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Abstract
We introduce a multipurpose interconnection layer based on Poly(3,4-ethylenedioxythiophene)
doped with poly (styrene sulfonate), PEDOT:PSS, and D-sorbitol for the fabrication of monolithic perovskite/silicon tandem solar cells with high power conversion efficiency. The interconnection of independently processed silicon and perovskite sub-cells is a simple add-on lamination
step, alleviating the common fabrication complexity of perovskite/silicon tandem devices. We
demonstrate experimentally and theoretically that PEDOT:PSS is an ideal building block for manipulating the mechanical and electrical functionality of the charge recombination layer by controlling the microstructure on the nano- and meso-scale. We elucidate that the optimal functionality of the recombination layer relies on a gradient in the D-sorbitol dopant distribution that
modulates the orientation of PEDOT across the PEDOT:PSS film. Using this modified
PEDOT:PSS composite we show monolithic two-terminal perovskite/silicon tandem solar cell
with a steady-state efficiency of 21.0%, a fill factor of 80.4% and negligible open circuit voltage
losses. We envision that this lamination concept can be extrapolated for the pairing of multiple
photovoltaic technologies, creating a universal platform that facilitates mass production of tandem devices with high power conversion efficiency.

Keywords
Monolithic tandem, lamination, transparent-conductive-adhesive, perovskite/silicon, molecular
dynamics, density functional theory.
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Introduction
The stark research interest in perovskite photovoltaics has led to record lab scale power conversion efficiencies exceeding 22%1. It is the outstanding defect tolerance of perovskite semiconductors that allows to envision the design of technologies that uniquely combine solutionprocessing, reliability and cost effectiveness without compromising device efficiency, longevity
and processability2,3. Nevertheless, the rapid growth of the global photovoltaic market, overwhelmingly owned by silicon-technologies, has imposed a significant economy-of-scale prize
drop, making it difficult for new technologies to entering the market. On that account, recent
studies estimate that reducing factory costs while further improving power conversion efficiencies will play a critical role for new technologies to achieve market readiness, enabling manufacturing to scale up more rapidly4. In this context, and as means to better match the solar spectrum
and reduce thermalization losses, tandem solar cells represent an attractive technology (Figure
1-a). Recently, record efficiencies have been theoretically predicted and experimentally approached by merging silicon and perovskite technologies into a single monolithic tandem
device5,6. However, the difficulty of the fabrication of this class of devices associated with the
use of elaborate physical vapor deposition techniques such as atomic layer deposition and sputtering raises concerns about their potential for commercialization5,6.
Given the complexity and number of functional layers, a major challenge in state-of-the-art twoterminal (monolithic) solar cell stacks is the electronic and processing compatibility of successive layers. It is therefore not surprising that the latest engineering advances revolve around layer-sequence tolerance and vertical process compatibility instead of high efficiency and economic
feasibility5,6.
Here, we report an innovative manufacturing process for perovskite/silicon two-terminal tandem
solar cells, in which the two sub-cells can be developed and processed independently and afterwards electrically interconnected using a simple lamination process (Figure 1b). The key enabling technology is PEDOT:PSS(Poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate))
doped with D-sorbitol, hereafter called D-PEDOT:PSS, functioning as both transparent conductive adhesive (TCA) and interconnection layer (ICL, Figure 1-c,d). This TCA provides mechanical adhesion as well as low resistivity and results in laminated perovskite/silicon tandem solar
cells with high photovoltaic efficiency, on par with state-of-the-art devices. This result is particu3

