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[bookmark: _Hlk207028806]Supplementary Note S1 
Quasi-Fermi Level Splitting (QFLS) characterizes the disparity in density of free photogenerated electrons and holes between the conduction and valence bands in a solar cell [S1-S3]. Direct determination of QFLS is achievable through absolute Photoluminescence (PL) measurements, assuming that all PL arises from radiative recombination of free charges in the perovskite (PVK).
The Photoluminescence Quantum Yield (PLQY) is defined as the ratio of emitted photon flux (φE) resulting from free carrier recombination in the PVK to the absorbed photon flux (φA). Equivalently, it is the ratio of the total radiative recombination current (Jrad) to the generation current (JG). Under open-circuit voltage (Voc) conditions, where the net current is zero, JG equals the recombination current (JR), encompassing the radiative (Jrad) and all non-radiative recombination processes (Jnon-rad) in the PVK and other layers/interfaces.
                                  (S1)
In quasi-equilibrium under steady-state illumination, the density of free carriers in the valence and conduction bands of the PVK is related to QFLS by the equation:
             (S2)
Here, Nc and Nv are the effective density of states in the conduction and valence bands, T is the temperature, kb is the Boltzmann constant, Ec and Ev are the conduction and valence band energy levels, ni is the intrinsic carrier density in the dark, and QFLS represents the splitting of the quasi-Fermi levels.
Relating this to the radiative recombination current (Jrad) and the dark radiative recombination current (J0, rad), we get:
                                            (S3)
Combining this with Equation (1), we have:
               (S4)
Here, QFLSrad is the radiative limit of the semiconductor material, representing the maximum achievable splitting of the quasi-Fermi levels (hence the Voc) in the absence of nonradiative recombination.
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Fig. S1 Thermal gravimetric analysis (TGA) of the spiro-OMeTAD powders. To ascertain an appropriate temperature setting for the quartz crucible during vacuum thermal evaporation and prevent thermal degradation of spiro-OMeTAD, TGA measurement is used to acquire its decomposition point. The temperature align features a typical decomposition temperature of small organic molecules, showing apparent weight losses at ~400°C, which is in agreement with previous report [S4]. Therefore, spiro-OMeTAD is evaporated at a monitored temperature of ~350°C, achieved by a ramp-up of 20°C/min, a deposition rate of 0.1 Å/s measured by quartz crystal monitors, and a substrate holder without intentional heat control.
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[bookmark: _Ref152689572]Fig. S2 10 min stabilized power output (SPO) PCE of the champion perovskite/c-Si TSCs with evaporated spiro-OMeTAD
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Fig. S3 J-V characteristics of n–i–p perovskite/c-Si TSCs for 1.01 cm2 with traditional spin-coated and VTE-deposited spiro-OMeTAD
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Fig. S4 Independent efficiency measurement of TSC using dual-source solar simulator at New Materials Testing and Evaluation Platform Zhejiang Regional Center. The effective area is defined by an opaque mask with a 1.012 cm2 aperture area. The VOC is 1.9120 V, ISC is 18.925 mA, FF is 79.02% and PCE is 28.25% in the reverse voltage swept (VOC→JSC) I-V curve, and the VOC is 1.9079 V, ISC is 18.800 mA/cm2, FF is 77.83% and PCE is 27.58% in the forward voltage swept (JSC→VOC) I-V curve. The stable PCE is 27.51% by a steady-state measurement (Method: MPPT) of 300s
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Fig. S5 J-V curves of n–i–p PSTSCs with MoOx and without spiro-OMeTAD. Here, we fabricate spiro-OMeTAD-free tandems with a structure of Si sub-cell/ITO/SnO2/Perovskite/MoOx/ITO/Ag. The J-V curves are presented in the Fig. S5, with a JSC of 18.76 mA/cm2, a VOC of 1.76 V, an FF of 52.68%, and a PCE of 17.39%. A modest JSC indicates that removing the HTL can indeed achieve a decent light absorption of tandems. However, the low VOC, FF, and PCE demonstrates that direct contacting MoOₓ to perovskite is unable to effectively realize carrier extraction. Hence, the MoOx in this study is work more as a buffer layer rather than an HTL
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[bookmark: _Hlk206776494]Fig. S6 J-V curves of cells a with different 2D materials (BAI PEAI TEAI) and b with different concentration of BAI. By comparing the different 2D passivation agents, we found that devices passivated with BAI delivered the highest efficiencies. Further optimization of BAI concentration revealed that 2 mg/ml yields the highest fill factor and the best overall performance, indicating that 2 mg/ml BAI passivation pairs optimally with the 10 nm VTE-deposited spiro-OMeTAD
[bookmark: _Ref152016810][image: ]
[bookmark: _Hlk206787441]Fig. S7 The statistical forward-scan data of semi-transparent perovskite solar cells without 2D perovskite, including a JSC, b VOC, c FF and d PCE versus evaporated spiro-OMeTAD thicknesses, extracted from the J-V measurements by illuminating from the hole-transporting layer (HTL) side
