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Abstract 

Tandem solar cells that pair silicon with metal-halide perovskite are a promising option for surpassing 
the single-cell efficiency limit. We report a certified record monolithic perovskite/silicon tandem with 
a power conversion efficiency of 29.15%. The perovskite absorber with 1.68 eV bandgap remained 
phase-stable under illumination through a combination of fast hole extraction and minimized non-
radiative recombination at the hole-selective interface. Key was a self-assembled, methyl-substituted 
carbazole monolayer as hole-selective layer in the perovskite cell. The accelerated hole extraction was 
linked to a low ideality factor of 1.26 and single-junction fill factors of up to 84%, while enabling the 
yet highest tandem open-circuit voltage of up to 1.92 volts. In air, without encapsulation, a tandem 
retained 95% of its initial efficiency after 300 hours of operation. 

One Sentence Summary: Combining interface passivation with fast charge extraction for stable, highly 
efficient perovskite/silicon tandem solar cells 

Main text: 

A tandem solar cell with a silicon cell overlaid by a perovskite solar cell (PSC) (1) could increase 
efficiencies of commercial mass market photovoltaics beyond the single-junction cell limit (1, 2) without 
adding substantial costs (3, 4). The power conversion efficiency (PCE) of PSCs has reached up to 25.2% 
for single-junction solar cells (at an area of ~0.1 cm²) (5), 24.2% for perovskite/CIGSe (copper-indium-
gallium-selenide) tandem cells (~1 cm²) (5–7), 24.8% for all-perovskite tandem cells (0.05 cm²) (8, 9) 
and 26.2% for the highest openly published perovskite/silicon tandem efficiency (~1 cm2) (10, 11). 
Perovskite/silicon tandem cells have additionally undergone technological advances in both stability 
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and compatibility with textured silicon substrates (11–13). However, there is still room for improvement 
for these perovskite-based tandem solar cells, as practical limits for all these tandem technologies are 
well above 30% (14, 15).  

The increase in PSC efficiency has been driven in part by advances in physical and chemical 
understanding of the defect and recombination mechanisms. Some reports presented near-perfect 
passivation of surfaces and grain boundaries with photoluminescence quantum yields (PLQYs) 
approaching theoretical limits (16–18). Consequently, PSCs were reported with open-circuit voltage 
(VOC) values of only a few 10 meV below their radiative limit (19–23). These values surpass those 
reached with crystalline silicon absorbers and are comparable with solar cells based on epitaxially grown 
GaAs (23, 24). However, perovskite compositions with a wider bandgap that are needed for high-
efficiency tandem solar cells still show considerable VOC losses (14, 25). The main reasons include 
comparably low PLQYs of the absorber material itself, an unsuitable choice of selective contacts and 
phase instabilities. Even state-of-the-art perovskite/silicon tandem cells still have VOCs well below 1.9 V.  

We present a strategy to overcome these issues simultaneously, demonstrated on a 1.68 eV bandgap 
triple-cation perovskite composition, which enables photostable tandem devices with a VOC of 1.92 V. 
We note that the charge extraction efficiency, and with that, the fill factor (FF) of PSCs, is still poorly 
understood. Although reported PSCs usually feature a small active area (~0.1 cm²) with small absolute 
photocurrents (a few milliamperes), and thus small series resistance losses at the contacts, usual FFs of 
high-efficiency devices generally range from 79 to 82%. However, based on the detailed balance limit, 
PSCs should be able to deliver a FF of 90.6% at a bandgap of 1.6 eV. Wider bandgap perovskite 
compositions near 1.7 eV seem especially prone to low FFs, resulting in tandem cell FF values 
commonly below 77%, near current-matching conditions (11, 12, 26). In optimized perovskite single-
junction devices, the FFs only recently exceeded 80%, with a maximum value of 84.8% (27).  

One reason for the low FF might be that there are only few techniques for quantifying and analyzing the 
FF losses in PSCs. We show that intensity-dependent transient and absolute photoluminescence is a 
viable technique. A main FF limitation of high-efficiency PSCs is the ideality factor nID, with typical 
values of 1.4 to 1.8 for high-VOC devices (28), while established solar cell technologies reach values of 
1 to 1.3 (29). Thus, an important goal for perovskite photovoltaics is to lower the ideality factor while 
minimizing nonradiative interface recombination to achieve a high VOC (28). We designed a self-
assembled monolayer (SAM) with methyl group substitution as a hole-selective layer, dubbed Me-
4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid) and show that a fast hole extraction 
led to a lower ideality factor. Thus, FFs of up to 84% in p-i-n single-junction PSCs and >80% in tandem 
devices were achieved. 

The SAM provided both fast extraction and efficient passivation at the hole-selective interface. This 
combination slowed down light-induced halide segregation of a tandem-relevant perovskite composition 
with 1.68 eV bandgap, allowed a PLQY as high as on quartz glass and led to high single-junction device 
VOCs > 1.23 V. The single-junction improvements transferred into tandem devices, which allowed us to 
fabricate perovskite/silicon tandem solar cells with a certified PCE of 29.15%. This value surpasses the 
best silicon single-junction cell (26.7%) and is comparable to the best GaAs solar cell (27) at the same 
area of 1 cm². Under maximum power point tracking (MPP) in ambient air without encapsulation, a Me-
4PACz tandem cell retained 95% of its initial efficiency after 300 h. Furthermore, we used injection-
dependent, absolute electroluminescence spectroscopy to reconstruct the individual subcell current-
voltage curves without the influence of series resistance (pseudo-J-V curves), demonstrating that the 
tandem device design that features only a standard perovskite film without additional bulk passivation 
could in principle realize PCE values up to 32.4%. 
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Stabilization of wide-bandgap perovskite with the hole-selective 
layer 

The ideal top cell bandgap for perovskite absorbers in conjunction with CIGSe and Si bottom cells is 
~1.68 eV (30–32). These wider bandgap compositions often feature a Br to I ratio >20%, which can lead 
to phase instabilities caused by light-induced halide segregation, most strikingly evident from 
photoluminescence (PL) spectra that show a double-peak formation under continuous illumination (33, 
34). Upon generation of charge carriers in the perovskite film, iodide-rich clusters can form that are 
highly luminescent as they serve as charge carrier sinks given their lower bandgap compared to the 
surrounding material (35). As quantified by Mahesh et al., although some portion of the VOC loss is 
related to halide segregation, the dominant source of VOC loss is likely the generally low optoelectronic 
quality of the Br-rich mixed halide perovskite absorbers itself, or high non-radiative recombination rates 
at their interfaces (35). Hence, in order to unambiguously determine the limitations and potentials of 
wide bandgap compositions, it is necessary to find suitable charge-selective contacts that do not 
introduce further losses or instabilities.  

We show that fast charge extraction paired with surface passivation can effectively suppress the 
formation of a double-peak emission in the PL, indicative of phase stabilization, and simultaneously 
enable a high quasi Fermi level splitting (QFLS) and device performance. Rather than optimizing the 
perovskite composition or passivating the film, we chose a variant of the widely used Cs-, FA- and MA-
containing “triple-cation” perovskite (36) that is highly reproducible and focused on preparing an 
optimal charge-selective contact on which the perovskite film was deposited. We shifted the bandgap 
upward by increasing of the Br to I ratio to obtain a 1.68 eV (23% Br) absorber instead of the commonly 
used 1.6-1.63 eV (~17% Br), yielding a nominal precursor composition of 
Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3.   
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Fig. 1 Photoluminescence properties and stability assessment of perovskite films on different substrates. (A) schematic 
description of the photoluminescence (PL) experiment and chemical structure of a general carbazole-based SAM, with R denoting 
a substitution (or “termination”), which in this work is either nothing (2PACz), a methoxy group (MeO-2PACz) or a methyl group 
(Me-4PACz). The number 2 or 4 denotes the number of the linear C-atoms between the phosphonic acid anchor group and the 
conjugated carbazole main fragment. (B) Quasi Fermi level splitting (QFLS) values of non-segregated 1.68 eV bandgap perovskite 
films on a bare glass substrate and different hole-selective layers on the transparent and conductive indium tin oxide (ITO). (C-
E), Time-dependent photoluminescence spectra analyzing phase stability of perovskite absorbers with 1.68 eV bandgap. The 
perovskite films were deposited either on glass (C) or on ITO substrates with different hole-selective layers (D, E). (F) PL spectra 
before (dashed lines) and after 600 s of light-soaking (solid lines) under 1-sun equivalent illumination flux in air, comparing the 
perovskite grown on Me-4PACz that was deposited on either a glass substrate or conductive ITO substrate. (G) As figure of merit 
for stability, the ratio of PL intensities at 780 nm and 740 nm is shown, from the PL evolutions in (C), (D), (E), and two other hole-
selective layers (shown in SI, illumination spot size ~0.12 cm²). (H) Same as for (G), but at higher illumination intensity through 
decrease of the excitation spot size to 0.4 mm². 

A schematic of the device stack and the used hole-selective layers (commonly abbreviated as HTLs, 
“hole transporting layers”) used for PL measurements is shown in Fig. 1. We first compared the QFLS 
measured by absolute PL and then the PL stability of this perovskite composition prepared on indium 
tin oxide (ITO) substrates covered by the HTLs. In recently published high-PCE p-i-n (“inverted”) 
single-junction and tandem PSCs, the polymer bis(4-phenyl)(2,4,6-trime-thylphenyl)amine] (PTAA) or 
the comparable Poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine (polyTPD) are standardly used 
(10, 11, 37, 38). Alternatively, self-assembled monolayers (SAMs) based on carbazole such as MeO-
2PACz and 2PACz can form passivated interfaces while allowing for low transport losses due to their 
ultrathin thickness (<1 nm) (7). The introduction of a methyl-group substitution to the “lossless” hole-
selective interface created by 2PACz (7) lead to a more optimized alignment with the perovskite valence 
band edge (see energetic band edge diagram in Figure S1) with a similar dipole moment (~1.7 D) and 
resulted in faster charge extraction. The supplementary materials contain the synthesis scheme of the 
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herein used SAMs. In literature of the n-i-p configuration of PSCs, methoxy substituents were 
prevalently used in HTLs, with some works reporting a possible passivation function at the perovskite 
interface (39–42). For the p-i-n configuration however, the standard high-performance HTLs PTAA and 
polyTPD contain alkyl substituents. In the present study, we directly compared methoxy and methyl 
substituents in p-i-n cells with MeO-2PACz and Me-4PACz, with the results showing advantages for 
the methyl substitution regarding both passivation and hole extraction. We tested the influence of the 
aliphatic chain length (n) in carbazole SAMs without (nPACz) and with methyl substitution (Me-
nPACz) on PSC performance and found an optimum FF at n = 2 for nPACz and at n = 4 for Me-nPACz 
(see Figure S23). For n = 6, both SAMs lead to current-voltage hysteresis. 

The QFLS values of bare perovskite films (Fig. 1B) deposited on 2PACz and Me-4PACz were similar 
to that on quartz glass, commonly regarded as a perfectly passivated substrate (16). Perovskite 
compositions with high Br content typically segregate into I-rich phases indicated by increased PL 
intensity at lower photon energies, here at a wavelength of 780 nm (33). Pristine regions of the non-
segregated perovskite film emitted photons at a peak wavelength of around 740 nm for perovskite 
deposited on glass (Fig. 1C) or ITO/PTAA (Fig. 1D), and a similar response was seen for the SAM 
MeO-2PACz (Figure S3) on ITO. However, the perovskite emission was more stable over time on 
ITO/2PACz and ITO/Me-4PACz substrates (Fig. 1E and Figure S3). The raw spectra are shown in 
Figure S4. 

Among the studied HTLs, phase segregation was only inhibited if the perovskite was grown on a 
substrate that fulfilled the requirements of both fast charge extraction and good passivation; Fig. 1F 
demonstrates that passivation alone was insufficient. The black curve shows a PL spectrum of the 
perovskite film on an insulating glass substrate that was covered by Me-4PACz, after 10 min of 
continuous spot illumination with 1-sun equivalent photon flux. The illuminated film showed signs of 
I-rich phases emitting at a center wavelength of ~780 nm. The glass substrate ensured that no hole 
transfer out of the perovskite bulk occurred. In contrast, a conductive ITO substrate that allowed hole 
transmission in combination with Me-4PACz increased the PL stability, as evidenced by the sharp peak 
with emission centered at ~740 nm even after 10 min of spot illumination.  

A bare ITO substrate seemed to prevent charge accumulation as well, allowing a stable PL peak position 
at 1-sun intensity (0.12  cm² spot size, see Figure S6). The connection between charge accumulation in 
the perovskite and phase instability was reported in previous studies in which a reduced density of 
carriers increased the activation energy of mobile ion species and allowed the film to remain in its initial 
form (43, 44). Spot illumination (0.12 cm² with 1-sun photon flux) represented increased stress testing 
on phase stability compared to full illumination because it created an outward driving force for ions 
from the illuminated area (45). Consequently, a smaller illumination spot (i.e., larger edge-to-area ratio) 
at the same illumination intensity showed a faster PL redshift (see Figure S5 & Figure S6). To compare 
the degree of PL redshift and double-peak formation, we evaluated the ratio of the two emission center 
intensities at 740 and 780 nm for two different excitation fluences equivalent to 1-sun and 30-suns 
illumination, in Fig. 1G and H, respectively. At 1-sun-equivalent intensity, only 2PACz and Me-4PACz 
on ITO had a stable ratio. However, upon increasing the intensity and thus charge carrier generation rate 
30-fold, a Me-4PACz-covered ITO substrate differed from the 2PACz-covered by still displaying a 
similarly stable PL intensity ratio.  
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Fig. 2 Role of charge transfer on transient 
photoluminescence (TrPL). (A) PL 
transients of perovskite on ITO/hole-selective 
layer substrates. The dashed lines indicate the 
background levels. (B) Computed differential 
lifetimes from fits to the transients in (A), 
showing the single-exponential decay time at 
each time of the transient, with early times 
shown in the inset. The inset highlights the 
region of the Me-4PACz and 2PACz transients 
that is governed by hole transfer into the ITO. 
Excitation density is similar to 1-sun conditions 
(fluence of ~30 nJ/cm², 2-3 x 1015 cm-3). (C) 
Ratio of higher-order processes to mono-
exponential decay in the TrPL transients, 
revealing that Me-4PACz not only extracts 
holes faster (inset in B), but also with a ~10 
times higher efficiency compared to 2PACz, 
since the Me-4PACz transient shows the 
same magnitude of radiative recombination 
only at a ~10 times higher charge carrier 
generation (comparison along the dashed line, 
see Figure S10 for details). 
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We used transient photoluminescence (TrPL) to analyze charge carrier transfer into adjacent charge-
selective layers (46). The full decay is governed by non-radiative, trap-assisted surface/bulk 
recombination (mostly mono-exponential decay), radiative recombination (“bimolecular”, second-order 
differential equation) and charge transfer effects, which can be disentangled if these time constants differ 
sufficiently from each other (18). Fig. 2A presents PL transients of 1.68 eV-bandgap perovskite films 
on ITO/HTL substrates. With MeO-2PACz and PTAA, it is not possible to clearly differentiate between 
charge extraction and trap-assisted recombination because both the nonradiative recombination is high 
(as evidenced by lower QFLS values compared to quartz glass, Fig. 1B) and the transients did not 
saturate towards one process. In contrast, the PL transients for 2PACz and Me-4PACz showed a clear 
mono-exponential decay at later times, indicating Shockley-Read-Hall recombination (47). Fits to the 

TrPL transients (Figure S8) were used to compute the differential lifetime τ ൌ െ൫dln൫ϕሺtሻ൯/dt൯
ିଵ

 (Fig. 
2B), with ϕሺtሻ being the time-dependent PL photon flux. In this representation, the processes that reduce 
the PL counts over time are separable and the transient decay time (or “lifetime”) is directly readable at 
each time point (46).  