larly exciting because the intermediate layer represents a sensitive link for achieving efficient
optical and electrical coupling between the sub-cells being, generally, very challenging to combine optimal electrical conductivity, charge recombination behavior and layer compatibility in
ICLs processed from solution.7
PEDOT based TCA’s were first proposed as an alternative manufacturing method for light emitting diodes (LED’s) and required a large concentration of organic compounds with multiple hydroxyl groups8. Substantial conductivity enhancements in combination with morphological rearrangements have been explored in PEDOT:PSS thin films featuring rather small amounts of
co-solvents9–13. Of particular interest in bioelectronics applications are ionic and/or electronic
transport properties and their connection to morphology upon addition of high-boiling point cosolvents10–14 15. Recently, several research groups followed up independently, where
PEDOT:PSS-enabled TCAs are used exclusively for electrode lamination in single junction solar
cells16–19 and even modules20. However, the use of D-PEDOT:PSS as part of the interconnection
layer of a monolithic tandem has not been explored before neither is the relation between morphology and electronic properties sufficiently understood. A fundamental understanding could
introduce, as shown here, a simple yet effective solution for realizing hetero-tandem junction solar cells.
The application in a recombination layer imposes additional complexity and combining the two
enabling functionalities of D-PEDOT:PSS into one layer may seem contradictory at first, as adhesion and conductivity are often conflicting properties. This is why the detailed function of the
interconnection layer with more than 2 µm thickness, and specially the interplay between the
conductive matrix (PEDOT:PSS) and the adhesive (sorbitol) has intrigued our attention. Through
a combination of Raman and X-ray spectroscopy, we found evidence for a vertical gradient in
the distribution of D-sorbitol that is directly linked to an increasing number of crystalline
PEDOT aggregates at the critical interconnection interface and suggest that this finding is at the
origin of the oxymoron between adhesion and conductivity that leads to high photovoltaic performance in laminated perovskite/silicon tandem cells.
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liably high fill factor, featuring a bilayer system for better extraction of holes from the perovskite
absorber. A full discussion on the functionality of the hole transporting bilayer (HTL) is incorporated in the next section. The device area of the perovskite sub-cell was defined by means of laser patterning of ITO coated UV-fused silica substrates. We then developed the interconnection
layer (ICL) on top of the ITO of the silicon cell. Our ICL consists of a thin mesh of nanostructured silver nanowires (AgNW; ~15 Ohm per square) followed by a blend of highly hole conductive (~1000 S cm-1) PEDOT:PSS emulsion ink (Clevios PH1000; PEDOT to PSS ratio 1:2.5
w/w) with the addition of a significant amount of polyhydric alcohol (40wt% of D-sorbitol).
40wt% of D-sorbitol delicately balances the necessary mechanical and rheological properties for
our deposition process. Notably, we did not observe a significant viscosity change of the
PEDOT:PSS emulsion upon addition of D-sorbitol (from ~146 mPa s-1 to ~150 mPa s-1). Our
ICL composite was deposited through doctor blading and the protocol was modified from previously reported work in our laboratories20. Next, we laminated the two sub-cells to form a monolithic connection in series. By simply pressing the perovskite sub-cell against the pre-annealed,
ICL-coated silicon sub-cell, exerting a moderate pressure (~2 bars), we mechanically interconnected the PEI top layer of the perovskite sub-cell with the TCA layer on the silicon cell. The
complete evolution of our ICL deposition method and lamination is discussed in the supportive
information, and the full details of device fabrication are provided in the Methods Section.
The complete architecture of the laminated two terminal perovskite/silicon tandem device is depicted in Fig. 2-a. The steady-state J-V curve for the champion tandem device is shown in Fig. 2b (solid black line, 4). The champion device yielded a power conversion efficiency of 21.0% under simulated solar illumination based on a Voc of 1.78 V, a FF of 80.4% and a Jsc of 14.7 mA
cm-2. A complete collection of photovoltaic parameters along with the optimization process
(Figure 2-b, devices 1 – 3) and the statistical metrics is presented in the supporting material
(Figure S2 and Table S1). The tandem device was held at maximum power point, under 1-sun
simulated illumination, in air for up to 30 minutes without significant change in efficiency (Fig.
2-b, lower panel), i.e., the top and bottom substrates act as an inherent encapsulation barrier.
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According to scanning electron microscopy (SEM) cross sectional micrographs, the thickness of
the perovskite layer was ~240 nm (Figure 2-d). A close-up SEM micrograph shows the
nanostructured AgNW mesh deposited atop the silicon sub-cell as a fundamental component of
the ICL (Fig 2-e, f). Furthermore, a SEM cross-section of the ICL as shown in Fig. 2-e demon7