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[bookmark: _Hlk206788484]Fig. S8 The statistical reverse-scan data of semi-transparent perovskite solar cells without 2D perovskite, including a JSC, b VOC, c FF and d PCE versus evaporated spiro-OMeTAD thicknesses, extracted from the J-V measurements by illuminating from the hole-transporting layer (HTL) side. It is evident that directly using evaporated undoped spiro-OMeTAD as the HTL just yields modest efficiency, which has been reported in the previous study [5]. Notably, the PCEs increase with spiro-OMeTAD thickness when the spiro-OMeTAD layer is less than 20 nm. This phenomenon may be attributed to the leakage regions that are not well covered by the island growth spiro-OMeTAD. For thicker situations, i.e., when HTL thickness is 30 nm, the FFs and VOCs increase due to improved contact within HTL and perovskite, while the increased parasitic absorption in HTL results in lower JSC.
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Fig. S9 The statistical forward-scan data of semi-transparent perovskite solar cells with 2D perovskite, including a JSC, b VOC, c FF and d PCE versus evaporated spiro-OMeTAD thicknesses, extracted from the J-V measurements by illuminating from the hole-transporting layer (HTL) side
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[bookmark: _Ref152016828]Fig. S10 The statistical reverse-scan data of semi-transparent perovskite solar cells with 2D perovskite, including a JSC, b VOC, c FF and d PCE of semi-transparent perovskite solar cells with 2D perovskite versus evaporated spiro-OMeTAD thicknesses, extracted from the J-V measurements by illuminating from the hole-transporting layer (HTL) side. The champion cell emerges in the 10 nm condition, whereas below this thickness, the cells exhibit relatively lower FFs, which could be caused by the leakages. As the thickness exceeds 10 nm, the PCEs constantly reduce due to the contracted FFs along with stronger parasitic absorption and lower JSCs. The trends in tandem cells are similar to these results as follows in Figure S7.
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[bookmark: _Ref152014745]Fig. S11 J-V characteristics of perovskite/c-Si TSCs with different thicknesses of evaporated spiro-OMeTAD. In the presence of a 2D perovskite, a 10 nm-thick spiro-OMeTAD is sufficient for efficient hole extraction, which is confirmed by the HTL coverage measurement as scanning electron microscopy (SEM) results in Figure S10. When the thickness exceeds 10 nm, the series resistance increases significantly, along with higher parasitic absorption, resulting in a reduction in FFs, JSC, and PCE.
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Fig. S12 Transmittance spectra of evaporated spiro-OMeTAD with different thicknesses
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Fig. S13 Transmittance spectra of 10 nm dopant-free spin-coated spiro-OMeTAD, doped spiro-OMeTAD, and dopant-free VTE-deposited spiro-OMeTAD. Using a profilometer, we confirmed that the undoped spin-coated spiro-OMeTAD layer was ≈ 10 nm thick, and we prepared the doped solution at the same spiro-OMeTAD concentration. The transmission spectrum of the 10 nm undoped spiro-OMeTAD closely matches that of the VTE-deposited film, whereas the transmittance drops noticeably after doping. This decrease arises because the addition of TBP markedly improves the film-forming ability of spiro-OMeTAD, and subsequent lithium-salt doping oxidizes the spiro-OMeTAD.
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[bookmark: _Hlk206777054][bookmark: _Hlk206777097]Fig. S14 Transmittance spectra of target HTL and commonly-used window layers
To comprehensively evaluate the light absorption characteristics of the ultra-thin deposited spiro-OMeTAD in various commonly-used window layers in perovskite solar cells horizontally, demonstrating its parasitic absorption, we deposited spiro-OMeTAD doped with Li salt, cobalt salt, and tBP on white glass using spin coating. In Figure S7, the spin-coated Li-doped spiro-OMeTAD exhibits strong absorption in the range of 300-400 nm, attributed to the inherent absorption properties of spiro-OMeTAD. Correspondingly, the transmitted curve of the 10 nm-thick spiro-OMeTAD film also shows absorption peaks at these wavelengths. However, with reduced thickness, the transmittance of the 10 nm-thick evaporated spiro-OMeTAD is 88.6% at 400 nm, higher than that of the spin-coated Li-doped spiro-OMeTAD, which exhibits absorption not only between 300–400 nm but also in the longer wavelength (> 800 nm). Meanwhile, the transmittance of evaporated spiro-OMeTAD is higher than C60 ETL with a 20 nm thickness that is commonly used in p–i–n perovskite/c-Si TSCs.
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Fig. S15 GIWAXS patterns of a PVK/VTE-deposited spiro-OMeTAD and b PVK/2D/VTE-deposited spiro-OMeTAD samples
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Fig. S16 Topography of the measured area in AFM-IR characteristic. This result reveals that the surface of the PVK/2D/spiro-OMeTAD is smoother than that of the PVK/spiro-OMeTAD film, with the roughness reducing from 11.06 nm to 4.8 nm, which is advantages for uniform deposition of the VTE spiro-OMeTAD on the perovskite surface.