The high, asymptotically reached TrPL lifetimes of >5 µs for both 2PACz and Me-4PACz suggested 
that there were minimal non-radiative recombination losses at the SAM interfaces. The charge transfer 
process at early times (until ~1 µs) led to a sharp rise of 𝜏, resembling simulated curves by Krogmeier 
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et al. (46). The transition from increasing lifetime to the plateau marks when the charge transfer ends, 
and non-radiative first-order recombination becomes dominant. Because PLQY measurements of films 
on 2PACz and Me-4PACz indicated a similar level of interface recombination and charge generation 
conditions are the same (see also Figure S9), the steepness of this rise was influenced by the charge 
transfer speed. The observed gradient for Me-4PACz implied a faster hole transfer to the underlying 
ITO compared to 2PACz, with the saturation starting after ~300 ns as compared to ~1 µs. 

In the charge carrier generation regime of this experiment (~1-sun, ~3 ∙ 10ଵହ  cmିଷ), trap-assisted 
recombination dominated with the PL flux scaling proportionally to the density of photogenerated 
carriers 𝑛, as evidenced by intensity-dependent TrPL shown in Figure S9. Figure S9 further 
demonstrates that at higher generation conditions, the PL flux scaled proportionally to 𝑛ଶ, where 
transients usually show a multi-exponential signature, as seen with 2PACz and quartz (see Figure S10). 
Nevertheless, in this regime the Me-4PACz transients remained mono-exponential until generation 
densities exceeded ~35-suns-equivalent. We interpret this as a consequence of a large hole-extraction 
flux, which causes first-order recombination to dominate even in this injection regime. 

We quantified this phenomenon of persisting domination of first-order recombination in Fig. 2C by 
displaying the ratio of higher-order to first-order recombination for the different generation conditions 
(see Supp. Note 1a for the evaluation method). The comparison of Me-4PACz to 2PACz indicated that 
Me-4PACz had a >10 times larger hole-extraction flux, because the curvature of the TrPL transient only 
began to resemble that of 2PACz at a >10 times higher generation density (indicated by the blue dashed 
line in Fig. 2C).  

The carrier mobilities determined by optical-pump-terahertz-probe measurements (Figure S12) were 
similar between perovskite films grown on the different HTLs. To also exclude differences in perovskite 
composition and crystal orientation due to possible growth differences, we probed the effect of the HTL 
on these properties by grazing-incidence wide-angle x-ray scattering (GIWAXS) at the four crystal 
monochromator beamline of the Physikalisch-Technische Bundesanstalt (48). Azimuthally integrated 
diffraction patterns collected on a movable PILATUS detector module (49) showed comparable 
composition in each case (Figure S13), with marginally increased PbI2 scattering intensity on PTAA as 
we observed in our previous work (7). Comparing azimuthal intensity profiles for perovskite scattering 
features (Figure S14), we found negligible difference in crystallographic orientation between the 
samples. 

Our complete solar cells were capped by C60 as the electron-selective contact. The electron extraction 
speed was not limiting the cell operation, as demonstrated by a time-resolved Terahertz 
photoconductivity measurement combined with TrPL on a quartz/perovskite/C60 sample (Figure S11). 
We compared the decays of free charge carriers after interface-near carrier generation on both sample 
sides and found an electron transfer time constant of roughly 1 ns, significantly faster than hole transfer 
at the hole-selective layer (~100 ns range). The extraction velocity into the C60 in our model was 1.6 ∙
10ସ cm/s (see Figure S11 for details), a similar value to earlier reported velocities (46).  

 

 

  



 

8 
 

Performance of perovskite single-junction solar cells 

For the analysis on solar cell level, we focused on the simple single-junction device stack 
glass/ITO/HTL/perovskite/C60/SnO2/Ag, with the SnO2 serving as a buffer layer for indium zinc oxide 
(IZO) sputtering in the fabrication of tandem solar cells (50). We show that the combination of fast 
charge extraction and passivated interface not only mitigated phase instability (re Fig. 1) but was also 
linked to an increased FF of solar cell devices, mainly by a decreased diode ideality factor of the PSCs. 
The FF is the major remaining parameter for which PSCs have not yet come close to the values of 
established solar cell technologies (24, 51) (see Figure S16 for FF comparisons), with the ideality factor 
being one of the main properties that limit high-efficiency PSCs (29). MeO-2PACz and 2PACz lead to 
FFs of up to 82% (Fig. 3A), while with Me-4PACz, the values ranged to up to 84%, representing ~93% 
of the radiative limit.  

Fig. 3B shows J-V curves recorded at simulated AM1.5G illumination conditions, comparing champion 
PTAA and Me-4PACz cells of the same batch and showing the superior performance of the SAM. The 
ideality factors nID for PSCs with different HTLs (Fig. 3C were about 1.26 for Me-4PACz, 1.42 for 
2PACz, 1.51 for MeO-2PACz, and 1.55 for PTAA cells. Figure S20 compares the VOC values achieved 
with the different HTLs. Despite the large differences in passivation at the hole-selective interface, the 
differences in VOC were not as large (average difference of 30 mV between PTAA and Me-4PACz), due 
to the limiting non-radiative recombination at the C60 interface. However, as reasoned above, the C60 
layer did not limit charge extraction, thus the different extraction speeds invoked by the HTLs directly 
influenced the FF values. The high FF with Me-4PACz was accompanied by high VOC values of up to 
1.16 V and up to 1.234 V with a LiF interlayer between the perovskite and C60 (52, 53) (see Fig. 3D and 
Figure S20). The combination of a high VOC with low nID was previously considered as challenging for 
PSCs (28) and it allowed us to fabricate a perovskite single-junction with a PCE of 20.8% with Me-
4PACz (Figure S18) at 1.68 eV bandgap.  

To investigate the FF values without the influence of series resistance losses, we measured intensity-
dependent absolute PL spectra and computed the QFLS values (or implied VOC, iVOC) at each carrier 
generation condition. The derived data pairs of generation currents and iVOC values allowed the 
reconstruction of hypothetical, so-called pseudo-J-V curves, as recently shown in ref. (54) (Fig. 3D). 
The extracted FF and pseudo-FF values (FF in absence of transport losses) of bare perovskite films 
grown on different HTLs are summarized in Table 1, line 1. Both 2PACz and Me-4PACz enabled high 
“pseudo-FF” values of ~88%, which is 96.8% of the detailed balance limit and similar to the value 
achieved on a bare quartz substrate. PTAA allowed for a pFF of only 85.6%.  

This analysis highlights how the SAMs formed a practically lossless interface between ITO and 
perovskite. Interestingly, when including a C60 layer on top of the perovskite film, no differences 
between the studied HTLs for the iVOC and pseudo-FF were apparent (dashed lines in Fig. 3D, Table 1, 
line 2), as the C60 layer sets a iVOC limitation through high non-radiative recombination rates (53). This 
limitation was only overcome with a counter electrode on the C60 (Fig. 3E and full devices), which 
underlines the role of the dipoles that Me-4PACz and 2PACz created at the ITO surface.  The calculated 
molecular dipole value of the hole-transporting fragment is ~0.2 D for MeO-2PACz, ~1.7 D for Me-
4PACz and ~2 D for 2PACz. The positive dipoles shifted the work function of the ITO towards higher 
absolute numbers (Figure S2a), which presumably resulted in a higher built-in potential throughout the 
device (55, 56). A well-defined built-in potential can exist with the presence of a second electrode 
countering the ITO; in this case Ag or Cu. Thus, when reconstructing the J-Vs from the suns-VOC 
measurement on full devices in Fig. 3C to extract the pFF (Table 1, line 3), both 2PACz and Me-4PACz 
overcame the pFF and iVOC limitations imposed by the C60 layer (Fig. 3E).  
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Fig. 3 Performance and fill factor loss analysis of p-i-n solar cells with different hole-selective layers. (A) Comparison of 
fill factor values of PSCs with the stack glass/ITO/HTL/perovskite/C60/SnO2/Ag, triple-cation perovskite absorber with 1.68 eV 
bandgap. All shown cells are made from the same perovskite precursor and contact processing batch. (B) J-V curves of the best 
cells of the batch in (A), and a J-V curve of a Me-4PACz cell from another batch with LiF interlayer between C60 and perovskite, 
reaching a VOC of 1.234 V. (C) Intensity-dependent open-circuit voltage with linear fits (dashed lines). (D) Pseudo-J-V curves 
reconstructed from intensity-dependent absolute PL measurements on the illustrated sample stack. The 2PACz and Me-4PACz 
curves almost coincide; the dashed lines represent pseudo-J-V curves from the sample variations including the electron-selective 
C60 layer, with which all curves are comparable due to the limiting non-radiative recombination at the C60 interface. (E) Pseudo-J-
V curves reconstructed from the measurements in (C). Table 1 summarizes the FF values extracted from the pseudo-J-V curves. 
(F) Repartition of loss mechanisms lowering the cell’s FF below the detailed balance limit, comparing PTAA and Me-4PACz cells. 

 

Table 1 Comparison of “pseudo” fill factors (pFF) and implied open-circuit voltages (iVOC). The values were 
derived from suns-PL and suns-VOC measurements for our perovskite film on all studied hole-selective layers and 
on quartz glass. The table also shows the maximum FF attained in J-V measurements (max FF) (see also Fig. 3). 
“Half cell” refers to substrate/HTM/absorber, whereas “full cell” denotes the complete solar cell including C60, SnO2 
and Ag metal electrode.  

 Quartz PTAA MeO-2PACz 2PACz Me-4PACz 
pFF (%), half cell 
(suns-PL) 

87.9 85.6 85.5 88.3 87.5 

pFF (%), half cell + C60 
(suns-PL) 

85.3 85.3 85.3 85.3 85.3 

pFF (%), full cell  
(suns-Voc) 

 85.8 85.9 86.9 87.9 

max FF (%), full cell 
(J-V) 

 79.8 81.9 81.8 84.0 

iVOC (V), half cell 
(absolute PL) 

1.258 1.185 1.215 1.244 1.248 

nID, full cell  
(suns-VOC) 

 1.55 1.51 1.42 1.26 

 

The differences between the electrical J-V curves (max. FF 84%) in Fig. 3B and pseudo-J-V curves 
(max. FF ~88%) arose from transport losses caused by the finite mobility of the C60, non-optimized 
sample design, ITO sheet resistance and from the measurement setup. Fig. 3F summarizes a comparison 
of the different contributions to FF losses for PTAA and Me-4PACz, derived from comparisons of the 
pseudo-J-V curves to the electrical ones and radiative limits, as previously reported by Stolterfoht et al. 
(54). In addition to non-radiative losses at the PTAA interface (red), the film thickness (~10 nm as 
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compared to <1 nm with a SAM) and low conductivity of the PTAA led to greater transport losses than 
with Me-4PACz.  

Integration into monolithic perovskite/silicon tandem solar cells 

Efficient passivation in combination with fast hole extraction of Me-4PACz in perovskite single-
junctions transferred into monolithic tandem solar cells, which led to significantly higher FF, VOC and 
stability. A schematic stack of this solar cell is shown in Fig. 4A. We use a silicon heterojunction (SHJ) 
solar cell as the bottom cell (26), based on a 260 µm thick n-type float-zone Si wafer processed as 
described in the methods. The textured rear side enhanced the near-infrared absorption, whereas the 
polished front side enabled the deposition of spin-coated perovskite. The 20 nm ITO recombination 
layer also served as the anchoring oxide for the SAMs (7). The top cell, with the same 1.68 eV perovskite 
band gap and nominal precursor composition Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 as analyzed above, 
resembled the single-junction stack of ITO/HTL/Perovskite/(LiF)/C60/SnO2/IZO/Ag/LiF. Fig. 4B shows 
a scanning electron microscope cross-section image of a part of the tandem solar cell; no obvious 
differences were observed between perovskite films on the different HTLs (Figure S24). The molecular 
SAM cannot be resolved with the SEM. A photograph and layout of the tandem device is shown in 
Figure S25. 

Fig. 4C compares the PCE of tandem solar cells based on PTAA, MeO-2PACz, 2PACz and Me-
4PACz, with and without a LiF interlayer at the perovskite/C60 interface. With PTAA, the LiF 
interlayer lead to rapid degradation of the cells (see Figure S26 for individual parameters). Without the 
interlayer, we achieved an average PCE of 25.25%. In contrast, the average efficiency of MeO-2PACz 
and 2PACz was 26.21% and 26.56%, respectively. The utilization of a LiF interlayer for Me-4PACz 
cells increased the VOC but reduced the FF. Thus, both configurations reached a similar average PCE 
of 26.25% and 26.41%, respectively. However, with Me-4PACz the maximum PCEs are with >29% 
higher than cells with 2PACz, mainly because of higher FF of up to 81%. These high FF were 
achieved despite almost all cells being perovskite limited (Table S27). The statistics of all photovoltaic 
parameters are shown in Figure S26. The J-V measurements of the champion cells of each 
configuration are shown in Figure S28and the PV parameters are summarized in  

S29. 

