed. TPC measurements confirm 
also the fast stabilization of the PMPP values (within the microseconds regime). We fully eliminated 
the hysteresis on the devices by utilizing urea additive and iBAI:FAI 2D/3D mixed surface 
passivation of the devices, as discussed in Supplementary Fig. 30. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 20. Hysteresis analysis of single-junction solar cells. a, Influence of the 
voltage scan speed on the hysteresis behavior of the C60-anchored a-NbOx based PSCs based on 
1.61 eV perovskite absorbers. b, Transient photocurrent behavior of the devices measured with a 
white LED and a 100 μs square pulse. Here the measurements are performed on the device stack 
shown in Figure 2a. According to the J-V characteristics, our devices demonstrate normal 
hysteresis. 42, 43  
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Supplementary Note 9: Fabrication of micrometer-thick perovskite absorbers on textured 
interfaces 
Processing perovskite films on rough surfaces via solution-based techniques was a great challenge 
in the community. The main obstacle was achieving well-covered interfaces since the randomly 
oriented surface features (pyramids in c-Si bottom cell case) was contacting with top electrodes 
and was causing shunt problems. In our recent study, we demonstrated the processability of the 
spin-coating technique on textured interfaces.44 Here, additionally, we utilize the combination of 
boosted solvent extraction (BSE) technique, which is reported by Chen et al.45 Supplementary 
Fig. 21a plots the spin-coating recipe used for the fabrication of perovskite layers. One of the key 
enablers forming pin-hole free and continuous films is using the reduced average pyramids size to 
the 1-2 mm range as defined in the previous study.44 BSE technique enables a homogeneous and 
smooth morphology in perovskite films having a large crystal, as shown in the SEM cross-section 
image in Supplementary Fig. 21b, and enhanced diffusion length.45 Importantly, the high 
concentration of the perovskite precursor ink is another key enabler of such thick films at high 
quality together with the BSE technique. Note that depending on the surface energy of the 
underlying layer, the second step in the spinning recipe can be altered by increasing (for low 
surface energy) or decreasing (for high surface energy) the processing window of the second step. 
 

 
 

 
 
Supplementary Fig. 21. Deposition protocol of perovskite layers on textured substrates. a, 
Spin coating recipe of the perovskite absorbers on textured c-Si bottom cells. b, Cross-section 
SEM image of the full-device stack on textured c-Si bottom cells. The white bar is 2mm.   
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Supplementary Fig. 22. Large area deposition of a-NbOx films on commercial silicon solar 
cells. The picture of the 20 nm a-NbOx films (blue colored region) on a 6-inch commercial SHJ 
solar cell, which is clearly showing the large-scale fabrication potential of the sputtered a-NbOx 
layers. The flagged blue area presents the a-NbOx layer. Processing of the thin-film components 
of the tandem solar cell up to a 6-inch wafer scale is a critical step to get the full benefits of the 
well-established c-Si technology. For this, scalable and industry compatible techniques should be 
considered for the fabrication of such layers, such as sputtering. Previously, we reported 
nanocrystalline NiOx hole transport layers46 with RF sputtering, which is now widely used for p-
i-n configuration tandem solar cells.44, 47 Here, for n-i-p based tandems, we developed a-NbOx 
films with the same technique. The photograph of the a-NbOx films on textured-commercial SHJ 
solar cells which shows the high homogeneity of the films over a large area. 
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Supplementary Fig. 23. Comparison of various ESLs on tandems without 2D/3D 
passivation. a, SEM top-view images and b, J-V characteristics of the devices on various ESLs. 
The scale bar is 1 mm. The thickness of the thermally evaporated C60 is 20 nm, atomic layer 
deposited SnOx is 20 nm,48 sputtered SnOx is 17 nm,21 np-SnOx is around 20-50 nm25 (varies at 
profile due to the inhomogeneous deposition of np-SnOx). We should note that C60 ESL-based 
devices resulted in shunt behavior, due the potential dissolution during the perovskite processing. 
Note that, the devices here are identical apart from the ESLs. All ESL are modified by C60-SAM.   