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Fig. S17 a Depth profiles of different elements obtained from TEM. b High-angle annular dark-field image in TEM and the corresponding EDXS mappings. TEM measurements were employed to evaluate the conformality of the spiro-OMeTAD layer. The structure of the test sample was TOPCon silicon bottom cell/ITO/SnOx/perovskite/2D-perovskite/spiro-OMeTAD/MoOx/IZO. The energy-dispersive X-ray spectroscopy (EDXS) analysis also illustrates this structure. A distinct C signal can be observed between the Pb and Mo signals, indicating the presence of spiro-OMeTAD at the perovskite/MoOx interface. The ultra-thin nature (~10 nm) and uniform coverage of the spiro-OMeTAD layer can be confirmed by TEM results.
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Fig. S18 SEM images of (a) neat-PVK, (b) PVK/2D, (c) PVK/HTL, and (d) PVK/2D/HTL
On the clean ITO substrate, we spin-coated tin oxide and perovskite as the control group. Subsequently, we deposited 2D perovskite, spiro-OMeTAD, and 2D/spiro-OMeTAD as the target groups. SEM was employed to compare the surface morphology. The surface of the control sample exhibits a typical 3D perovskite morphology with closely packed polycrystalline perovskite grains. In Figure S9b, after treating the surface of the 3D perovskite with a precursor solution of 2D perovskite, the 2D perovskite covers the surface perovskite grains and grain boundaries, resulting in a more uniform and smooth appearance. After depositing a 10 nm-thick spiro-OMeTAD, the surface of the sample shows no significant change, indicating that the HTL we fabricated is thin and conformal with the underlying perovskite film. Based on this, to achieve better deposition of the upper film, the fabrication of the 2D perovskite layer is essential. A smoother perovskite layer not only allows the upper HTL to be more uniform and denser but also, due to the thinness of the HTL, conforms with the surface of the perovskite layer. The roughness of the perovskite layer directly affects the deposition of the upper layers, including molybdenum oxide, IZO, and the electrode. Importantly, the 2D layer completely covers the grain boundaries of the 3D perovskite, preventing molecules from the deposited upper layers from penetrating through the perovskite layer. This barrier effect enhances device stability by preventing undesirable doping.
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Fig. S19 The AFM measurement of pre- (left) and post-treated (right) samples by BAI solution and thermal annealing.  To compare the surface modifications of 3D perovskite after 2D post-treatment, we conducted atomic force microscopy (AFM) on both pre- and post-treated samples, as shown in Figure R2. The average roughness decreased from 25.0 nm to 15.5 nm, demonstrating that 2D perovskite facilitates more uniform deposition of spiro-OMeTAD despite both the 3D perovskite and BAI-based 2D perovskite and possessing similar functional groups.
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Fig. S20 UPS spectra around the cutoff and onset energy ranges. The calculated HOMO levels for neat-PVK, PVK/2D, PVK/HTL, and PVK/2D/HTL samples are –5.90 eV, –5.74 eV, –5.03 eV and –5.14 eV, respectively
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Fig. S21 UPS results of a) neat-PVK, b) PVK/2D, c) PVK/2D/VTE-deposited spiro-OMeTAD, and d) PVK/VTE-deposited spiro-OMeTAD
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[bookmark: _Ref152250974]Fig. S22 Energy levels extracted from UPS measurements in Fig. S14
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Fig. S23 KPFM images of neat-PVK, PVK/2D, PVK/spiro-OMeTAD, and PVK/2D/ spiro-OMeTAD samples. The lower row displays the cross-section lines of the potential maps taken following the indicator lines above each image
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[bookmark: _Ref152544759][bookmark: _Hlk206750630]Fig. S24 Contact angle measurements by dropping water droplets on surface of neat-PVK, PVK/2D, PVK/spiro-OMeTAD and PVK/2D/spiro-OMeTAD samples. The contact angle of the neat perovskite layer is 52.23° and improved to 64.71° after capped by 2D perovskite. A water contact angle of 86.57° is recorded as Figure R7, which is similar to that of the PVK/2D/10 nm VTE-deposited spiro-OMeTAD (84.29°) and higher than the PVK/10 nm VTE-deposited spiro-OMeTAD (69.31°), indicating that the 2D layer can effectively improve the coverage of spiro-OMeTAD on perovskite.
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Fig. S25 Statistical graph of contact angles. Three points are measured for each case
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Fig. S26 Spiro-OMeTAD deposited directly onto glass by vacuum thermal evaporation exhibits a contact angle of 86.57°, indicating its hydrophobic property
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[bookmark: _Ref152251605]Fig. S27 I-V curves of the space-charge-limited current (SCLC) measurements for the HTL-only devices, using structures glass/ITO/MeO-2PACz/perovskite/evaporated spiro-OMeTAD/Au The defect density can be calculated according to the following equation: 	