The tandem solar cells did not reach FF values as in single-junction cells due to the larger active area 
(1 cm2) and a TCO without grid fingers, leading to increased series resistance. The cells showed very 
high VOCs of up to 1.92 V (Figure S30). With a VOC of ~715 mV from the bottom cell at half illumination 
(Figure S31), the contribution of the perovskite subcell was ~1.2 V. Fig. 4D shows a direct comparison 
between champion PTAA and Me-4PACz tandem cells, emphasizing that besides the 50 mV 
improvement in VOC, the enhanced hole extraction boosted the FF by ~4% absolute.  
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Fig. 4: Characteristics of monolithic perovskite/silicon tandem solar cells utilizing various HTLs. (A) Schematic stack of 
the monolithic perovskite/silicon tandem solar cell. (B) Scanning electron microscope (SEM) image of a tandem cross-section with 
Me-4PACz as HTL. (C) Statistics of the PCE of several PTAA, MeO-2PACz, 2PACz and Me-4PACz tandem solar cells from J-V-
scan. (D) Certified J-V curve conducted at Fraunhofer ISE including the MPP and the device parameters (red) in comparison to a 
tandem cell with PTAA (gray) as HTL measured in-house. (E) External quantum efficiency (EQE) and 1-reflection of the certified 
tandem cell measured in-house. The AM1.5G-equivalent current densities are given in the legend in mA cm-2. (F) Long term MPP-
track using a dichromatic LED illumination of non-encapsulated solar cells in air at a controlled temperature of 25 °C and relative 
humidity of 30 to 40%. The data are normalized to the MPP average of the first 60 minutes of each individual track to account for 
measurement noise. Due to the fast degradation, the MPP-track of the PTAA+LiF cell is normalized to the first recorded value. 
The legend shows which HTL and whether the LiF interlayer was used. 

We sent a tandem cell with Me-4PACz and LiF interlayer to Fraunhofer ISE CalLab for independent 
certification (Fig. 4D; see Figure S32 for certificate). With a VOC of 1.90 V, FF of 79.4% and JSC of 
19.23 mA cm-2, the cell had a PCE of 29.01% when measuring from JSC to VOC, similar to our in-house 
measurement (Figure S33), and was certified at the MPP with a PCE of 29.15% with a designated area 
of 1.064 cm². This PCE surpasses other monolithic (10, 27) and four-terminal perovskite-based tandem 
solar cells (57), and is on par with the best GaAs single cell at the same active area (27).  

Fig. 4E shows the external quantum efficiency (EQE) of the certified tandem cell. Under AM1.5G-
equivalent illumination conditions, the photogenerated current density Jph in the perovskite and silicon 
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subcells were 19.41 mA cm-2 and 20.18 mA cm-2, respectively, which agreed with the measured JSC of 
19.23 mA cm-2. The tandem solar cell exhibited a non-ideal current mismatch of 0.77 mA cm-2

, and 
although the perovskite cell sets the tandem shunt resistance, the cell reached an FF of 79.5%. The 
cumulative photogenerated current density and loss caused by reflection were 39.59 mA cm-2 and 
2.57 mA cm-2, respectively. A comparison of EQEs and reflection losses between a cell of this work 
(planar front side) and a fully textured cell by Sahli et al. is shown in Figure S34. 

After the certification, we fabricated more Me-4PACz tandem solar cells without LiF interlayer (Figure 
S26), which showed similar average performance as with LiF. The champion cell showed a higher FF 
of 81% and lower VOC of 1.87 V than without LiF. Together with a JSC of 19.37 mA cm-2 this lead to a 
PCE of 29.29% and a stabilized efficiency of 29.32% (Figure S35). 

We measured the stability of different non-encapsulated tandem solar cells (Fig. 4F). To track the 
degradation induced by either the top- or the bottom cell more carefully, we developed a dichromatic 
LED setup using LEDs with 470 nm and 940 nm center emission wavelengths (Figure S36) and 
independent intensity calibration and recording. We adjusted the mismatch so that the Jph in the 
individual subcells was equal to that measured under AM1.5G-equivalent illumination to maintain 
proper stability tracking of monolithic tandem solar cells (see below and Note S37). The devices were 
measured under continuous MPP load (using voltage perturbation), at 25 °C and in ambient air with 30-
40% relative humidity. The photogenerated current densities of the subcells are given in Table S38 and 
set which subcell is limiting. The degradation for a perovskite-limited tandem cell with Me-4PACz+LiF 
showed 75.9% of its initial efficiency (29.13%) after 300 hours. Substituting the Me-4PACz with PTAA 
(perovskite-limited), the PCE decreased to 74.5% of its initial PCE (25.9%) after only 90 hours.  
We additionally tracked a cell with Me-4PACz as HTL without a LiF interlayer to test the intrinsic 
stability of the HTL/perovskite combination. After 300 hours, the cell still operated at 95.5% of its initial 
PCE. Although the cells were current-matched, this track monitored a degradation of the perovskite as 
it directly translates into the performance of the tandem cell and no degradation of the Silicon subcell is 
expected within these timescales. Our comparison strongly suggests that the utilization of a LiF 
interlayer reduced the stability. As described in other works (58–61), the decrease in stability might be 
caused by deterioration of the electrodes and C60 interface upon migration of Li+ and F- ions. We would 
like to note that it is important to declare the mismatch-conditions because the utilization of a NIR-poor 
spectrum would lead to a silicon limited cell and thus to a higher stability (Note S37). Comparing this 
result to state-of-the-art stability tests of non-encapsulated tandem solar cells in ambient conditions, 
where the cells retained and 90% after 61 hours (62) and 92% after 100 hours (13), our Me-4PACz 
tandem solar cell showed a superior operational stability. 

Beside the long-term stability measurements at 25°C, we conducted an MPP track of a Me-4PACz 
tandem cell at elevated temperatures. Following the procedure of Jost et al., the temperature was 
successively increased from 25°C to 85°C and back to 25°C (63). There was no loss in PCE after this 
200 minutes procedure, despite the increased methylammonium and Br amount of the herein used wide 
band gap perovskite (Figure S39).  

Subcell J-V characteristics of a monolithic tandem solar cell 

One downside of monolithic multijunction solar cells is that the subcell characteristics are barely 
accessible. External quantum efficiency measurements are the only subcell-resolved measurements 
presented in almost all publications reporting multijunction solar cells. Here, we used absolute 
photoluminescence measurements in each subcell of a representative tandem solar cell (Me-
4PACz + LiF). With this, we could estimate the QFLS, and thus the VOC was accessible for both subcells 
independently. Instead of local excitation and evaluation, we used hyperspectral imaging under 1-sun 
equivalent excitation fluence (spectra and images shown in Fig. 5A).  

From the high-energy slope of the absolute PL spectra of the subcells, the individual implied VOCs were 
calculated, 1.18 V and 0.72 V for the perovskite and silicon subcell, respectively (18, 64). From the PL 
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spectra, we calculated the PLQY of both subcells yielding values of 1.5% for Si and 0.02% for the 
perovskite. PLQY values exceeding 5% have been already demonstrated in perovskite single-junction 
devices for lower band gaps (19).  

To estimate the pseudo-J-V curves of the subcells, we performed absolute electroluminescence (EL) 
imaging, where the excess charge carriers are generated electrically to access the subcell characteristics 
(65–68). For each injected current, an EL image was recorded, from which the voltage of the subcells 
can be calculated from an average over the active area (Figure S40). With the reconstructed pseudo-J-V 
curves from injection current-dependent EL imaging, we analyzed the maximum possible efficiency of 
this cell stack with minimized charge transport losses (see methods and note S3 for more details). We 
reconstructed both subcell J-V curves by calculating the implied voltage at each injected current, 
yielding a “pseudo” light-J-V (JVEL) for each subcell after shifting it by the respective photogenerated 
current density Jph being calculated from EQE measurements and amount to 18.7 and 20.6 mA cm-2 for 
the top and bottom cell, respectively. The open symbols in Fig. 5B show the measured EL data points 
averaged over the perovskite and silicon subcell and shifted by their respective Jph.  

For the perovskite, we additionally fitted the data with a single-diode model to display the J-V curve in 
the whole range, which was otherwise not accessible during the EL measurement. To obtain the tandem 
JVEL, the voltages of the subcells were summed up for each current density. The dashed line shows the 
result. The reconstructed curve deviated from the electrically measured J-V curve under a solar 
simulator. This is mainly because EL gave access only to the internal voltage, whereas an electrical J-V 
curve displayed the current density versus external voltage (which is the internal voltage minus the 
voltage lost at series resistances); more details can be found in Note S41. Hence, a high FF (87.8%) of 
the JVEL can be regarded as the maximum achievable value for this particular tandem cell if the 
electrodes and all charge selective layers would pose zero series resistance losses. This would give a 
PCE of 31.7%, surpassing the theoretical PCE maximum of a silicon single cell (29.4%) (69). Thus, this 
cell stack has the capacity to overcome the 30% barrier through technical optimization of the contacts 
alone. However, by adjusting the mismatch conditions, even higher efficiencies are achievable.  

To find the requirements for the highest efficiency, we fit the silicon subcell with a single-diode model. 
We conducted SPICE simulations to sweep the photogenerated current densities in the subcell. The 
single-diode models of the silicon and perovskite subcells were connected in series (schematically 
shown in Figure S42a) and the cumulative current density was fixed to 39.3 mA cm-2 (as it is for 
AM1.5G-equivalent illumination). Figure S42b shows the photovoltaic parameters as a function of the 
mismatch (Jph,Si-Jph,Pero). As shown in a previous publication, the Voc is almost independent of the 
mismatch, whereas the FF is affected by it (26). A minimum FF occurs when the Jph,Si is 0.7 mA cm-2 
below the Jph,Pero. However, simultaneously the JSC is highest under this condition. Here, the highest 
efficiency is 32.43% in a current matching situation.  
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Fig. 5 Luminescence subcell analysis of a tandem solar cell with Me-4PACz and LiF interlayer. (A) Absolute PL spectra of 
the subcells recorded under 1-sun equivalent illumination. The exciting wavelength are 455 nm and 850 nm for the perovskite and 
silicon subcell, respectively. Additionally, PL images, constructed of the integrated PL fluxes are shown. (B) Reconstructed J-V 
curves calculated from injection-dependent electroluminescence measurements (open symbols) and shifting by the 
photogenerated current density. Furthermore, the perovskite subcell is fitted with a single diode model (solid brown line). The 
reconstructed tandem J-V (dashed line) was calculated by adding the voltages of the subcells for each current density. The J-V 
measurement under simulated 1-sun illumination of this cell is shown as a solid red line. Furthermore, a photo of the tandem solar 
cell at high injection current is shown. Due to a bandgap of 1.68 eV, the subcell emits light in the visible wavelength range and 
thus, the emission is visible by eye and with a regular digital camera. 

Conclusion 

We have demonstrated monolithic perovskite/silicon tandem solar cells with a certified record power 
conversion efficiency of 29.15%. We elucidated that the combination of efficient passivation at the hole-
selective interface and enhanced hole-extraction speed stabilize a perovskite absorber with tandem-
relevant bandgap of 1.68 eV. This was revealed by accelerated tests investigating light-induced phase 
segregation via spot-illumination at 30-suns excitation intensity. Although the electron-selective C60 
layer in solar cell devices limited the open-circuit voltage, the fill factor was limited by the hole-selective 
interface. Improved fill factors and photostability were achieved by a new methyl-substituted, carbazole-
based self-assembled monolayer (Me-4PACz) that bonds to the transparent conductive oxide of the 
perovskite cell. With intensity-dependent transient photoluminescence analysis we presented a method 
to assess charge transfer effects that are relevant for device operation. The faster hole extraction was 
linked to a low ideality factor of 1.26 for the perovskite subcell, while allowing a high VOC of up to 
1.23 V. Fill factors of up to 84% were achieved, and a maximum pseudo-fill factor of 88% was measured 
by intensity-dependent absolute PL (suns-PL) and suns-VOC measurements. A non-encapsulated tandem 
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cell with Me-4PACz retained 95.5% of its initial efficiency after 300 h of continuous maximum power 
point tracking in ambient air, under precise control of the subcell photocurrents to match 1-sun-
equivalent conditions. Furthermore, we examined the subcell characteristics without the influence of 
parasitic resistances by measuring injection-dependent electroluminescence, allowing us to reconstruct 
the subcell-J-V curves. We thereby estimated that upon technical improvements a maximum efficiency 
of 32.4% for the presented device stack is possible.   

Materials and Methods 

Single-junction perovskite solar cells were fabricated on glass/ITO substrates. First, the hole-selective 
layer (PTAA, MeO-2PACz, 2PACz or Me-4PACz) was deposited by spin-coating followed by the one-
step spin-coating deposition of the perovskite precursor solution using the antisolvent method. The 
precursor had a nominal concentration of 1.24 mol/l. Afterwards, layers of C60 and SnO2 were deposited 
via thermal evaporation and atomic layer deposition. Finally, a layer of silver was deposited via thermal 
evaporation. 

To analyze the quasi-fermi-level splitting, glass/ITO/HTL/perovskite samples were fabricated. The 
samples were illuminated from the perovskite site with a photon flux equivalent to 1-sun illumination. 

Transient photoluminescence was measured by pulsed excitation with 660 nm wavelength and time-
correlated single photon counting. The fluence was set to 1-sun equivalent charge generation. 

Suns-VOC was measured by illuminating solar cells with varying intensities. For each intensity the 
stabilized open-circuit voltage was measured. Similarly, suns-PL is measured by illuminating the 
indicated sample stacks with different intensities. For each intensity (corresponding to a “pseudo” 
injection current) the quasi-fermi level splitting was calculated. 

Tandem solar cells were fabricated by depositing the p-i-n perovskite top cell with various hole-selective 
layers on a silicon heterojunction solar cell with a textured rear side and polished front side. J-V 
measurements were conducted at simulated AM1.5G illumination in air at 25°C. For long term stability 
measurements, a custom-built setup with an LED array emitting at 470 nm and 940 nm was designed. 
This enabled a stable illumination at simulated AM1.5G-equivalent charge carrier generation conditions 
of the solar cells, which were tracked in air at 25°C. For analyzing the subcells of the tandem solar cell 
we measured hyperspectral absolute photoluminescence by illuminating the tandem cell with 450 nm 
light for excitation of the perovskite subcell and an 850 nm wavelength source for the excitation of the 
silicon subcell. To reconstruct the subcell J-V, absolute electroluminescence imaging was conducted at 
scanned bias voltage.  