C60 

ALD-SnO2 a-NbOx 

a 

b 

np-SnOx Sputter-SnOx 

0.0 0.5 1.0 1.5
-20

-15

-10

-5

0

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

Voltage (V)

0.0 0.5 1.0 1.5
-20

-15

-10

-5

0

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

Voltage (V)
0.0 0.5 1.0 1.5

-20

-15

-10

-5

0

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

Voltage (V)
0.0 0.5 1.0 1.5

-20

-15

-10

-5

0

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

Voltage (V)

C60 

ALD-SnO2 a-NbOx 

np-SnOx Sputter-SnOx 

0.0 0.5 1.0 1.5
-20

-15

-10

-5

0

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

Voltage (V)

27.5% 
HI: 3.8 

22.8% 
HI: 9.5 

17.8% 
HI: 2.6 

16.1% 
HI: 5.0 

10.7% 
HI: 0.9 



 
 

26 
 

 

  
 

   
Supplementary Fig. 24. Comparison of various HSLs on tandem solar cells. a, J-V and b, 
EQE comparison of the tandem devices based on Spiro-OMeTAD and F6-TCNNQ doped Spiro-
TTB HSL. c, J-V and d, EQE comparison of F6-TCNNQ doped Spiro-TTB and TaTm HSLs. 
Note that for fair comparison, both devices utilize 100 nm front IZO and 170 nm rear ITO, and 
the perovskite layers are not passivated by iBAI:FAI. R represents the reverse scan. 
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Supplementary Fig. 25. Optimization of F6-TCNNQ doping of spiro-TTB for tandems. a, 
Optical transmittance (T, dashed lines) and absorptance (A, continuous lines) spectra of the F6-
TCNNQ doped spiro-TTB and TaTm layers. b, EQE spectra, and c, device statistics of the 
tandems based on doped Spiro TTB layers. Here, the devices were fabricated in the same batch, 
and the results were reported without any cherry-picking. Note that for fair comparison, all 
devices utilize 100 nm front IZO and 170 nm rear ITO as transparent electrodes, and the 
perovskite layers are not passivated by iBAI:FAI. 
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Supplementary Note 11: Comparison of n-i-p and p-i-n tandem solar cells 
Here, we reported the EQE and 1-R results for the optimized device configurations of n-i-p and p-
i-n devices. The p-i-n configuration devices were fabricated as shown in Ref.44 The EQE losses at 
NIR region of n-i-p devices is due to the parasitic absorption originating from the doped Spiro 
TTB. As can be seen in Supplementary Fig. 26.b, spiro-TTB/VOx contacts cause less parasitic 
absorption in the blue region than C60/SnOx contacts. Both n-i-p and p-i-n SHJ subcells show 
similar NIT responses. 
 

   

  
 