where ε and ε0 are the dielectric constant of the perovskite and the vacuum permittivity, respectively, VTFL is the trap-filled limit voltage, L is the thickness of the perovskite film, and e is the elementary charge [S6]. According to this equation, the Nt of the sample with 2D perovskite is 1.34×1015 cm‒3, which is lower than a 3.43×1015 cm‒3 of the reference.
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Fig. S28 Dark I-V curves of a ITO/PEDOT:PSS/BA-based 2D perovskite/spiro-OMeTAD/Au and b ITO/PEDOT:PSS/spiro-OMeTAD/Au samples. To study the electrical conductivity variation of VTE-deposited spiro-OMeTAD with and without 2D perovskite, we prepared two samples with structures of ITO/PEDOT:PSS/BA-based 2D perovskite/spiro-OMeTAD/Au and ITO/PEDOT:PSS/spiro-OMeTAD/Au. The dark I-V curves are shown as Figure R13. The approximately straight curve indicates the ohmic contact between each layer of the test structure, and the slope represents the total transmission resistance. It is obvious that whether there is 2D perovskite or not, the obtained slope is similar to each other. Therefore, 2D perovskite has no observable negative impact on the conductivity of spiro-OMeTAD.
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[bookmark: _Ref152361013]Fig. S29 Decay curves of TAS signals at 764 nm for (a) neat-PVK, (b) PVK/2D and (c) PVK/2D/spiro-OMeTAD samples
[image: ]
[bookmark: _Ref153542104]Fig. S30 Absorption spectra tracking of perovskite films with and without 2D perovskite
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Fig. S31 Dark I–V curves of the ITO/PEDOT:PSS/BA-based 2D perovskite/spiro-OMeTAD/Au devices before and after 200 h of aging at 85 °C. To investigate the conductivity stability of the BAI/VTE-deposited spiro-OMeTAD stack under 85 °C, we kept the ITO/PEDOT:PSS/BA-based 2D perovskite/spiro-OMeTAD/Au structure on a hotplate at 85 °C for 200 h. The dark I–V curves before and after aging are shown in Fig. R14. The nearly linear traces indicate ohmic contacts between all layers, and their slope reflects the total series resistance. No discernible change in slope is observed after aging, demonstrating that the 2D-perovskite/spiro-OMeTAD architecture retains excellent conductivity stability.
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[bookmark: _Ref152361157][bookmark: _Ref152365449]Fig. S32 XRD pattern tracking of (a) PVK and (b) PVK/2D samples before and after aging
[bookmark: _Ref153377793][bookmark: _Ref152664398]Table S1 The summary of the PV parameters of perovskite/c-Si TSCs for 0.135 cm2 by VTE-deposited and spin-coated spiro-OMeTAD in Fig. 1b
	Parameters
	Spin-coated
spiro-OMeTAD
	VTE-deposited
 spiro-OMeTAD