A detailed description of the fabrication and measurement techniques can be found in the Supplementary 
Materials. 
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Materials and Methods 

Materials for perovskite cell preparation 

Anhydrous DMSO (dimethyl sulfoxide), anh. DMF (dimethylformamide), anh. Anisole, PTAA (poly 
[bis (4-phenyl) (2,5,6-trimentlyphenyl) amine]) and lithium fluoride (purity ≥ 99.99 %) were purchased 
from Sigma Aldrich. C60 (sublimed) was bought from CreaPhys GmbH. FAI (formamidinium iodide) 
and MABr (methylammonium bromide) were purchased from Dyenamo. PbI2 and PbBr2 were bought 
from TCI. CsI was purchased from abcr GmbH. The ceramic 2-inch IZO target was purchased from 
FHR Anlagenbau GmbH. The SAMs MeO-2PACz and 2PACz were synthesized by TCI. The synthesis 
of Me-4PACz and the (Me-)nPACz series by us is described in the synthesis section at the end of this 
document. Ethanol (anh.) for the SAMs was bought from VWR (no difference was observed when using 
Ethanol from other suppliers, independent of the water content).  

Perovskite single-junction preparation 

The perovskite solar cell has an inverted (p-i-n) planar structure and is deposited on ITO-covered glass 
(Automated Research GmbH, both 7 Ohm/sq and 15 Ohm/sq sheet conductivities were used in this 
study), which was cleaned with Mucasol (2% in DI-water, substrates were brushed), DI-water, acetone 
and isopropanol, each for 15 minutes in an ultrasonic bath. Afterwards the surface was “activated” for 
10-15 minutes in an UV-O3 cleaner (FHR UVOH 150 Lab), which is a crucial step before SAM 
functionalization (for the tandem cells as well). The single-junction cell configuration is 
ITO/HTL/Perovskite/(LiF)/C60/SnO2/Ag, where the HTL is PTAA, MeO-2PACz, 2PACz or Me-
4PACz. All the spin-coating layer deposition steps were conducted in a nitrogen atmosphere. The hole 
transport material PTAA (2 mg ml-1 in toluene) was deposited using spin-coating (5000 rpm for 30 s, 
5 s acceleration), followed by heating for 10 min at 100 °C. The rotation was reduced for the SAM-
solutions to 3000 rpm (used concentration of the SAM solutions = 1 mmol/l, or ~0.3 mg/ml). The 
perovskite was prepared following the typical triple cation process. In short, 1.5 M nominal PbI2 and 
PbBr2 in DMF:DMSO = 4:1 volume were first prepared as stock solutions (shaken overnight at 60 °C) 
and then added to FAI and MABr with 9 % PbX2 excess, respectively (X = I or Br) (typical amounts 
were 0.3 g FAI and 0.06 g of MABr). The so obtained FAPbI3 and MAPbBr3 were then mixed in 77:23 
volume ratio to obtain the “double cation” perovskite. Finally, 5 vol-% of 1.5 M nominal CsI in DMSO 
was added to the perovskite precursor (stock solution prepared one day before, typically ~50 mg 
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powder). 100 µl of perovskite solution was then spread on the substrate and spun using one step spin-
coating process (3500 for 35 s, 5 s acceleration). 10-13 s before the end of the program, 300 µl of Anisole 
as the anti-solvent was dripped on the film. The films were then annealed at 100 °C for 15-30 min. 
Afterwards, 20 nm of C60 was thermally evaporated at a rate of 0.15 Å s-1 onto the perovskite film. 
Optionally, as indicated, a 1 nm-thick LiF interlayer was deposited between C60 and perovskite, 
evaporated at a rate of 0.05 Å s-1, within the same vacuum run as the C60 layer. 20 nm of SnO2 were then 
deposited by thermal ALD in an Arradiance GEMStar reactor. Tetrakis(dimethylamino)tin(IV) 
(TDMASn) was used as the Sn precursor and was held at 60 °C in a stainless-steel container. Water was 
used as oxidant, and was delivered from a stainless-steel container without active heating, whereas the 
precursor delivery manifold was heated to 115 °C. For the deposition at 80 °C, the 
TDMASn/purge1/H2O/purge2 times were 1s/10s/0.2s/15s with corresponding nitrogen flows of 
30sccm/90sccm/90sccm/90sccm. With this, 140 cycles lead to 20 nm tin oxide. More details can be 
found in a previous publication (26). We noticed a beneficial effect when letting the TDMASn bottle 
cool down to room temperature when not in use. Finally, 100 nm Ag were deposited by thermal 
evaporation at a rate of 1 Å s-1. 

Silicon solar cell preparation  

The silicon heterojunction (SHJ)-bottom cell was fabricated from a 260 µm thick, ~3 Ω cm-1 polished 
FZ <100> n-type crystalline silicon (c-Si) wafer in a rear junction configuration. The front surface of 
the wafer was left polished by capping with a PECVD deposited SiO2 prior to wet texturing to obtain 
random pyramids with <111> facets. After removal of the capping in HF another final RCA clean and 
HF dip (1 % dilution in water) were done and an approx. 5 nm thick, intrinsic (i) amorphous silicon  
(a-Si:H) layer stack was grown on both sides of the c-Si wafer in order to passivate the c-Si surface. On 
the textured rear-side, an approx. -5-nm thick, p-doped a-Si:H layer stack was deposited to form the hole 
contact (junction). On the polished front-side, a 95-nm thick (20-nm thick for single-junction reference 
cells), n-doped nanocrystalline silicon oxide layer (nc-SiOx:H) with a refractive index, n, of 2.7 at 
633 nm was used as the electron contact of the SHJ bottom cell and the optical intermediate layer 
between the top and the bottom cells (70). The a- and nc-Si layers were deposited with an Applied 
Materials (AKT1600) plasma enhanced chemical vapor deposition (PECVD) cluster tool. In order to 
contact the bottom cell a ZnO:Al/Ag layer stack was deposited on the textured rear-side and a 20 nm 
(70-nm thick for single-junction references) thick ITO layer was deposited on the polished front-side on 
top of the nc-SiOx:H interlayer. Both depositions were DC-sputtered in an in-line sputter tool from 
Leybold Optics using Ar/O2 gas mixtures. For the ITO a tube target with 95/5 doping ratio and for the 
AZO a tube target with 1% Al2O3 in ZnO was used. Both contact-layer stack of the silicon were 
deposited using aligned shadow masks with an opening of 1.13 x 1.13 cm2 (2 x 2 cm2 for single-junction 
reference). For single-junction reference cells with an aperture area of 2 x 2 cm2, an Ag grid was screen-
printed on top of the front ITO. 

Preparation of tandem solar cells 

The bottom cells were blown clean with N2 and UV-O3-treated for 15 minutes. The same HTL, 
perovskite, (LiF), C60 and SnO2 deposition as described above was conducted on the silicon bottom 
cells. Subsequently, 100 nm IZO (Roth&Rau MicroSys 200 PVD, ceramic target purchased from FHR 
Anlagenbau GmbH) are deposited by sputtering. The 2-inch ceramic target consisted of 90 %wt. In2O3 
and 10 %wt. ZnO. At a RF-power of 70 W the cells oscillated under the target to have a uniform 
deposition. 0.2%vol O2 was added to the chamber. The previously optimized layer (26) has a mobility, 
carrier density and resistivity of 43.5 cm2 V-1 s-1, 3.4∙1020 cm-3 and 4.2∙10-4 Ω cm, respectively. A 
100 nm silver frame was thermally evaporated through a shadow mask to collect the charge carriers 
without a need of grid fingers. Lastly, 100 nm LiF is evaporated as an antireflective coating by thermal 
evaporation. The active area is defined by the metal frame and is slightly larger than 1 cm2. A photo and 
schematic of a monolithic tandem solar cell is shown in Figure S25. 
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Luminescence spectroscopy techniques  

Time-dependent steady-state photoluminescence 

Time-dependent steady state absolute photoluminescence measurements were performed on a home-
built setup using an integrating sphere, where the samples were placed at the edge of the sphere. The PL 
was collected with a fiber connected to a CCD-array spectrometer (Ocean Optics). The samples were 
excited with a continuous-wave laser at 532 nm emission wavelength, a photon flux of ~1.2E16 
photons/s and a spot size on the sample of 0.12 cm² (around 1-sun-equivalent excitation fluence, 
calibrated with a certified silicon reference cell). The 30-suns case was realized by a focusing lens to 
reduce the spot size to 0.4 mm². The spot size was measured by fitting a Gaussian curve to the beam 
profile extracted from CCD imaging the laser spot. The 1-sun 0.4 mm² case was realized by a focusing 
lens and appropriate ND filters. Non-absorbed laser light and emitted photoluminescence fluxes were 
simultaneously detected by the spectrometer, of which the spectral sensitivity was calibrated using a 
NIST-traceable halogen lamp. The spectral time evolutions of the perovskite films were recorded with 
an integration time of 300 ms and delay of 2-3 s between each recording. Measurements were carried 
out in air; the samples were measured promptly after they were taken out from the N2-filled glovebox.  

Absolute PL and pseudo-J-Vs  

Excitation for the PL imaging measurements was performed with a 520 nm CW laser (Insaneware) 
through an optical fibre into an integrating sphere. The intensity of the laser was adjusted to a 1 sun 
equivalent intensity by illuminating a 1 cm²-sized perovskite solar cell under short-circuit and matching 
the current density to the JSC under the sun simulator (e.g. ~22.0 mA cm-2 at 100 mW cm-2, or 1.375x1021 
photons m-2 s-1). A second optical fiber was used from the output of the integrating sphere to an Andor 
SR393i-B spectrometer equipped with a silicon CCD camera (DU420A-BR-DD, iDus). The system was 
calibrated by using a halogen lamp with known spectral irradiance, which was shone into to integrating 
sphere. A spectral correction factor was established to match the spectral output of the detector to the 
calibrated spectral irradiance of the lamp. The spectral photon density was obtained from the corrected 
detector signal (spectral irradiance) by division through the photon energy (hf), and the photon numbers 
of the excitation and emission were obtained from numerical integration using Matlab. In a last step, 
three fluorescent test samples with high specified PLQY supplied from Hamamatsu Photonics where 
measured where the specified value could be accurately reproduced within a small relative error of less 
than 5%.   

The samples were illuminated in the integrating sphere using the same 520 nm CW laser (Insaneware) 
as described above. A continuously variable neutral density filter wheel (ThorLabs) was used to 
attenuate the laser power to measure at different intensities which was monitored using an additional Si 
photodetector. The samples were illuminated at a given intensity for a variable illumination time using 
an electrical shutter. After an illumination time of 1 second, the PL spectra were recorded by averaging 
30 spectra taken using a detector exposure time of 30 µs. The electrical shutter was then closed and the 
filter wheel was moved to the next position and the steps were repeated. A custom-built Labview code 
was written to automate the measurement, and a Matlab code to automate the data evaluation. 

Pseudo-J-Vs 
 
The pseudo-J-Vs were deduced from the intensity-dependent QFLS or VOC measurements as recently 
demonstrated in ref. (54). This was done by calculating the dark-current density from the generated 
current density at a given light intensity in equivalent suns. E.g. 1 sun corresponds to 22.0 mA cm-2, 1% 
of a sun to 0.220 mA cm-2. The obtained dark current was then plotted against the measured QFLS or 
VOC at the given light intensity to create a transport/series resistance-free dark J-V-curve. This curve was 
then shifted to the JSC in the J-V-measurement to create the pseudo-J-V curve allowing to read of the 
pseudo- (or implied) FF and VOC of the measured partial cell stack (e.g. the neat film, or 
perovskite/transport layer junction) or the complete cell. We note, that the implied FF is only impacted 
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by the non-radiative (and radiative) recombination processes in the studied sample but not by charge 
transport or resistive losses that are induced by the active layer or the transport layers, and resistances 
(e.g. the ITO sheet resistance). 

Intensity-dependent 𝑽𝐎𝐂 measurements 

Steady-state intensity dependent 𝑉୓େ measurements were obtained with a 520 nm continuous wave laser 
(Insaneware) providing a power of 1 W. A continuously variable neutral density filterwheel (ThorLabs) 
was used to attenuate the laser power (up to OD 6). The light intensity was thereby simultaneously 
measured with a silicon photodetector and a Keithley 485 to improve the accuracy of the measurement. 
The measurement was performed by measuring the 𝑉୓େ after a 1 second illumination at a given light 
intensity and then the 𝐽ୗେ  after 1 second illumination before the filterwheel rotated to the next position. 
A custom-built LabView code was written to automate the measurement.  

Transient photoluminescence  

TrPL measurements were carried out in a home-built setup using 660 nm excitation laser light from a 
supercontinuum light source (SuperK) with a 25-35 µm spot size. The samples were excited from the 
glass side to avoid increased reflection stray light, however, no significant difference in decay times was 
observed between excitation from both sides. We chose the longer wavelength excitation to avoid effects 
of charge diffusion from a high to low carrier density region. The excitation pulse had a repetition rate 
of 150 kHz and the PL emission was collected panchromatically through a photomultiplier and time-
correlated single photon counting technique. The fluence was controlled with a tuneable neutral density 
filter and monitored with a power meter.  

Absolute photo and electroluminescence imaging of tandems 

Absolute PL imaging measurements were performed with two 450 nm LEDs for the perovskite subcell 
and with an 850 nm LED for the excitation of the silicon subcell. The excitation intensities for both 
measurements was set to 1.4 × 1021 photons m-2 s-1. The photoluminescence image detection was 
performed with a charge-coupled device (CCD) camera (Allied Vision) for the perovskite subcell and 
with an InGaAs based camera for the Si subcell. Both cameras were coupled with a liquid crystal tunable 
filter unit. The systems were calibrated to absolute photon numbers. 

Quantitative electroluminescence imaging was performed by sweeping a voltage between 1.4 and 2.0 V 
with a 2 mV voltage step and 0.5 s dwell time. The dark current Jdark was recorded for the sweeps. To 
avoid large data collection a luminescence image at every step for every subcell was recorded at the 
maximum energy of the luminescence. The intensity of the images was scaled to absolute photon 
numbers with a full hyperspectral image collected at a given injection. This results in a data set 

containing the electroluminescence yield of each subcell (j) 𝑌ா௅
௝ ሺ𝐽ௗ௔௥௞ሻ as a function of the injected 

current 𝐽ௗ௔௥௞ . The radiative current of every subcell 𝐽௥௔ௗ
௝  is calculated by multiplying the 𝑌ா௅

௝ ሺ𝐽ௗ௔௥௞ሻ by 

the elementary charge. Finally, the voltage of the subcells 𝑉௝ is calculated with: 

𝑉௝ ൌ 𝑘𝑇 ln ቆ
௃ೝೌ೏

ೕ ା௃బ,ೝೌ೏
ೕ

௃బ,ೝೌ೏
ೕ ቇ. 