Supplementary Fig. 26. Comparison of n-i-p and p-i-n tandem solar cells. a, EQE 
comparison of p-i-n and n-i-p configuration tandems fabricated with 20 nm C60/20 nm ALD 
SnO2/100 nm IZO contacts and 25 nm F6-TCNNQ doped Spiro-TTB/12 nm ALD VOX/100 nm 
IZO contacts, respectively. b, Absorptance (A) spectra comparison of 20 nm C60 and 25 nm F6-
TCNNQ doped Spiro-TTB contacts. c, EQE, and 1-R (dotted lines) spectra of the n-i-p and p-i-n 
bottom cells with only 15 nm RJ ITO layer and with printed metal fingers. d. The architecture of 
the devices used for EQE measurements in panel c.   
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Supplementary Fig. 27. Performance analysis of n-i-p silicon bottom cells. a, Device 
architecture of the SHJ bottom cells and recombination junction test structures and b, 
corresponding J-V characteristics. The test devices were fabricated on the same wafer used for 
the tandem devices, and the front side is metalized by screen-printed metal fingers. Here, 
although it’s insulating nature, a-NbOx does not bring considerable resistive losses at 0.5 suns. c, 
Contact resistivity results from transmission line measurement (TLM). 
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Supplementary Fig. 28. Device statistics of the perovskite/silicon tandems based on C60-
anchored a-NbOx. Device statistics for 30 devices over 5 subsequent batches. Note that the 
given device parameters represent the J-V measured data (for the reverse scan) after 5 minutes of 
MPP tracking.  
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Supplementary Fig. 29. Optical simulation for the perovskite/silicon tandem solar cells. 
SunSolve EQE and 1-R simulation results for the rear side textured and double-side textured 
perovskite/silicon tandem solar cells. For the rear-side-textured devices, interference fringes at 
the near-infrared part are originating due to the front reflection of the devices. Double-side-
texturing maximizes the light coupling at this part of the spectrum by minimizing the reflection. 
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Supplementary Fig. 30. Mixed 2D/3D passivation of wide bandgap perovskites. a, SEM 
cross-section images of 1.68 eV perovskite layers on glass/ITO/C60-anchored a-NbOx and 
textured c-Si/ITO/C60-anchored a-NbOx substrates for before and after mixed 2D/3D passivation. 
b, GIXRD of the perovskite layers with and without 2D/3D passivation. Here, the perovskite 
layer has 10 mM excess PbI2 inside the precursor solution. By applying this passivation, iBAI 
assists the formation of crystalline perovskite phase when FAI reacts with the excess PbI2.  
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Supplementary Fig. 31. Single-junction perovskite solar cells based on mixed 2D/3D 
passivation of 1.68 eV perovskites. a-d, Device statistics of single junction devices for various 
organic cations mixtures. g, The distribution of the hysteresis index of the single junction devices 
with various cation mixtures. f, Representative J-V curve for iBAI:FAI passivated single-
junction devices. Note that the concentration of the solution was 10 mM and the iBAI:cation 
ratio was 3:1 by weight. g, The distribution of the hysteresis index of the devices before and after 
urea additive, and h, representative J-V curve for both iBAI/FAI passivated and urea additive 
applied devices. 
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Supplementary Table 7. Summary of the perovskite/silicon tandem solar cells in the 
literature. Here the devices are categorized according to used ESL and HSL materials and used 
bottom cells. 
n-i-p configuration 

Perovskite 
Absorber 

(Aperture area) 
ESL HSL 

Buffer 
Layer 

Bott
om 
Cell 

Scan 
Direction 

VOC 
(V) 

JSC 

(mA 
cm-2) 

FF 
(%) 

PCE 
(%) 

Stability Year Ref. 

Silicon heterojunction bottom cells 
MAPbI3 

(1.43 cm2) 
PCBM 

Spiro-
OMeTAD 

 
MoOx 

RST 
VOC to JSC 1718 16.4 70.0 19.7 

n/a 2016 49 
JSC to VOC 1717 16.4 73.1 20.6 

FAMAPbI3-xBrx 

(0.16 cm2) 
SnO2 

Spiro-
OMeTAD 

 
MoOx 

DSP 
VOC to JSC 1785 14.0 79.5 19.9 

n/a 2016 50 
JSC to VOC 1759 14.0 77.3 19.1 

MAPbI3 

(0.17 cm2) 
PCBM 

Spiro-
OMeTAD 

 
MoOx 

DSP 
VOC to JSC 1690 15.9 77.6 20.9 

n/a 2016 51 
JSC to VOC 1692 15.8 79.9 21.4 

CsxMA1-xPbI3 

(1.43 cm2) 
C60 

Spiro-
OMeTAD 

 
MoOx 

RST 
VOC to JSC 1777 16.5 74.4 21.8 

n/a 2017 52 
JSC to VOC 1779 16.5 74.1 21.7 

CsFAMAPbI3-xBrx 

(0.13 cm2) 
SnO2 

Spiro-
OMeTAD 

 
MoOx 

DSP 
VOC to JSC 1830 16.0 70.0 20.4 

n/a 2019 53 
JSC to VOC 1810 16.0 69.0 20.0 

CsFAMAPbI3-

xBrx 

(1.03 cm2) 