	
	Forward
	Reverse
	Forward
	Reverse

	VOC (V)
	1.892
	1.914
	1.912
	1.927

	JSC (mA/cm2)
	17.75
	17.82
	19.02
	19.09

	FF (%)
	78.34
	80.21
	79.05
	80.80

	PCE (%)
	26.31
	27.36
	28.75
	29.73




Table S2 The summary of the PV parameters of perovskite/c-Si TSCs (1.01 cm2) by VTE-deposited and spin-coated spiro-OMeTAD in Fig. 1b
	Parameters
	Spin-coated
spiro-OMeTAD
	VTE-deposited
 spiro-OMeTAD

	
	Forward
	Reverse
	Forward
	Reverse

	VOC (V)
	1.876
	1.908
	1.906
	1.909

	JSC (mA/cm2)
	17.27
	17.31
	18.77
	18.92

	FF (%)
	78.19
	79.10
	78.94
	79.67

	PCE (%)
	25.33
	26.13
	28.24
	28.77



[bookmark: _Ref152274655]Table S3 PL lifetimes extracted from the TrPL spectra of the PVK, PVK/2D, PVK/spiro-OMeTAD and PVK/2D/spiro-OMeTAD samples following double exponential fitting
	Samples
	τ1 (ns)
	τ2 (ns)

	neat-PVK
	/
	21.14

	PVK/2D
	14.68
	804.9

	PVK/spiro-OMeTAD
	15.51
	186.0

	PVK/2D/spiro-OMeTAD
	14.00
	926.2



[bookmark: _Ref152361051]Table S4 Time components extracted from the TAS decay curves in Figure S21 for the PVK, PVK/2D, PVK/spiro-OMeTAD and PVK/2D/spiro-OMeTAD samples following double exponential fitting
	Samples
	τ1 (ps)
	τ2 (ps)

	neat-PVK
	5.18
	282

	PVK/2D
	4.35
	318

	PVK/spiro-OMeTAD
	4.81
	176

	PVK/2D/spiro-OMeTAD
	4.29
	288


Tab. S5 Summarize of device structures and performance parameters in previous studies shown in Fig. 1g
	Structure of the top solar cell in 
n–i–p perovskite/c-Si TSCs
	Dopant 
(HTM)
	Method
	VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)
	Area (cm2)
	References

	SnO2/MA0.18FA0.74Cs0.08Pb(I0.94Br0.6)3/spiro-OMeTAD/MoOX/ITO/ARC
	Li-salt and tBP
(spiro-OMeTAD)
	Solution processed
	1.78
	17.8
	75
	22.8
	0.13
	[S7]