Here, 𝐽଴,௥௔ௗ
௝  is calculated from the EQE of the individual subcells following the reciprocity theorem 

(71): 

𝐽଴,௥௔ௗ
௝ ൌ 𝑞 ׬ 𝐸𝑄𝐸 

௝ 
 

ሺ𝐸ሻ𝜙௕௕ሺ𝐸ሻ𝑑𝐸. 
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Terahertz-Probe (OPTP) spectroscopy  

Optical-Pump Terahertz-Probe (OPTP) spectroscopy can measure the transient photo-excited sheet 
conductivity ΔσS and sum mobility µ∑ = µe +µh of the electron mobility µe and the hole mobility µh. The 
terahertz pulses are generated by optical rectification of 800 nm pulses in a ZnTe crystal. These terahertz 
pulses are guided through the perovskite sample and the transmitted terahertz field T is measured by 
electro-optical sampling in a second ZnTe crystal. Additionally, the perovskite samples can be photo-
excited by pump pulses with a wavelength of 400 nm and a pulse length of ≈150 fs. These charge carriers 
alter the transmission of the terahertz probe pulse by ΔT, which is also detected. The derived pump-
induced change in THz transmission ΔT/T is analyzed by the thin-film approximation in equation (S5) 
for the photo-excited sheet conductivity ΔσS, which is the integral of the induced photoconductivity Δσ 
over the sample thickness d. The parameters are the speed of light c, the permittivity of the vacuum ε0, 
and the terahertz refractive index of the substrates nsub, which is 1.95 for the used quartz glass substrate. 

∆𝜎௦ ൌ න ∆𝜎𝑑𝑥
ௗ

௫ୀ଴
ൌ െ𝜀଴𝑐ሺ1 ൅ 𝑛௦௨௕ሻ

∆𝑇
𝑇

1 ൅
∆𝑇
𝑇

    ሺ1ሻ 

The transient of the photo-excited sheet conductivity is measured by scanning the delay of the pump 
pulse by an optical delay line. In this case, the terahertz pulse is sampled at its maximum. Additionally, 
the full terahertz pulse was scanned by a second delay line at a pump delay time of 10 ps. After both ΔT 
and T are Fourier-transformed, the photo-excited sheet conductivity spectrum is derived by 
Equation (1). The sum mobility spectrum is obtained by Equation (2) from the photo-excited sheet 
conductivity, the flux of the pump beam of 7 x 1011 photons/pulse/cm2, and the reflectance of the pump 
beam at 400 nm of 25%. The quantum yield of exciton dissociation in such mixed halide perovskites is 
approximately 1 at room temperature.  

Σ𝜇 ൌ 𝜇௘ሺ𝑓, 𝑡ሻ ൅ 𝜇௛ሺ𝑓, 𝑡ሻ ൌ
∆𝜎௦

𝑞𝜑௣௨௠௣ሺ1 െ 𝑅ሻ
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The gained sum mobility is a spectrum at the frequencies from 0.5 to 3 THz, which constitute the 
terahertz probe pulse. The observed flat frequency-dependence in fig. 1 indicates no significant 
difference between the measured terahertz mobilities and the DC-value, which is relevant for the device 
operation or carrier diffusion.  

Further details on the OPTP measurement can be found in (72). 

Single junction solar cell characterization (Current-Voltage curves, EQE) 

The J-V curves of single-junction cells were recorded in nitrogen atmosphere with a solar simulator 
(Oriel LCS-100) and Keithley 2400 source-measure unit, controlled by a custom LabView program. 
The intensity was calibrated to AM1.5G 1-sun-equivalent with a filtered KG3 Silicon reference solar 
cell, calibrated by Fraunhofer ISE (spectral mismatch is around 0.997, within the measurement error, 
thus no correction was applied). J-V scans were as performed in a 2-point-probe configuration. The 
typical step size was 20 mV, with an integration time of 20 ms and settling time of 20 ms (250 mV/s). 
The cells did not experience any preconditioning. Shunted or partially shunted devices (mostly due to 
scratches and not perfectly clean substrates) were not considered in the analysis. 

EQE spectra were recorded with an Oriel Instruments QEPVSI-b system with a Newport 300 W xenon 
arc lamp, controlled by TracQ-Basic software. The system is calibrated using a Si reference cell with 
known spectral response before every measurement. The electrical response of the device under test is 
measured with a Stanford Research SR830 Lock-In amplifier (time constant of 0.3 s) and evaluated in 
TracQ. The typical short-circuit current mismatch between integrated external quantum efficiency 
(EQE) times AM1.5G irradiance and values from J-V scans is around 1% if the area of the cell precisely 
known (considering shadowing through the mask during metal evaporation).  
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Tandem solar cell characterization (Current-Voltage curves, EQE) 

The tandem solar cells were measured in air under AM1.5G (1 sun) equivalent illumination with a 
Wavelabs Sinus-70 LED class AAA sun simulator. The cells did not experience any preconditioning. 
For calibration we used a slightly modified calibration route compared to Meusel et al. (73). We adjusted 
the spectrum such that for both subcells it led to the photogenerated current densities obtained by EQE 
measurements. Thus, for a perovskite-limited cell, we first increased the intensity of the blue light in 
order to get a silicon-limited cell. Subsequently, the NIR region was adjusted until the JSC of the silicon-
limited tandem solar cell was equal to the Jph,Si (calculated from EQE and AM1.5G spectrum). Finally, 
the intensity of the blue light was decreased until the tandem solar cell was perovskite-limited again and 
the JSC was equal to the Jph,Pero. For a silicon-limited cell it is done vice versa. The backside of the cell 
was contacted with a metal vacuum chuck at 25°C, whereas the front side was contacted with two Au 
probes. A black laser-cut aperture mask covered the substrate outside of the active area. The J-V 
measurements and MPP tracks were recorded using a home-built LabView software. The EQE spectra 
were recorded with a home-built setup using chopped (79 Hz) monochromatic light from a Xe and He 
lamp, respectively. To measure the EQE of the perovskite subcell, the silicon subcell was saturated using 
an LED with 850 nm peak emission. To maintain short circuit conditions, a bias voltage of 0.6 V was 
applied. The silicon subcell was measured by saturating the perovskite subcell with blue light from a 
LED (455 nm) and applying a bias voltage of 1 V. 

The boxes in the PV parameter boxplots indicate the 25/75 percentiles and the whiskers mark the 10/90 
percentiles. The line in the plots mark the respective average value. 

Helium Ultra-Violet Photoelectron Spectroscopy 

Helium ultra-violet photoelectron spectroscopy (He-UPS) with an excitation energy of 21.2 eV was 
applied to investigate the secondary electron cutoff (SECO) and the valence band onset. Four different 
layer stacks were investigated: i) ITO-covered glass substrate, two different SAMs ii) Me-4PACz and 
iii) 2PACz on an ITO-covered substrate and iv) ITO/PTAA/Perovskite (1.68 eV band gap). All samples 
were transferred from the glovebox to the vacuum system in a portable chamber in nitrogen atmosphere. 
The measurements were conducted using a step width of 0.05 eV and a dwell time of 3 seconds. Between 
the sample, contacted via the ITO, and the electron analyzer a bias voltage of 7 V was applied. Both, the 
SECO and the valence band onset (EF-EV), were determined by the intersection of the linear fit of the 
data with the linear background. Considering the excitation energy of He I, (21.2 eV - SECO) leads 
directly to the work function (EVak-EF) of the material.  

X-ray diffraction 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) data were acquired at the four crystal 
monochromator beamline of the Physikalisch-Technische Bundesanstalt at the synchrotron radiation 
facility BESSY II (48). Under high vacuum, X-rays with 8 keV photon energy (λ = 1.5498 Å) were 
incident on 1 cm2 samples prepared with stack silicon/ITO/HTL/perovskite/C60 to mimic growth 
conditions in devices, and with C60 to prevent any material changes under vacuum. Grazing incidence 
angles from 1.5° to 6.5° were used to probe different depths in the film and at high angles the broadening 
due to the beam footprint on the sample is reduced. Scattering was detected with a vacuum-compatible 
version of the PILATUS3 X 100K hybrid photon-counting detector (DECTRIS) (49). This detector was 
rotated around the sample center in 4.5° steps through 16 positions at a sample-to-detector distance of 
206 mm with 30 s acquisition at each detector angle. The photon flux was approximately 1.82 x 108 s-1 
with 80 μm beam height. Data was reduced and corrected using PyFAI (74). 

Further 1D X-ray diffraction measurements were acquired using a PANalytical X'Pert Pro MPD (multi-
purpose diffractometer) in grazing incidence geometry (GI-XRD). Diffraction patterns were collected 
with a step size of 0.02 degree, for 6 seconds at each step and at a grazing angle of 1°, with the 
measurement conducted in air. 
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Long term stability measurement 

Monolithic tandem solar cells were tracked over 300 h at the maximum power point (MPP) with a self-
constructed ageing setup in collaboration with the University of Ljubljana (with them providing the 
LED-array and measurement components). To guarantee homogenous illumination the LED-array 
consists of 193 LEDs, 144 of which are blue LEDs and 49 are near-infrared LEDs with a wavelength of 
470 nm and 940 nm, respectively. The normalized spectra are given in Figure S36. With an independent 
tunability of both intensities via two potentiometers, the photocurrent of the top and bottom cell can be 
adjusted to increase or decrease the current mismatch as intended. The bottom cell is electrically 
connected to a copper block on the backside, whereas the top cell is connected with 2 pogo-pins. Under 
ambient conditions (relative humidity of 30-40%, measured with a calibrated humidity tracker) the 
measurement took place in a closed housing at a stable 25°C, while the cells were kept in place with a 
diaphragm pump. While monitoring the current and voltage of each cell at MPP (using voltage 
perturbation) the intensity of a blue and infrared reference diode was logged to account for any 
drops/fluctuation of illumination.  
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Ultraviolet photoelectron spectroscopy 

 

 

Figure S1 Energetic diagram comparing the alignment between perovskite valence band edge and the HOMO 
levels of the studied hole-selective layers. A correlation is apparent between fill factor and how close the alignment 
between perovskite valence band edge and HOMO level of the hole-selective layers is; considering that PTAA has 
a low conductivity but significant thickness (~10 nm), which adds series resistance that influences the FF as well. 
The absorption onset in Figure S43 was used to estimate the “bandgap” of the SAMs. The data for PTAA is from 
ref. (7) (measured at another UPS setup). 
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Figure S2 ITO work function shift by the HTLs. Helium ultra-violet photoelectron spectroscopy comparing ITO 
substrates covered by Me-4PACz or 2PACz, or PTAA/Perovskite (1.68 eV bandgap). The energy scale is relative 
to the Fermi level. The left panel shows the secondary electron cutoff region and the right panel shows the valence 
band onset. Both were fitted with a linear function and the intersection with the linear background was read as the 
work function and the valence band onset, respectively.   

Additional photoluminescence data 

 

Figure S3 Photoluminescence time evolution of 1.68 eV bandgap perovskite on ITO/2PACz and ITO/MeO-
2PACz, complementing Figure 1 of the main text. 
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Figure S4 Photoluminescence spectra over time (10 min) under spot-illumination at 1-sun-equivalent excitation 
fluence. a-e show the spectra used for the plots Fig. 1 and Fig. S3. f-g show the spectra upon 30-suns fluence and 
smaller spot illumination. 

 

a 

 

b 

 

Figure S5 Photoluminescence spectra over time (10 min) of a perovskite film on ITO/MeO-2PACz. The same 
sample was measured with two different spot sizes: 0.12 cm² (a) and 0.4 mm² (b), each at different positions on the 
sample – but the excitation fluence was kept the same by placing additional ND1+ND0.4 filters into the beam for 
the 0.4 mm² case. This demonstrates that a smaller spot, i.e. steeper charge carrier gradient and larger spot edge-
to-area ratio, causes a quicker rise of PL of segregated low-bandgap regions (45) (which are more emissive than 
Br-rich phases). The same behavior was observed for all studied substrate/HTL configurations. 
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Figure S6 PL on a bare glass/ITO substrate (cleaned and O3-treated like the HTL-covered substrates). a, PL 
evolution in the same experiment as for Figure S4, showing that the conductive substrate could mitigate charge 
accumulation and thus suppress a double-peak formation. However, due to the ITO being not hole-selective 
enough, it is not suitable for efficient device operation with the herein used perovskite (inset). b, TrPL transients on 
a bare ITO/perovskite sample for three different excitation fluences. A mono-exponential fit to the 1-sun transient 
between 50 and 150 ns yielded a decay time of 70 ns. For comparison, the Me-4PACz transient as shown in the 
main text is included. c, Same experiment as in a, but with a smaller illumination spot size. d, same spot size as in 
c, but with 10-times higher intensity. 

 

 
Figure S7 Photoluminescence quantum yield under 85°C in air of perovskite films on Si substrates covered with 
PTAA and Me-4PACz. The inset shows the non-normalized values. The samples were left on a hotplate in air 
(relative humidity 40-60 %) and cooled to room temperature before every PL measurement. The PLQY of the PTAA 
sample fell to almost background-noise level after 90 min. The PL was measured in air under 1-sun equivalent 
generation with spot illumination (532 nm excitation, 0.12 cm² spot size).  
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Figure S8 a, Fits to the TrPL transients shown in Figure 2 of the main text. The fits are triple-exponential functions 
(no physical model, arbitrary choice to fit the data to help with the differential lifetime evaluation) with offsets and 
are used to compute the derivative of the transients (or differential lifetimes) to avoid high noise levels arising from 
differentiating the raw experimental data. b, Zoom-in to Fig. 2A of the main text. 

Note S1 

The ratio of higher-order to first-order recombination from the TrPL transients was extracted by first 
fitting a mono-exponential function to the linear part in logarithmic scale and extrapolating it until t=0. 
Thus, we could identify the part of the transient corresponding to higher order processes, including 
radiative recombination (see Figure S10). Integrating the higher-order part of the transient and dividing 
it by the total area under the transient gives the ratio. Doing this for all investigated generation conditions 
yielded Figure 2C of the main text.  