a-
NbOx 

Spiro-
TTB 

TPBI/
VOx 

DST 
VOC to JSC 1828 19.5 75.9 27.1 

T90, 150h 2020 T.W. 
JSC to VOC 1837 19.5 72.5 26.0 

Homo-junction silicon bottom cell 

FAMAPbI3-xBrx 

(4 cm2) 
SnO2 

Spiro-
OMeTAD 

MoOx DSP 
VOC to JSC 1676 16.1 78.0 21.0 

n/a 2018 
 

54 JSC to VOC 1688 16.2 70.0 19.1 

FAMAPbI3-xBrx 

(4 cm2) 
SnO2 

Spiro-
OMeTAD 

MoOx RST 
VOC to JSC 1732 16.5 81.0 23.1 

n/a 2019 
 

55 JSC to VOC 1729 16.4 79.0 22.5 
FAMAPbI3-xBrx 

(4 cm2) 
SnO2 

Spiro-
OMeTAD 

MoOx RST 
VOC to JSC 1740 16.2 78 21.9 

n/a 2018 
 

56 JSC to VOC 1739 16.2 76 21.3 
Poly-silicon passivating contact silicon bottom cells 

CsRbFAMAPbI3-

xBrx (1 cm2) 
TiO2 PTAA MoOx RST 

VOC to JSC 1763 17.8 78.1 24.5 
n/a 2018 

 
57 JSC to VOC 1735 17.8 77.7 24.0 

 
Champion p-i-n configuration devices published as of April 2021 

Silicon heterojunction bottom cells 

CsFAPbI3-xBrx 

(1.03 cm2) 
C60 

Spiro-
TTB 

SnO2 DST 
VOC to JSC 1735 19.8 73.1 25.1 Outdoor 

test 
2020 

58 
 JSC to VOC 1732 19.8 71.8 24.6 

CsFAMAPbI3-xBrx 

(1.03 cm2) 
C60 NiOx SnO2 DST 

VOC to JSC 1793 19.1 75.4 25.6 
T90, 400h 2020 44 

JSC to VOC 1781 19.1 73.7 25.2 

CsFAPb(IxBryClz)3 
(1 cm2) 