strates that the TCA features an average thickness of ~2.8 µm. We have shown before that a DPEDOT:PSS layer with such a thickness provides sufficient conductivity to efficiently extract
charge carriers in a photovoltaic device20.
In order to evaluate the spectrally resolved photocurrent generation under short circuit conditions, we measured the external quantum efficiency (EQE) of our perovskite/silicon tandem devices (Fig 2-c), following accepted standards5. We measured an integrated short-circuit current
of 17.1 mA cm-2 for the perovskite top-cell and 14.7 mA cm-2 for the silicon bottom-cell. Furthermore, by recording the total reflectance of the device (thin grey line in Fig 2-c), we can
quantify losses of short-circuit current, or prevention of those, associated with reflection and parasitic absorption. We found that, the utilization of MgF2 as anti-reflection coating minimized the
reflection losses to 4.6 mA cm-2 (5.0 mA cm-2 without the utilization of MgF2). By inferring that
the difference between the measured EQE and 1-Refleccion corresponds to the total parasitic
losses of our device we can compute a total photocurrent loss of 0.9 mA cm-2 for wavelengths
below 700 nm, and 6.0 mA cm-2 for wavelengths higher than 700 nm. Importantly, the parasitic
loss associated with the ICL composite, including the TCA and the AgNW mesh, accounts for
only ~10% of the total IR parasitic loss depicted in Fig 2-c.
We emphasize that one of the critical advantages of our process is that it allows for an independent development and optimization of the two photovoltaic sub-cells. This could in principle be
explored for combining a variety of PV technologies and substrates, including flexible plastic
substrates (Fig. 1-b). It is plausible that such an approach could improve the versatility of the
fabrication process and reduce cost in the context of mass production.
Single-junction perovskite solar cells with high Fill Factor
It is important to briefly elucidate the design of the opaque single junction solar cell that lead to
the aforementioned perovskite top-cell. The single junction perovskite solar cell with opaque
back contact featured the following p-i-n architecture: MgF2 (165 nm) / Fused silica / ITO (150
nm) / PTAA (~10 nm) / CuSCN (~5nm) / CH3NH3PbI3 (~400 nm) / PCBM (~40 nm) / ZnO:Al
nanoparticles (~40 nm) / PEI (~5 nm) Ag (~100 nm) (Fig. 3-a), where PTAA stands for
poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine]. The rationale behind this device geometry was
8

to eliminate the performance loss that is commonly observed in connection with micrometer
thick TCA composites – usually dominated by a reduced fill factor associated with an increase of
the series resistance17,20 18,19 – and thus to engineer perovskite sub-cell architectures with reduced
transport related loss channels. As such, we selected PTAA as a hole transporting layer (HTL) as
it allows the highest reported fill factors for perovskite architectures of up to ~84% 21–25. Nevertheless, we observed a drop in open circuit voltage, raising concerns about the homogeneity of
the PTAA layer21. Additionally, it was revealed that PTAA affords a rather slow extraction of
holes, leading to recombination losses of first and higher order and limited charge collection21.
To alleviate limited extraction of charge carriers through PTAA only, we further incorporated an
ultrathin layer of CuSCN. CuSCN is an intrinsically p-doped high-bandgap semiconductor, with
high hole mobility (1.2x10-3 cm2V-1s-1 vs. 1.2x10-5 cm2V-1s-1 for PTAA26,3), good thermal stability and high transmittance27. The latter, along with its ideal refractive index (see Fig. 3-a), are
desirable attributes for perovskite-preceding layers on tandem applications, as they will allow the
transmission of infrared light across the device stack3,28–30. The combination of PTAA/CuSCN
increased the fill factor considerably, from ~77% for PTAA alone to >82% on a 10.4 mm2 active
area configuration. Current-voltage characterization for both device architectures using PTAA
and PTAA/CuSCN are displayed in Fig. 3-b, and extracted photovoltaic parameters can be found
in the supplementary material (Table. S2).
We investigated in detail the optoelectronic properties of perovskite thin films in the presence of
these different interfacial layers using steady-state and transient photoluminescence (PL) measurements as well as Fourier-transform photocurrent spectroscopy (FTPS). Clearly, the PL
quenching efficiency and dynamics increase (Fig. 3-d, e) as does the spatial homogeneity of PL
quenching across the perovskite film (Fig. S3). These measurements suggest that the presence of
CuSCN on top of PTAA benefits the charge carrier extraction dynamics in a full device, most
likely due to an efficient charge carrier transfer between the absorber and the selective
contact31,32. Conversely, measurements of the Urbach energy – a measure for the degree of structural disorder of the perovskite material33–36 – with (10.3 meV with R2=0.999) and without
CuSCN (10.4 meV with R2=0.999) using FTPS reveal very low Urbach energies and no change
in the crystallinity of near to ideally grown perovskite layers regardless of the underlying tem-
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Figure 3. Perovskite sub-cell architecture showing the refractive index of each layer at 1000 nm, a. Representative
photocurrent density-voltage curves under AM 1.5 irradiation at 0.1 Wcm-2 illumination, b. Simulated and experi620
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mentally obtained photocurrent density of laminated perovskite/silicon monolithic tandem, c. Steady state photolu0.50
minescence of the perovskite semiconductor along with various extraction layers, d. Time-resolved photoluminescence decay measurements on perovskite films with and without intermediate CuSCN layer. The layers were excited
by incident light from the glass side, e. The ratio of the area under the curve PTAA/PTAA-CuSCN was 1.47 for
steady state PL (d) and 1.460.28
for transient PL (e). Comparison of the FTPS spectra of solar cells with PTAA only as
well as with the implementation of the PTAA/CuSCN bilayer as hole extraction interface, f.
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Returning to the device layout used for the opaque perovskite device (and top sub-cell), it is
worth noticing that the device was finalized with a thin layer of PEI. This layer turns out to be
crucial as it acts as a permeation barrier between the PEDOT:PSS containing TCA (silicon subcell) and zinc oxide nanoparticles (perovskite sub-cell, Fig. 2a) upon the lamination process, typically leading to reduced series resistance, in agreement with earlier reports20. Additionally,
transfer matrix calculations of the current generation of bottom and top sub-cell as a function of
the perovskite thickness and accounting for our ICL system show good agreement with our experimental results (Fig 3-c).