 

Figure S9 Charge generation regimes in TrPL. Maximum PL intensity for a series of excitation conditions. The 
transition from linear to quadratic dependence marks the carrier concentration above the background concentration 
or at which radiative recombination dominates. Although above 1-sun-equivalent carrier generation, Me-4PACz and 
2PACz are in this regime, the Me-4PACz transients still showed mostly mono-exponential decay (Figure S10). 
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Figure S10 TrPL transients at different excitation fluences of perovskite absorbers on quartz, 2PACz and Me-
4PACz. The red lines are linear fits to the mono-exponential tails of the transients. The area under the transients, 
the area under the linear fit and between linear fit and transient were used for the calculation of Figure 2C of the 
main text. Only the Me-4PACz transient shows little to no deviation from mono-exponential decay after the charge 
transfer process. 

 

a 

 

b 

 

Figure S11 Speed of electron extraction into the C60 layer. a, Terahertz conductivity transients of perovskite 
films on quartz glass covered by the electron-selective C60 layer. Notably, the decay is considerably slower when 
the pump pulse hits the quartz side first. A fast decay is visible when the blue pump pulse hits the C60 side first 
since the majority of charge carriers are excited at the C60-near perovskite surface and fast extraction to the C60 
layer or non-radiative recombination occurs at/in the C60 layer (53, 75, 76). Assuming negligible non-radiative 
recombination at the quartz interface, the comparison to the C60-side illumination hints that charge carriers diffuse 
through the perovskite film with a transition time of ~2.3 ns (eq-S1). In order to differentiate whether electron 
extraction or non-radiative recombination decays the transient, the plot shows an extrapolation of the mono-
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exponential part of a TrPL transient on the same sample (b), where trap-assisted recombination dominates, showing 
that trap-assisted non-radiative recombination would be too slow to be assigned as the underlying cause of the fast 
decay. Hence, it can be assigned to electron transfer into the C60, happening with a time constant of roughly 1 ns, 
significantly faster than hole transfer as indicated in Figure 2B (~300 ns).  The C60 transients can be modeled by 
the ambipolar diffusion of the charge carriers to the contact layers with an ambipolar diffusion coefficient Dam of 
0.5 cm2/s and their extraction with an extraction velocity S of 1.6 x 104cm/s. To this end, the continuity equation with 
S as a boundary condition is used (eq-S2 & eq-S3).  

 

𝜏୘୰ୟ୬ୱ୧୲୧୭୬ ൎ
𝑑ଶ

𝜋ଶ𝐷௔௠
൅

𝑑
2𝑆

 
(eq-S1)

𝑑
𝑑𝑡

∆𝑛 ൌ 𝐷௔௠
𝑑ଶ

𝑑𝑥ଶ ∆𝑛 (eq-S2)

𝐷௔௠
𝑑

𝑑𝑥
∆𝑛|௫ୀ଴ ൌ െ𝑆∆𝑛 (eq-S3)

𝐷௔௠ ൌ 2
𝑘஻𝑇

𝑒
𝜇௘𝜇௛

𝜇௘ ൅ 𝜇௛
 (eq-S4)

 

Equation (eq-S2) describes diffusion through the perovskite film, with d being the film thickness and 
Dam denoting the ambipolar diffusion coefficient. (eq-S3) describes recombination at the surface with a 
recombination velocity S. The ambipolar diffusion coefficient is connected in high injection to the 
individual mobilities of electrons and holes by (eq-S4). The combination of the ambipolar diffusion 
coefficient and the sum mobility µ∑ = µe +µh can be used to gain to the individual mobilities of electrons 
and holes (77). For the sum mobility µ∑ of 30 cm2/Vs, electron and hole mobilities of 6 cm2/Vs and 24 
cm2/Vs are derived. However, it cannot be clarified whether electrons or holes have the higher value. 

 

Figure S12 Terahertz (intragrain) mobilities of perovskite films deposited on the studies hole-selective 
layers and quartz. Growing perovskite on quartz, PTAA, MeO-2PACz, 2PACz or Me-4PACz has no effect on the 
terahertz mobility in the perovskite film. Such mobilities can be attributed to intra-grain transport for grain sizes 
above >100 nm (78). Therefore, we conclude that the intra-grain transport in the perovskite thin films is not altered 
by growing on SAMs and that the gain in fill factor is not caused by improved intra-grain transport. 
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X-ray diffraction study 

 

 

Figure S13 Absence of an effect of HTL on perovskite crystal orientation. a, Combined GIWAXS detector 
images at a grazing incidence angle of 0.5° and b, X-ray diffraction patterns generated by azimuthal integration of 
GIWAXS images acquired at 6.5° for perovskite grown on the four HTLs (with stack glass/ITO/HTL/Perovskite). 
Reflections from the pseudo-cubic perovskite are denoted by their Miller index and additional marked scattering 
features are reflections from ITO (#) and PbI₂ (*). Scattering data shown in part a) are uncorrected images with the 
scale indicating the detector rotation about the sample. 
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Figure S14 a) Typical remapped 2D scattering intensity data (Me-4PACz shown), plotted as χ (azimuthal scattering 
angle) vs. 2θ, with (100) and (110) perovskite reflections and PbI2 marked. b) Azimuthal intensity profiles showing 
orientation distribution for the radially integrated (100) and (110) scattering features and PbI2 for all samples. All 
data was acquired at a grazing incidence angle of 0.5°. 
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Figure S15 Grazing-incidence X-ray diffraction acquired with a rotating 1D detector (GI-XRD) at an incidence 
angle of 1°. Prior to measurement, samples were stored for ~2 weeks under N2 and measured in air, so may have 
undergone partial degradation. a, Diffraction patterns from the perovskite thin films with additional marked scattering 
features from ITO (#) and PbI₂ (*). Here the PbI2 scattering intensity is exaggerated with respect to the perovskite 
by the 1D detector geometry and out-of-plane texture of this phase, as observed in the GIWAXS measurements 
(Figure S13). b, Highlighted perovskite 200 reflection, showing shift and broadening of the scattering for the PTAA 
sample. c, Example Le Bail structural refinement of the Me-4PACz pattern with cubic Pm-3m perovskite, PbI2 and 
ITO phases present. d, Le Bail refined cubic perovskite lattice parameters and Pseudo-Voigt fitted full width at half 
maximum (FWHM) of the 200 reflections shown in part b). The differences in peak broadening between SAMs and 
PTAA might be over-estimated due to possible degradation of the PTAA sample (increased PbI2 peak), which was 
less pronounced in the 1D scans extracted from the GIWAXS data.   
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Additional single-junction device data 

 

 

Figure S16 Comparison of experimentally achieved FF values of single-junction cells with different solar 
materials (27). The numbers inside the bars are the percentages with regard to the respective detailed balance 
limit. For Silicon, the large Auger recombination rate reduces the ideality factor to below 1, thus higher FFs than the 
detailed balance limit are possible (69).  

 

 

   

 

Figure S17 Influence of SAM washing on devices. Performance parameters of single-junction devices (without 
LiF interlayer) in which the ITO substrate was washed with EtOH after Me-4PACz spin-coating or not. The absence 
of a difference is characteristic for SAM-covered ITO substrates and in line with our previous findings demonstrating 
with 2PACz that spin-coating of a dilute solution (~0.3 mg/ml) already yielded a substrate-covering monolayer (7). 
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Figure S18 Left: J-V curve of the champion single-junction cell based on Me-4PACz as the hole-selective layer and 
LiF/C60/SnO2 on the electron-selective side, with the perovskite absorber bandgap being 1.68 eV. The inset shows 
a MPP track of that cell (spikes are from the unstable halogen lamp). Right: Representative EQE spectra of Me-
4PACz and PTAA cells. 

 

 

  

Figure S19 Difference in ideality factor from dark-J-V curves. Representative dark-J-V curves (left) of single-
junction cells (no LiF) and ideality factor extracted from a fit on the data, of which the inverse of the derivative of the 
logarithm, divided by the thermal energy (25.8 meV) is plotted on the right. In line with the previous findings, the 
lower ideality factor with Me-4PACz is also visible in the dark curve as a steeper slope of the dark current. However, 
the suns-Voc method as shown in the main text is the more accurate way of determining the value of the ideality 
factor. 
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Figure S20 Open-circuit voltages of perovskite solar cells (single-junctions) with the studied hole-selective layers, 
with and without LiF interlayer between the perovskite and C60 layer. The full VOC potential is only visible upon 
suppression of non-radiative recombination at the C60 interface, which we here demonstrated by an LiF interlayer. 
PTAA-based devices are limited by the PTAA interface to ~1.18 V (fitting to the QFLS of bare perovskite on PTAA). 

 

Figure S21 Derivative of the external quantum efficiency of single-junction PSCs based on the compared hole-
selective layers. The derivative, or inflection point (23), lies at 740 nm, the same wavelength as the PL peaks of 
pristine perovskite films. 

 

Figure S22 Addition to Figure 3D of the main text, showing the influence of LiF between perovskite and C60 on the 
intensity-dependent PL measurements for determination of the pFF values. The passivation effect of LiF on the 
perovskite surface is only minor (20 meV gain in QFLS), hinting that the large gain in VOC by introduction of the LiF 
interlayer (see Figure S20) cannot be explained by surface passivation alone. We speculate that it might again be 
connected to differences in built-in potential across the full device and a hole-blocking nature of LiF (79). 
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Figure S23 Influence of aliphatic chain length with bare and methyl-substituted carbazole SAMs on 
perovskite single-junction performance (no LiF). Mainly the FF was affected (JSC values are likely slightly over-
estimated, compared to EQE in Figure S18). The bottom panels show normalized J-V curves of the best-FF devices 
of each variation. For larger lengths of the isolating, non-conjugated SAM part (aliphatic chains containing 4 and 6 
hydrocarbon segments), the fill factor decreases due to higher series resistance and ideality factor. The hampered 
hole extraction lead to current-voltage hysteresis in n=6 devices. For the methyl-substituted SAM, the optimum FF 
was reached with a chain length of n=4, while for nPACz, the highest FF was enabled by n=2. Possibly, self-
assembly of the bare carbazole SAM nPACz is stabilized by pi-pi interactions of the carbazole fragments, whereas 
for the Me-substituted SAM an interplay between steric repulsion between the methyl fragments and van der Waals 
interaction between the hydrocarbon chains controls the SAM ordering and thus interface quality (80–83). This 
might cause the different optimum aliphatic chain lengths for the two different SAM types. Further investigations are 
needed to clarify the exact role of molecular orientation and effective dipole moment. 
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a 

 
b 

 
 

Figure S24 Scanning electron microscopy images of perovskite on the studied HTLs. a, top view. b, cross-section.  
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Additional data on tandem devices 

 

 

a 

 

b 

 

Figure S25 a) Photograph of a monolithic perovskite/silicon tandem solar cell. b) Layout of the tandem solar cells 
used in this work. 
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Figure S26 Tandem cell performance parameters from J-V curves under 1-sun equivalent illumination, comparing 
the different hole-selective layers with and without a 1 nm LiF interlayer between C60 and perovskite. The arithmetic 
mean is given for each parameter and HTL. 
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Table S27 Subcell photogenerated current densities (Jph) values of the tandem cells with Me-4PACz presented in 
Figure S26 showing that for almost all cells, the perovskite top cell was limiting. This table includes cells with and 
without LiF interlayer where EQE data was available. 

 

Silicon Jph 
(mA/cm²) 

Perovskite Jph 
(mA/cm²)

Mismatch: Jph,Silicon-Jph,Perovskite 
(mA/cm²)

19.87 19.42 0.45
19.63 19.39 0.24
20.18 19.58 0.6
19.94 19.51 0.43
20.2 19.51 0.69

20.22 19.52 0.7
19.89 19.05 0.84
20.18 19.41 0.77
20.73 18.76 1.97
20.6 18.7 1.9

20.47 18.98 1.49
19.94 19.24 0.7
19.56 19.31 0.25
19.38 19.41 -0.03
19.6 19.63 -0.03

 

 

 

Figure S28 J-V curves of the champion tandem solar cells with various HTLs. The parameters are given in  

S29. 
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S29 Photovoltaic parameters of the champion cells using PTAA, MeO-2PACz, 2PACz and Me-4PACz as HTL. 
Additionally, we distinguished between cells with and without LiF interlayer.  

Configuration Direction Jsc in mA 
cm-2 

Voc in V FF in % PCE 
in % 

PTAA Jsc to Voc 19.19 1.85 75.6 26.79 
PTAA Voc to Jsc 19.23 1.84 76.3 27.00 
PTAA - LiF Jsc to Voc 18.94 1.88 75.10 26.67 
PTAA - LiF Voc to Jsc 18.96 1.87 74.04 26.25 
MeO-2PACz Jsc to Voc 19.57 1.88 78.07 28.60 
MeO-2PACz Voc to Jsc 19.58 1.88 78.66 28.88 
2PACz Jsc to Voc 19.55 1.85 75.73 27.36 
2PACz Voc to Jsc 19.57 1.85 76.83 27.79 
Me-4PACz Jsc to Voc 19.37 1.87 80.89 29.23 
Me-4PACz Voc to Jsc 19.37 1.87 81.06 29.29 
Me-4PACz – LiF 
(certified values) 

Jsc to Voc 19.23 1.90 79.40 29.00 

Me-4PACz – LiF 
(certified values) 

Voc to Jsc 19.24 1.89 78.85 
 

28.75 

 

 

 

Figure S30 J-V of the monolithic perovskite silicon tandem solar cell with the new HTL Me-4PACz and LiF interlayer, 
showing a record VOC of 1.92 eV, featuring a 1.68 eV bandgap perovskite absorber.  
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Figure S31 J-V curves of a representative silicon single-junction reference cell measured under full 1-sun-
equivalent illumination and under filtered light, roughly as transmitted by a perovskite cell. As described in the 
methods, instead of 95 nm nc-SiOx:H and 20 nm ITO on the front side (which becomes the recombination layer in 
a tandem solar cell), this reference cell comprises 20 nm nc-SiOx:H and 70 nm ITO. To extract the charges from 
the 2 x 2 cm2 active area, a screen-printed Ag grid is used. 
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Certification 
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Figure S32: Certification report from Fraunhofer ISE for a monolithic perovskite silicon tandem solar cell with Me-
4PACz as HTL and LiF interlayer. 
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Figure S33 J-V curve under 1-sun-equivalent illumination of the certified Me-4PACz+LiF tandem solar cell, 
measured in-house, yielding almost the same results as the certified measurement shown in the main text. 