C60 
NiOx/Poly

-TPD 
SnO2 RST 

VOC to JSC 1876 18.6 74.9 26.1 n/a for 
tandems 

2020 47 
JSC to VOC n/a n/a n/a n/a 

CsFAMAPbI3-xBrx 

(1 cm2) 
C60 PTAA PEIE RST 

VOC to JSC 1818 19.4 76.4 26.2 n/a for 
tandems 

2020 59 
JSC to VOC n/a n/a n/a n/a 

 
CsMAPbI3-xBrx 

(n/a) 
C60 PTAA SnO2 DST 

VOC to JSC 1820 19.2 75.3 26.2 
T90, 100h 2020 60 

JSC to VOC 1820 19.2 74.4 26.0 

CsFAMAPbI3-xBrx 

(1 cm2) 
C60 

MeO-
4PACz 

SnO2 RST 
VOC to JSC 1910 19.4 78.9 29.1 

T90, 300h 2020 61 
JSC to VOC 1910 19.4 78.5 29.0 

DSP: double side polished, RST: rear side textured, DST: double side textured, T.W: this work  
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Supplementary Note 13: Comparison of ALD deposited VOx and thermally evaporated 
WOx buffer layers 
Transition metal oxides MoOx62, WOx63, and VOx64 good buffer layers to sputtering damage during 
the deposition of transparent conductive oxides on top of the soft layers such as organic ESLs and 
HSLs in addition to their exceptional electronic properties for charge injection and extraction in 
electronic devices.65 Here, we choose ALD VOx buffer layers on our tandems. As can be seen from 
top-view SEM images, ALD deposited 12 nm VOx provides better coverage of the surface cracks 
and enables better FF values on the devices due to increased shunt resistance. Although evaporated 
20 nm WOx is more transparent (thinner films reduced the shunt resistance), its absorptance is 
screened by the spiro-TTB layer. In addition, WOx brings contact resistivity problems. Therefore, 
for our tandem devices, we utilized ALD VOx buffer layers.  
 

 
 

  
 

Supplementary Fig. 32. Choosing a protective buffer layers for tandems. a, Absorptance 
data for the thermally evaporated 20 nm WOX, 12 nm MoOX, and atomic layer deposited 10 nm 
VOX films on soda-lime glass substrates. b, Corresponding reverse J-V curves of the tandems. c, 
SEM top-view images of the perovskite grown on textured bottom cells. The inset values show 
the UPS analysis results of the 20 nm WOX, and the atomic layer deposited 10 nm VOX films on 
c-Si/ITO substrates. The white scale bar is 500 nm.
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Supplementary Fig. 33. Optical enhancement in tandem solar cell with TCO optimization. 
a, EQE curves of the SHJ bottom cells measured from full tandem solar cells with 170 nm rear 
ITO and IZRO contacts. Here, replacing ITO electrodes by IZRO enables 0.23 mA cm-2 
enhancement on the response of the SHJ bottom cells. Note that here the front TCO is 100 nm 
IZO, therefore the SHJ bottom cell response is lower than that of the right hand side panel. b, 
EQE curve of the tandems solar cells with 70 and 100 nm front IZO contacts. Here, 70 nm IZO 
has 60 ohm/sq sheet resistivity while 100 nm has 40 ohm/sq in average.  
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Supplementary Fig. 34. Encapsulation of the tandem devices for stability tests. a, J-V 
characteristics and b, corresponding EQE spectra of the tandem devices before and after 
encapsulation. Here the chosen device is a random device and does not represent the champion 
tandems. The Jsc losses originate due to the reflection from the front side glass. c, The 
photograph, and d, sketch of the glass/glass encapsulated devices. Here, butyl rubber edge 
sealing is applied between 3 mm low iron glasses. e, Temperature profile of the “cell” and the 
photograph of the devices during the stability measurements. For the encapsulated cells, although 
the chuck was kept at 25 °C, the cell temperature reached ~40°C and stabilized at this value since 
the devices do not have intimate contact with the back glass, which leads insufficient cooling.  
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Supplementary Fig. 35. Stability of a-NbOx based single-junction devices with 1.68 eV 
perovskites. Here, the ‘85 °C in the GB’ cell represents a condition of keeping the device on the 
hotplate in a nitrogen glove box to mimic a humidity-free environment but still standard test 
temperature. In the condition of RT at ~25% RH represents a condition of keeping devices at 
dark but at room temperature with a constant relative humidity of ~25%. Note that, for the 
devices without IZO, we used 100 nm gold contacts instead of silver to eliminate the degradation 
induced by silver. 
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Supplementary Note 14: Space-charge-limited current (SCLC) and impedance analysis of 
single-junction opaque devices 
To quantify the electron trap densities, we performed space-charge-limited current (SCLC) 
measurements on electron only devices with a-NbOx/Perovskite/PCBM/Ag architecture with and 
without C60-anchoring.  
For this, we recorded current as a function of the applied voltage from the electron only devices, 
under dark with a Keithley 2400 source meter. Electrical conductivities were extracted from the 
slope of the linear ohmic regime at low bias. Also, the devices showed the typical nonlinear dark 
current-voltage plots, where the current is limited by the trap-assisted space charge conduction. 
Trap densities were calculated by using the following equation; 