	[SSnO2/FA0.5MA0.38Cs0.12PbI2.04Br0.96/spiro-OMeTAD/MoOX/ITO
	Li-salt and tBP
(spiro-OMeTAD)
	Solution processed
	1.66
	16.5
	81
	22.2
	0.06
	[S6]

	SnO2/MA0.18FA0.74Cs0.08Pb(I0.94Br0.6)3/spiro-OMeTAD/MoOX/ITO/Au
/PDMS
	Li-salt and tBP
(spiro-OMeTAD)
	Solution processed
	1.75
	16.9
	74
	21.9
	0.13
	[S8]

	SnO2/MA0.18FA0.74Cs0.08Pb(I0.94Br0.6)3/spiro-OMeTAD/MoOX/ITO/Au
	Li-salt, Co-salt and tBP
(spiro-OMeTAD)
	Solution processed
	1.83
	16.0
	70
	20.4
	0.13
	[S9]

	SnO2/(FAPbI3)0.83(MAPbI3)0.17/spiro-OMeTAD/MoO3/ITO/Ag/(Ba,Sr)2SiO4:Eu2+:PDMS
	Li-salt, Co-salt and tBP
(spiro-OMeTAD)
	Solution processed
	1.73
	16.5
	81
	23.1
	4.0
	[S10]

	SnO2/Cs0.17FA0.83Pb(I0.8Br0.2)3/spiro-OMeTAD/MoOX/ITO/Au
	Li-salt and Tbp
(spiro-OMeTAD)
	Solution processed
	1.93
	16.9
	74
	24.2
	0.86
	[S11]

	SnO2/Cs0.22FA0.78Pb(I0.85Br0.15)3/spiro-OMeTAD/MoO3
/ITO/Au
	PTAA, Li-salt and tBP
 (spiro-OMeTAD)
	Solution processed
	1.85
	18.0
	81
	27.0
	0.16
	[S12]

	SnO2/(FAPbI3)0.83(MABr3)0.17/spiro-OMeTAD/MoO3/ITO/Ag
	Li-salt, Co-salt and tBP
(spiro-OMeTAD)
	Solution processed
	1.82
	18.1
	82
	27.2
	1.0
	[S13]

	
	
	
	1.77
	18.0
	76
	24.2
	11.8
	

	
	
	
	1.78
	17.6
	68
	21.1
	65.1
	

	SnO2/Cs0.05MA0.15FA0.8Pb
(I0.85Br0.15)3/spiro-TTB/TPBI/Vox/IZO/Ag
	F6-TCNNQ
(spiro-TTB)
	evaporated
	1.83
	19.5
	76
	27.1
	1.03
	[S14]

	SnO2/ (FAPbI3)0.75(MAPb
Br3)0.25 /CPRA/spiro- OMeTAD/MoOx/IZO/Ag
	spiro-O
MeTAD(TFSI)2
(spiro-OMeTAD)
	evaporated
	1.76
	19.9
	81.2
	28.4
	1.02
	[S15]

	ALD-TiOx/m-TiOx/ (FAPbI3)0.75(MAPb
Br3)0.25 /poly-TPD/spiro- TTB/MoOx/IZO/Au
	Poly-TPD
(spiro-TTB)
	evaporated
	1.87
	19.3
	83
	29.9
	0.16
	[S16]

	ALD-SnOX/KCl/C60-SAM/ Cs0.17FA0.83Pb(Br0.2I0.8)3 /MoOX/IZO/Au/MgFX
	VNPB
(HTL free)
	antisolvent of PVK
	1.89
	19.8
	77.9
	29.2
	1.04
	[S17]

	SnO2/Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3/spiro-OMeTAD/MoOx/IZO/Au
	Dopant-free
(spiro-OMeTAD)
	evaporated
	1.93
	19.1
	80.8
	29.7
	0.135
	This work

	
	
	
	1.91
	18.7
	79.0
	28.2
	1.012
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Sample Information

Sample Name Perovskite / Silicon Tandem Solar Cell

Serial No. 250311-SC0025

Measurement Item [-V characteristic; Area; Spectral response (SR)