 

 

Figure S34 External quantum efficiencies of the certified champion device in this publication (measured in-house) 
and of the publication from Sahli et al. (62). The latter shows that the textured front side can increase the 
photogenerated current density by reduced reflection. This led to a cumulative current density of 40.4 mA cm-2, 
whereas the flat front side of this publication led to 39.59 mA cm-2. Additionally, the dashed lines show the reflection 
(1-R) of the respective cell. 
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a 

 

b 

 

Figure S35 a) Comparison of champion monolithic perovskite silicon tandem solar cells (Me-4PACz) with and 
without LiF interlayer. The J-V of the cell with LiF interlayer was certified at Fraunhofer ISE. The higher Voc but lower 
FF for cells with LiF interlayer is clearly visible. b) 5 minutes MPP-track of the champion cell withouf LiF interlayer 
with an average value of 29.32% 

Figure S36 Normalized spectra of the LEDs used for long term MPP-tracks of tandem solar cells. The spectra are 
given by the manufacturer. For the MPP-tracks, the intensities were adjusted such that in the subcells the same 
charge carrier densities are generated as derived from the respective EQE measurements. 

 

 

Note S37: Light sources for long term stability tests of tandem solar cells 

Typically, low-class lamp spectra provide less NIR light and thus the photogenerated current density of the silicon 
bottom cell will be reduced, leading potentially to a silicon-limited tandem solar cell. Silicon-limited tandem solar 
cells would show higher stability as the degradation of the perovskite subcell barely affects the performance of the 
tandem until a certain threshold is reached. Therefore, the subcell limitation will also affect operational stability, 
depending on the degree of mismatch and type of degradation. A detailed analysis of the influence of the subcell 
properties on the tandem solar cell is given by Boccard and Ballif (84). 
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Table S38 Photogenerated current of tandem solar cells. The photogenerated current densities were extracted by 
measuring the short circuit current under one or the other limitation. We assume that the short circuit current is 
equal to the photogenerated current of the limiting subcell. The limitation is artificially created by enhancing the sun 
simulator intensity in the spectral region that only the non-limiting cell absorbs (i.e., increased NIR intensity for 
perovskite limitation and increased blue intensity for silicon limitation).  

 Iph,Pero (mA) Iph,Si (mA) 

PTAA LiF 18.88 20.05 
Me-4PACz LiF 19.57 19.86 
2PACz 19.04 19.5 
Me-4PACz 20.10 20.06 

 

 

Figure S39 MPP track of a tandem solar cell with Me-4PACz as HTL (without LiF interlayer). The cell was 
illuminated with an AM1.5G spectrum (calibrated with a KG-3 filtered silicon reference cell, certified at Fraunhofer 
ISE). Following the procedure of Jošt et al.(63), the cell was held for 15 minutes at 40 °C, 55 °C and 70 °C and for 
20 minutes at 85 °C. Due to a technical issue, the sun simulator needed to be restarted. However, the cell was still 
exposed to the elevated temperature.  
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Figure S40 Injection dependent EL measurements of a monolithic tandem solar cell using Me-4PACz as HTL and 
LiF interlayer. By applying a voltage to the solar cell, we inject a current, which flows through both subcells. From 
the EL measurement, we extract the QFLS at each injected current and can reconstruct a dark J-V. 

 

 

Note S41: J-V reconstructed from EL measurements 

When comparing the reconstructed J-V obtained from EL measurements (JVEL) to the J-V measured 
under a solar simulator (JVSunsim), we first notice a slightly higher shunt resistance RSh for the JVEL,Tandem. 
We attribute this to pinholes in the perovskite top cell (e.g., direct contact between C60 and ITO), which 
are electrically active and lead to leakage currents in the JVSunsim. However, these pinholes are not visible 
in the EL images due to limited camera resolution and pixel bleeding of the luminescence intensity. 
Thus, the reconstructed perovskite subcell JVEL,Pero is a representation of a top cell processed under 
perfect substrate and precursor cleanliness, pinhole-free wetting etc. Secondly, the reconstructed JVEL 
curve does not feature any series resistance, because the EL gives access only to the internal voltage, 
whereas an electrical J-V curve displays the current density versus external voltage. The external voltage 
at a given current is smaller than the internal one for example due to voltage drops at series resistances 
(85). Additionally, in the EL reconstruction, a larger current is flowing at the reconstructed VOC as 
compared to the reconstructed VMPP, since 1-sun equivalent electrical current injection corresponds to 
the reconstructed VOC. In contrast, under electrical J-V-sweeping, a higher net current flows at VMPP 
compared to VOC. Since in a solar cell diode equation the series resistance appears in the product Rs × I, 
the JVEL thus simulates a J-V curve under small net current flow. 
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a 
 

 

b 

 

Figure S42 a, Schematic of the SPICE simulation. For the top and bottom cell a single diode model is used 
consisting of a current source Jph, series resistance Rs, parallel resistance Rshunt and the diode. In this case, the Rs 
was set to 0. b, result of the simulation using the parameter extracted from the JVEL of the individual subcells. The 
Jph of the subcells were changed while maintaining a constant cumulative current density of 39.3 mA cm-2 as it is 
the case for AM1.5G-equivalent illumination (calculated by EQE). Thus, the individual parameters are a function of 
the mismatch of the subcells. A FF minimum occurs at a mismatch of -0.7 mA cm-2, whereas it is simultaneously 
the point of maximum Jsc. Thus, a tradeoff needs to be done. Here, the maximum PCE of 32.43% is reached when 
both subcells have the same Jph (i.e. mismatch=0). 
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Synthesis of the new SAMs  

 

 

 

Figure S43 Molar extinction coefficient of 2PACz and Me-4PACz dissolved in THF (10-4 M). UV/Vis spectra were 
recorded on a PerkinElmer Lambda 35 spectrometer. 
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Me-nPACz (n = 2,4,6) 

Materials used for the synthesis were purchased from Sigma-Aldrich or TCI Europe and were used as 
received without further purification. 

The 1H and 13C NMR spectra were taken on Bruker Avance III (400 MHz) spectrometer at room 
temperature. Chemical shifts are reported in parts per million (δ, ppm) downfield from tetramethylsilane 
standard and are referenced to residual signal of the solvent. The course of the reactions products was 
monitored by TLC on ALUGRAM SIL G/UV254 plates and developed with UV light. Silica gel (grade 
9385, 230–400 mesh, 60 Å, Aldrich) was used for column chromatography. Elemental analysis was 
performed with an Exeter Analytical CE-440 elemental analyzer, Model 440 C/H/N/. 

 

Figure S44 Synthesis scheme of the new materials (Me)-nPACz (n = 2, 4, 6). 

 

 

(3,6-Dimethyl-9H-carbazole) (1a). 3,6-Dibromocarbazole (10 g, 30.77 mmol) and 1,3-bis-
(diphenylphosphino)dichloronickel(II) (Ni(dppp)2Cl2) (2.5g, 4.62 mmol) were dissolved in 700 ml of 
absolute diethyl ether under argon atmosphere. After 15 min, 40.9 mL of a 3 M CH3MgBr solution in 
diethyl ether (123.08 mmol) was added over a period of 60 min to the purple red suspension, yielding a 
brown and clear solution. Afterwards reaction mixture was refluxed for 5 h, cooled to room temperature, 
and quenched with 100 mL of saturated aqueous NH4Cl solution. Organic phase was separated and 
extracted three times with 200 mL of saturated aqueous Na2CO3 solution, three times with 200 mL of 
water, and finally three times with 200 mL of saturated aqueous NaCl solution. The organic layer was 
dried over anhydrous Na2SO4 and the solvent was distilled off under reduced pressure. The crude 
product was purified by column chromatography (acetone n-hexane 1:24 v/v) to give 3.5 g (58 %) of 
white crystalline powder. 

1H NMR (400 MHz, (CD3)2SO): δ 10.95 (s, 1H), 7.84 (s, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 8.0 
Hz, 2H), 2.46 (s, 6H). 
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13C NMR (100 MHz, (CD3)2SO): δ 138.3, 126.8, 126.6, 122.4, 119.8, 110.6, 21.1.  

Anal. calcd for C14H13N, %: C 86.12, H 6.71, N 7.17, found, %: C 85.91, H 6.82, N 7.27. 

 

 
9-(2-Bromoethyl)-3,6-dimethyl-9H-carbazole (2a): 1a (0.6 g, 3.07 mmol) was dissolved in 1,2-
dibromoethane (7 ml, 81.23 mmol), tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50% KOH 
aqueous solution (0.86 ml, 15.35 mmol) were added subsequently. Reaction was stirred at 50°C for two 
days (TLC, acetone: n-hexane 2:23 v/v) after each 24h tetrabuthylammonium bromide (0.1 g, 0,31 
mmol) and 0.5 ml of 50% aqueous KOH solution were added. After completion of the reaction, 
extraction was done with dichloromethane. The organic layer was dried over anhydrous Na2SO4 and the 
solvent was distilled off under reduced pressure. The crude product was purified by column 
chromatography (acetone: n-hexane 1:23 v/v) to give 0.52 g (47%) of colourless solid.  

1H NMR (400 MHz, CDCl3): δ 7.82 (s, 2H), 7.27 – 7.22 (m, 4H), 4.57 (t, J = 7.5 Hz, 2H), 3.58 (t, J = 
7.5 Hz, 2H), 2.50 (s, 6H). 

13C NMR (100 MHz, CDCl3): δ 138.6, 128.8, 127.2, 123.2, 120.6, 108.2, 44.8, 28.4, 21.5. 

Anal. calcd for C16H16BrN, %: C 63.59, H 5.34, N 4.63, found, %: C 63.72, H 5.52, N 4.77. 

 

 

Diethyl [2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl]phosphonate (3a): 2a (0.4 g, 1.32 mmol) was 
dissolved in triethyl phosphite (6 ml, 34.99 mmol) and the reaction mixture was heated at reflux for 19 
h. After reaction completion (TLC, acetone: n-hexane 8:17 v/v) the solvent was distilled off under 
reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane 1:4 
v/v) to give 0.46g (97%) of yellowish resin.  

1H NMR (400 MHz, CDCl3): δ 7.84 (s, 2H), 7.30 – 7.23 (m, 4H), 4.55 (q, J = 8.5 Hz, 2H), 4.08 (quint, 
J = 7.1 Hz, 4H), 2.52 (s, 6H), 2.28 – 2.16 (m, 2H), 1.28 (t, J = 7.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3): δ 138.3, 128.4, 127.1, 123.2, 120.5, 108.2, 62.0, 61.9, 37.1, 26.0, 24.6, 
21.5, 16.54, 16.48. 

Anal. calcd for C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 67.01, H 7.09, N 4.08. 
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[2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl]phosphonic acid (Me-2PACz): 3a (0.47 g, 1.31 mmol) was 
dissolved in anhydrous 1,4-dioxane (15 ml) under argon atmosphere and bromotrimethylsilane (1.73 
ml, 13.07 mmol) was added dropwise. Reaction was stirred for 22 h at 25 °C under argon atmosphere. 
Afterwards, methanol (3 ml) was added and stirring continued for 3h. Finally, distilled water was added 
dropwise (10 ml), until solution became opaque, and it was stirred overnight. Product was filtered off, 
washed with water, dissolved in tetrahydrofuran (1 ml) and precipitated into n-hexane (12 ml). The 
product was filtered off and washed with n-hexane, to give 0.360 g (91 %) of white powder. 

1H NMR (400 MHz, (CD3)2SO): δ 9.59 (br s, 2H), 7.88 (s, 2H), 7.38 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 
8.3 Hz, 2H), 4.59 – 4.40 (m, 2H), 2.46 (s, 6H), 2.09 – 1.90 (m, 2H). 

13C NMR (100 MHz, (CD3)2SO): δ 138.0, 127.4, 126.9, 122.3, 120.2, 108.6, 37.4, 28.0, 26.7, 21.0.  

Anal. calcd for C16H18NO3P, %: C 63.36, H 5.98, N 4.62, found, %: C 63.53, H 5.81, N 4.76. 

 

 

9-(4-bromobutyl)-3,6-dimethyl-9H-carbazole (2b): 1a (0.6 g, 3.07 mmol) was dissolved in 1,4-
dibromobutane (9.1 ml, 76.75 mmol), tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50% 
KOH aqueous solution (0.86 ml, 15.35 mmol) were added subsequently. Reaction was stirred at 60°C 
overnight (TLC, acetone:n-hexane, 1:24, v:v). After completion of the reaction, extraction was done 
with dichloromethane. The organic layer was dried over anhydrous Na2SO4 and the solvent was distilled 
off under reduced pressure. The crude product was purified by column chromatography (acetone n-
hexane 1:124 v/v) to give 0.91 g (90 %) of white crystalline solid. 

1H NMR (400 MHz, CDCl3): δ 7.85 (s, 2H), 7.29 – 7.20 (m, 4H), 4.27 (t, J = 6.8 Hz, 2H), 3.33 (t, J = 
6.5 Hz, 2H), 2.52 (s, 6H), 2.01 (quint, J = 7.1 Hz, 2H), 1.86 (quint, J = 6.4 Hz, 2H). 

13C NMR (100 MHz, CDCl3): δ 139.0, 128.1, 127.0, 123.0, 120.5, 108.3, 42.3, 33.4, 30.4, 27.8, 21.5. 

Anal. calcd for C18H20BrN, %: C 65.46, H 6.10, N 4.24, found, %: C 65.31, H 6.34, N 4.39. 
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Diethyl [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonate (3b): 2b (0.8 g, 2.42 mmol) was 
dissolved in triethyl phosphite (9 ml, 52.49 mmol) and the reaction mixture was heated at reflux 
overnight. After reaction completion (TLC, acetone: n-hexane, 6:19, v:v) the solvent was distilled off 
under reduced pressure. The crude product was purified by column chromatography (acetone/n-hexane 
1:4 v/v) to give 0.89g (95%) of yellowish resin.  

1H NMR (400 MHz, CDCl3): δ 7.84 (s, 2H), 7.25 – 7.22 (m, 4H), 4.24 (t, J = 7.0 Hz, 2H), 4.00 (quint, 
J = 7.3 Hz, 4H), 2.51 (s, 6H), 1.93 (quint, J = 7.5 Hz, 2H), 1.75 – 1.58 (m, 4H), 1.24 (t, J = 7.0 Hz, 
6H). 