𝑛traps = 	2𝜀𝜀oVTFL/qd2 
where VTFL is the onset voltage of the trap-filled-limit, q is the electronic charge, d is the thickness 
of the perovskite, ε is the dielectric constant of the material (25.5)66 and εo is the vacuum 
permittivity. 
We found that there is no considerable difference in terms of electron trap densities as average trap 
densities of both conditions is about 1.75 x 1015 cm-3. Such values are considerably lower than the 
reported literature values with np-SnOx and TiO2 ESLs, which are generally in the range of 1016 

cm-3. 67, 68 This suggests that the a-NbOx-based devices exhibit low electron trap density within the 
perovskite layer and at the interfaces. On the other hand, C60-anchoring reduces contact resistivity, 
which is extracted from the ohmic region of the SCLC graphs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 36. SCLC analysis of single-junction devices based on a-NbOx ESLs. 
SCLC curves of the electron only devices with and without C60-anchoring.   
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Supplementary Note- 15: Impedance analysis of single-junction opaque devices 
Supplementary Figure 37a shows the impedance measurements performed from 10 MHz to 1 mHz 
at Voc for an illumination light intensity of 0.01 suns and the corresponding fit using equivalent 
circuit shown in the inset. We performed the impedance measurements at VOC under different 
illumination intensities and plot the results in Supplementary Figure 37b. This figure shows the 
corresponding series resistance extracted, indicating a significant reduction in overall series 
resistance for C60 anchored a-NbOx-based devices. 
 

 

  
 
Supplementary Fig. 37. Impedance analysis of the a-NbOx and C60-ancored a-NbOx contacts.  
a, Nyquist plot from impedance spectroscopy (IS) measurements and the corresponding fitting for 
single-junction perovskite devices based on a-NbOx and C60-anchored a-NbOx at VOC condition 
under 0.01-sun illumination. (Inset: Equivalent circuit diagram model used for fitting the IS 
measurement). b, Series resistance extracted from Nyquist plot at VOC for both devices at different 
illumination intensities. c, Low and high resistance extracted from impedance measurements at 
VOC using various illumination intensities. d, The low and high-frequency capacitance values 
extracted from the IS measurements. Here, we performed measurements on the single-junction 
devices with, as sketched in Figure 2a.  
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Supplementary Fig. 38. PL analysis of perovskite layers with and without charge selective 
layers. Absolute PL spectra of perovskite and perovskite/transport layer stacks for a, 1.61 eV 
and b, 1.68 eV bandgap perovskites. The high energy tail of the spectra is fitted to get QFLS 
values of the samples. The measurement was done at 532 nm excitation under 1-sun illumination 
condition. c, steady-state PL spectra and d, PL decay of the a-NbOx/perovskite stacks on textured 
c-Si/SiNx substrates without and with C60-SAM layers. Here, in contrast to the quartz/a-
NbOx/perovskite sample, we found that without C60-anchoring between a-NbOx and perovskite, 
the PL decay remained unchanged on textured c-Si/SiNx substrates. The difference is due to the 
fact that for the quartz substrates, we excited the samples from the ESL side since the effect of 
interfacial recombination and charge extraction on PL kinetics can be observed more 
prominently due to the penetration depth of the excitation beam. Thus, for both perovskite and a-
NbOx/perovskite, the surface and bulk defects of the perovskite dominate the PL kinetics instead 
of the a-NbOx interface in this condition. 
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Single junction perovskite solar cells 
 

 
 
 

 
Perovskite mini-module 

   
 
 

Perovskite/silicon tandem solar cells 

  
 

Supplementary Fig. 39. Device contact layouts. Contact layouts for single-junction perovskite, 
perovskite mini-module, perovskite/silicon tandem solar cells. 
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