Measurement Environment | 24.8 °C+2.0°C,353% £ 5%R.H

Detect Address No.1819, Yongmao East Road, Zhenhai Zone, Ningbo, Zhejiang, China

Measurement of I-V characteristic

Measurement Equipment

Measurement Method

Reference Cell RQN177921
Reference Cell Type Mono-Si, Quartz glass
Calibration  Value/Date of

1332 mA/ Dec. 2023
Calibration for Reference Cell

Standard test condition (STC):
Measurement Conditions

Spectral distribution: AM 1.5G according to IEC 60904-3:2019 Ed.3;
Trradiance: 100050 W/n; Temperature: 25°C+2.0°C.

AAA Steady dual light source solar simulator (WXS-90S-1.2);
Measuring Microscope (Mitutoyo MFA3017D);
SR measurement system (BUNKOUKEIKI CEP-25ML).

Area measurement: Based on the SI/T 11630-2016;

SR measurement: Based on the [EC 60904-8-1: 2017;

I-V measurement: Logarithmic sweep in both direction (Isc to Voc,

VoctoIsc) during one flash based on IEC 60904-1-1: 2017;

Steady-State measurement:

& Maximum power point tracking (MPPT): 300 seconds by
Perturb & Observe method.

O  Asymptotic Pmax scan.

Statement: 1. The test result presented in this report el
2. This test report may not be copied or

nly to the object tested,
ly intercepted without the written approval of the laboratory,

3. Any dissidence should be demurred within 15 days.
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Spectral Mismatch Factor (SMM)=1.010, SMM was calculated
Spectral Mismatch Factor according to IEC 60904-7:2019 and I-V correction according to
IEC60891:2021.

Areat™: 0.18% (=2); Isc: 1.7% (k=2); Voc: 1.1% (k=2); Prax 2.0%

Measurement Uncertainty
(k=2); Eff: 2.31% (k=2)

W Fast]-V scans are marked with "Unofficial Measurement" label
because the results for unstable devices may be unreliable at high
voltage bias rates.

W The results apply only at the time of the test, and do not imply
future performance.

W The uncertainty stated is the expanded uncertainty resulting from
multiplying the standard uncertainty by the coverage factor k=2,
with a probability of 95% within the assigned interval.

Notes

——Measurement Results-——
1. Area Measurement Data
Area®
Test 1 1011 cm?
Test2 1011 cm?
Test3 1014em?
Average 1.012em?

W Designated illumination area defined by a thin metal mask was measured by a
measuring microscope.

Statement: 1. The test result presented in this report relate only to the object tested,
2. This test report may not be copied or partially intercepted without the written approval of the laboratory,

3. Any dissidence should be demurred within 15 days. -
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2.FastI-V Scan Measurement Data and I-V Curves under STC

Forward Scan (Isc to Voc)

Isc 18.800mA
Voc 19079V
Pmax 27919 mW
Ipm 17.032mA
Vpm 16392V

FF 7783%
Eff 2758%

Unofficial Measurement

20

Current (mA)

0.0

0.5 1.0 ns
Voltage (V)

NOT A STABILIZED, REPORTABLE MEASUREMENT

2.0
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Reverse Scan (Voc to Isc)

Voc

Ipm

35
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19120V
28593 mW
17320mA
16500V
79.02%
2825%
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3. Steady-State Measurement (Method: MPPT) Data and Curves under STC

Maximum Power Point Tracking

Pmax
Tpm

Vpm
Eff

27839 mW
16872mA
16500V
2751%

Measurement data for steady-state measurement (MPPT) under STC in the table
was the mean value acquired during the final 30 seconds of the 300-second test.

W Pmax and Eff calibrated with a Spectral Mismatch Factor (SMM) of 1.010.
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—-—End of Report-—--
Remarks:

1. This report is solely intended for the exclusive use of the client, and the data and results contained within
are strictly for purposes of scientific research, educational instruction, internal quality assurance within the
enterprise, and product innovation and development.

2. Sample information is provided by the clients, and the company is not responsible for its authenticity.
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