13C NMR (100 MHz, CDCl3): δ 139.0, 127.9, 126.9, 122.9, 120.4, 108.3, 61.62, 61.56, 42.6, 29.92, 
29.77, 26.2, 24.8, 21.5, 20.54, 20.49, 16.53, 16.47. 

Anal. calcd for C22H30NO3P, %: C 68.20, H 7.80, N 3.62, found, %: C 68.03, H 7.98, N 3.79. 

 

 

[4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz): 3b (0.6 g, 1.55 mmol) was 
dissolved in anhydrous 1,4-dioxane (20 ml) under argon atmosphere and bromotrimethylsilane (2.12 
ml, 15.59 mmol) was added dropwise. Reaction was stirred for 22 h at 25oC under argon atmosphere. 
Afterwards, methanol (3 ml) was added and stirring continued for 3h. Finally, distilled water was added 
dropwise (15 ml), until solution became opaque, and it was stirred overnight. Product was filtered off, 
washed with water, dissolved in tetrahydrofuran (1 ml) and precipitated into n-hexane (15 ml). The 
product was filtered off and washed with n-hexane, to give 0.460 g (91 %) of white powder.  

1H NMR (400 MHz, (CD3)2SO): δ 7.88 (s, 2H), 7.45 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.3 Hz, 2H), 4.34 
– 4.27 (m, 2H), 2.47 (s, 6H), 1.85 – 1.76 (m, 2H), 1.58 – 1.45 (m, 4H). 

13C NMR (100 MHz, (CD3)2SO): δ 138.6, 127.0, 126.8, 122.0, 112.0, 109.0, 42.0, 29.71, 29.56, 28.1, 
26.8, 21.1, 20.49, 20.45. 

Anal. calcd for C18H22NO3P, %: C 65.25, H 6.69, N 4.23, found, %: C 65.38, H 6.51, N 4.29. 
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9-(6-Bromohexyl)-3,6-dimethyl-9H-carbazole (2c): 1a (0.6 g, 3.07 mmol) was dissolved in 1,6-
dibromohexane (9 ml, 58.51 mmol), tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50% 
KOH aqueous solution (0.86 ml, 15.35 mmol) were added subsequently. Reaction was stirred at 60°C 
overnight (TLC, acetone: n-hexane 1:24 v/v). After completion of the reaction, extraction was done with 
dichloromethane. The organic layer was dried over anhydrous Na2SO4 and the solvent was distilled off 
under reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane 
1:249 v/v) to give 1.04 g (95 %) of colourless compound  

1H NMR (400 MHz, CDCl3): δ 7.85 (s, 2H), 7.25 – 7.23 (m, 4H), 4.22 (t, J = 7.0 Hz), 3.32 (t, J = 6.7 
Hz, 2H), 2.52 (s, 6H), 1.88 – 1.80 (m, 2H), 1.80 – 1.72 (m, 2H), 1.47 – 1.39 (m, 2H), 1.38 – 1.29 (m, 
2H). 

13C NMR (100 MHz, CDCl3): δ 139.1, 127.9, 126.9, 122.9, 120.4, 108.4, 43.0, 33.9, 32.7, 29.0, 28.1, 
26.6, 21.5. 

Anal. calcd for C20H24BrN, %: C 67.04, H 6.75, N 3.91, found, %: C 67.18, H 6.62, N 4.10. 

 

 

Diethyl [6-(3,6-dimethyl-9H-carbazol-9-yl)hexyl]phosphonate (3c): 2c (1 g, 2.79 mmol) was 
dissolved in triethyl phosphite (10 ml, 58.32 mmol) and the reaction mixture was heated at reflux 
overnight. After reaction completion (TLC, acetone: n-hexane 6:19 v/v) the solvent was distilled off 
under reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane 
4:21 v/v) to give 0.96g (82%) of yellowish resin.  

1H NMR (400 MHz, CDCl3): δ 7.84 (s, 2H), 7.25 – 7.22 (m, 4H), 4.22 (t, J = 7.0 Hz, 2H), 4.10 – 3.99 
(m, 4H), 2.52 (s, 6H), 1.82 (p, J = 7.0 Hz, 2H), 1.70 – 1.59 (m, 2H), 1.59 – 1.48 (m, 2H), 1.40 – 1.31 
(m, 4H), 1.28 (t, J = 7.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3): δ 139.0, 127.8, 126.8, 122.8, 120.3, 108.3, 61.50, 61.44, 43.0, 30.52, 
30.36, 28.9, 26.9, 26.4, 25.0, 22.45, 22.40, 21.5, 16.6, 16.5. 

Anal. calcd for C24H34NO3P, %: C 69.37, H 8.25, N 3.37, found, %: C 69.56, H 8.13, N 3.50. 
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[6-(3,6-Dimethyl-9H-carbazol-9-yl)hexyl]phosphonic acid (Me-6PACz): 3c (0.8 g, 1.92 mmol) was 
dissolved in anhydrous 1,4-dioxane (20 ml) under argon atmosphere and bromotrimethylsilane (2.5 ml, 
19.25 mmol) was added dropwise. Reaction was stirred for 22 h at 25 ºC under argon atmosphere. 
Afterwards, methanol (3 ml) was added and stirring continued for 3h. Finally, distilled water was added 
dropwise (15 ml), until solution became opaque, and it was stirred overnight. Product was filtered off, 
washed with water, dissolved in tetrahydrofuran (2 ml) and precipitated into n-hexane (25 ml). The 
product was filtered off and washed with n-hexane, to give 0.580 g (84 %) of white powder. 

1H NMR (400 MHz, (CD3)2SO): δ 8.44 (br s, 2H), 7.84 (s, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 
8.2 Hz, 2H), 4.25 (t, J = 6.9 Hz, 2H), 2.43 (s, 6H), 1.72 – 1.63 (m, 2H), 1.46 – 1.17 (m, 8H). 

13C NMR (100 MHz, (CD3)2SO): δ 138.6, 127.0, 126.8, 122.0, 120.0, 108.8, 42.2, 31.0, 29.9, 29.7, 28.4, 
26.2, 22.7, 22.1, 21.0, 14.0. 

Anal. calcd for C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 66.73, H 7.47, N 3.76. 

 

nPACz (n = 2,4,6) 

 

 

9-(4-Bromobutyl)-9H-carbazole (2d): 1b (1 g, 5.98 mmol) was dispersed in toluene (13 ml). 
Afterwards, catalytic amount of tetrabutylammonium bromide, 50% KOH aqueous solution (13 ml) and 
1,4-dibromobutane (1.428 ml, 11.96 mmol) were added. After 24h of stirring at room temperature, 
additional amount of 1,4-dibromobutane (1.428 ml, 11.96 mmol) was added, and the mixture was stirred 
at room temperature for additional 24h. After completion of the reaction (TLC, acetone:n-hexane, 3:22, 
v:v)., extraction was done with ethyl acetate. The organic layer was dried over anhydrous Na2SO4 and 
the solvent was distilled off under reduced pressure. The product was purified by column 
chromatography (n-hexane), to give 1.31 g (73 %) of white crystalline solid. 

1H NMR (400 MHz, (CD3)2SO): δ 8.15 (d, J = 7.7 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.45 (t, J = 7.7 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.44 (t, J = 6.6 Hz, 2H), 3.54 (t, J = 6.3 Hz, 2H), 2.00 – 1.70 (m, 
4H). 

13C NMR (101 MHz, (CD3)2SO): δ 139.9, 125.7, 122.0, 120.3, 118.7, 109.2, 41.3, 34.7, 29.8, 27.2. 

Anal. calcd for C16H16BrN, %: C 63.59, H 5.34, N 4.63, found, %: C 63.64, H 5.40, N 4.67. 
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Diethyl [4-(9H-carbazol-9-yl)butyl]phosphonate (3d): 2d (1.3 g, 4.3 mmol) was dissolved in triethyl 
phosphite (13 ml, 76 mmol) and the reaction mixture was heated at reflux for 24 h. After reaction 
completion (TLC, acetone:n-hexane, 7:18, v:v) the solvent was distilled off under reduced pressure. The 
crude product was purified by column chromatography (n-hexane; acetone:n-hexane, 1:4, v:v) to give 
1.46 g (95%) of clear liquid. 

1H NMR (400 MHz, (CD3)2SO): δ 8.14 (d, J = 7.7 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.7 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.41 (t, J = 7.0 Hz, 2H), 3.89 (quint, J = 7.4 Hz, 4H), 1.96 – 1.63 (m, 
4H), 1.58 – 1.39 (m, 2H), 1.13 (t, J = 7.0 Hz, 6H). 

13C NMR (101 MHz, (CD3)2SO): δ 140.4, 126.1, 122.5, 120.7, 119.1, 109.8, 61.24, 61.18, 42.2, 29.76, 
29.60, 25.4, 24.0, 20.26, 20.21, 16.71, 16.66. 

Anal. calcd for C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 66.58, H 7.21, N 3.82. 

 

 

[4-(9H-carbazol-9-yl)butyl]phosphonic acid (4PACz): 3d (1 g, 2.78 mmol) was dissolved in 
anhydrous 1,4-dioxane (30 ml) under argon atmosphere and bromotrimethylsilane (3 ml, 22.73 mmol) 
was added dropwise. Reaction was stirred for 24 h at 25 °C under argon atmosphere. Afterwards 
solvent was partially distilled off under reduced pressure, and the liquid residue was dissolved in 
methanol (30 ml). Next, distilled water was added dropwise (30 ml), until solution became opaque. 
Product was filtered off and washed with water to give 0.47 g (56 %) of white solid. 

1H NMR (400 MHz, (CD3)2SO): δ 8.14 (d, J = 7.7 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.6 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.39 (t, J = 6.9 Hz, 2H), 1.85 (quint, J = 7.2 Hz, 2H), 1.64 – 1.42 (m, 
4H). 

13C NMR (101 MHz, (CD3)2SO): δ 140.2, 125.9, 122.2, 120.4, 118.8, 109.5, 42.2, 29.9, 29.7, 28.3, 
26.9, 20.72, 20.67. 

Anal. calcd for C16H18NO3P, %: C 63.36, H 5.98, N 4.62, found, %: C 63.25, H 6.11, N 4.54. 
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9-(6-bromohexyl)-9H-carbazole (2e): 1b (1 g, 5.98 mmol) was dispersed in toluene (13 ml). 
Afterwards, catalytic amount of tetrabutylammonium bromide, 50% KOH aqueous solution (13 ml) and 
1,6-dibromohexane (1.84 ml, 11.96 mmol) were added. After 24h of stirring at room temperature, 
additional amount of 1,6-dibromohexane (1 ml, 6.5 mmol) was added, and the mixture was stirred at 
room temperature for additional 24h. After completion of the reaction (TLC, acetone:n-hexane, 3:22, 
v:v)., extraction was done with ethyl acetate. The organic layer was dried over anhydrous Na2SO4 and 
the solvent was distilled off under reduced pressure. The product was purified using column 
chromatography (n-hexane), to give 1.38 g (70 %) of white crystalline solid. 

1H NMR (400 MHz, (CD3)2SO): δ 8.14 (d, J = 7.7 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.6 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.37 (t, J = 7.1 Hz, 2H), 3.46 (t, J = 6.6 Hz, 2H), 1.86 – 1.64 (m, 
4H), 1.47 – 1.22 (m, 4H). 

13C NMR (101 MHz, (CD3)2SO) δ 139.7, 125.4, 121.8, 120.0, 118.4, 109.0, 41.9, 34.8, 31.9, 28.1, 
27.0, 25.4. 

Anal. calcd for C18H20BrN, %: C 65.46, H 6.10, N 4.24, found, %: C 65.52, H 6.09, N 4.26. 

 

 

diethyl [6-(9H-carbazol-9-yl)hexyl]phosphonate (3e): 2e (1.18 g, 3.59 mmol) was dissolved in triethyl 
phosphite (12 ml, 69.98 mmol) and the reaction mixture was heated at reflux for 24 h. After reaction 
completion (TLC, acetone:n-hexane, 7:18, v/v) the solvent was distilled off under reduced pressure. The 
crude product was purified by column chromatography (n-hexane; acetone:n-hexane, 1:4, v/v), to give 
1.39 g (99%) of clear yellowish liquid. 

1H NMR (400 MHz, (CD3)2SO): δ 8.14 (d, J = 7.7 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.6 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.38 (t, J = 7.0 Hz, 2H), 4.07 – 3.94 (m, 4H), 1.79 – 1.57 (m, 6H), 
1.43 – 1.23 (m, 10H). 

13C NMR (101 MHz, (CD3)2SO): δ 140.0, 125.6, 122.0, 120.2, 118.6, 109.2, 60.73, 60.67, 42.1, 29.43, 
29.27, 28.2, 25.9, 25.0, 23.6, 21.95, 21.90, 16.30, 16.24. 

Anal. calcd for C22H30NO3P, %: C 68.20, H 7.80, N 3.62, found, %: C 68.33, H 7.84, N 3.68. 
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[6-(9H-carbazol-9-yl)hexyl]phosphonic acid (6PACz): 3e (1.4 g, 3.16 mmol) was dissolved in dry 
1,4-dioxane (30 ml) under argon and bromotrimethylsilane (3 ml, 22.73 mmol) was added dropwise. 
Reaction was stirred for 24 h at 25 °C under argon atmosphere. Afterwards solvent was partially distilled 
off under reduced pressure, and the liquid residue was dissolved in methanol (30 ml). Next, distilled 
water was added dropwise (40 ml), until solution became opaque. Product was filtered off and washed 
with water to give 0.33 g (25 %) of white solid. 

1H NMR (400 MHz, (CD3)2SO): δ 8.15 (d, J = 7.7 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.45 (t, J = 7.6 
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.37 (t, J = 7.1 Hz, 2H), 1.75 (quint, J = 7.2 Hz, 2H), 1.52 – 1.20 (m, 
8H). 

13C NMR (101 MHz, (CD3)2SO): δ 140.0, 125.7, 122.0, 120.3, 118.6, 109.2, 42.2, 29.80, 29.64, 28.34, 
28.10, 26.75, 26.15, 22.69, 22.64. 

Anal. calcd for C18H22NO3P, %: C 65.25, H 6.69, N 4.23, found, %: C 65.40, H 6.62, N 4.17. 

 