Functionality, morphology and doping of interconnection layer
The high FF of the laminated tandem raises the question of why such a thick, simultaneously adhesive and conductive PEDOT:PSS-D-sorbitol blend works so well as the interconnection layer
of a monolithic tandem. We recall that PEDOT:PSS is a micro-dispersion of stable gel particles
comprised by up to 95% water. The dispersed molecules are an ionically bonded, interlinked
mixture of positively charged PEDOT oligomers and PSS- poly(anions) (Fig. 1-c). PEDOT itself
is a hydrophobic oligomer with a typical number molecular weight distribution (Mn) in
PEDOT:PSS dispersions ranging from 1,000 to 2,900 gmol-1 (6 to 20 monomeric units per oligomer).37 PSS, on the other hand, is a thermoplastic polymer with a typical Mn of about 400,000
gmol-1 (Fig. S4).
The large hole conductivity of PEDOT:PSS is primarily a result of the PSS- poly(anion) doping
of the π-conjugated electron system of PEDOT. Given that PEDOT is aromatic in the ground
state and quinoid in the doped state, it is possible to characterize electronic transitions (polaronic
or bipolaronic) in the PEDOT oligomers through optical absorption measurements38–42. Figure
1-d shows typical absorbance spectra for films fabricated using our PEDOT:PSS-sorbitol blend
recipe (red), a pristine PEDOT:PSS emulsion (black) and a 40wt% sorbitol solution in deionized
water (blue). All layers were fabricated as to afford similar thickness (~10 µm). The decrease of
the polaronic band (850 nm) along with an increase of the bipolaronic band (2,000 nm) suggests
that the addition of sorbitol enhances the doping efficiency of PSS, generating more highly
doped PEDOT oligomers (Fig. 1-d)9–11,42,43.
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appear to be localized on the 4 central units of PEDOT. However, the core MEP, which is
depicted in blue, show that the charge density close to the nuclei is similar along the
PEDOT chain and is, therefore, not affected by the missing electrons.
These results suggest a model with most of the positive charge delocalized over
the central units for the classical simulations.
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to average the charges for setting up the force field parameters.
Their respective
MEPs are displayed in Figure 3.
A PEDOT chain with 8 monomeric units and 2 positive charges was used to compute the

charges on each of the atoms. The resulting molecular electrostatic potential (MEP) is
depicted in Figure 2.

Charge Distribution
The atomic charges used for the parametrization of the classical molecular dynamic
(MD) simulations were obtained from the molecular electrostatic potential (see the SI
for detailed information). Figures 1 to 3 show the molecular electrostatic potentials of
sorbitol, PEDOT, and PSS respectively.
For sorbitol, three different starting structures were optimized. According to the
Boltzmann distribution, the most stable conformation was found to have a population of
99%. As such, only the most stable conformation was used for analysis of the charges.
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3

a
Figure 1. Molecular electrostatic potential of the most stable sorbitol orientation. While the blue region
reflects a positive potential, the red region shows a negative potential. Note that a potential threshold of
+0.05 and -0.03 was used.

a

A PEDOT chain with 8 monomeric units and 2 positive charges was used to compute the
charges on each of the atoms. The resulting molecular electrostatic potential (MEP) is
depicted in Figure 2.
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As expected the negative charge appears to be located on the central PSS-unit. In the
case of the first three-unit PSS (left panel in Figure 3), the negative charge is, however,
delocalized on two PSS subunits, although the central being more negative. This is
explained by the fact that the proton of the neutral subunit is weakly bound to both of
50
the subunits. As a matter of fact, the hydrogen atom forms a weak covalent bond with
the neutral PSS subunit (bond length of 1.12Å) and a strong H-bond with the negative
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Figure 4. Molecular electrostatic potential of PEDOT:PSS:PSS. A potential threshold of -0.045 (red region),
Figure 2. Top (upper panel) and side (lower panel) view of the molecular electrostatic potential of PEDOT .
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complexes were investigated. A total of 100 starting structures, consisting of two PSSpentamers and a single 8-unit PEDOT2+ chain, were generated. The most stable complex
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is depicted in Figure 4 along with its charge distribution.
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Noteworthy, the observed chromaticity of the PEDOT:PSS when reducing the absorption of the
polaronic band will ultimately benefit the transit of light throughout the same wavelength regime
of the Silicon sub-cell.
To gain a molecular understanding of the role of D-sorbitol in the doping mechanism of
PEDOT:PSS, as evidenced by optical absorption measurements in the visible and near-infrared,
we performed classical molecular dynamic (MD) simulations of the PEDOT:PSS system in the
presence of D-sorbitol. The atomic charges used for the parametrization of the classical MD
simulations were obtained from the molecular electrostatic potential (MEP; for detailed information, we refer the reader to the supplemental material). This is shown in Figure 4-a, (from 1
to 4) for the individual components sorbitol (1), PSS (2), PEDOT (3) and for PEDOT:PSS (4).
For PEDOT:PSS (4), we defined a chain comprised of 8 monomeric units and 2 positive charges
(bipolaron). As model compound for PSS, we considered a trimer with a negatively charged central unit, i.e., SSH–SS––SSH. Furthermore, a total of 100 starting structures, consisting of two
PSS- pentamers and a single 8-unit PEDOT2+ chain, were generated in the case of PEDOT:PSS.
Structure (4) Figure 4-a depicts the most stable complex along with its charge distribution.

The calculation of the MEP revealed several important aspects. For instance, in the case of
PEDOT the charge density close to the nuclei is uniformly spread along the PEDOT chain (core
MEP in blue) and is, therefore, not impacted by the missing electrons, though some charge is
concentrated around the 4 central units of PEDOT (yellow counterplot). The scenario in the case
of PSS is particularly relevant. Considering the three most probable structures (Figure 4-a, (3; a
to c)), the calculations show that the negative charge is primarily located on the central SS-unit.
In one case (3a), the negative charge is, however, delocalized over two SS subunits, although the
central unit is more negative. We rationalize this observation by concluding that the proton of the
neutral subunit is weakly bound to both of the SS subunits. More specifically, the hydrogen atom
forms a weak covalent bond with the neutral PSS subunit (bond length of 1.12 Å) and a strong
H-bond with the negative PSS subunit (H-bond length of 1.33 Å). As a reference, the typical OH bond length in a SO3H group is computed to be 0.98 Å at the same level of theory.
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Upon the conclusion of the parametrization, we proceeded with the MD simulations. Figure 4-b
shows MD renderings of the PEDOT-PSS system, visualizing the spatial distribution of the
PEDOT oligomers in the pristine system (left), and with a 40% content of D-sorbitol (right) (MD
snapshots for all other components can be seen in Figure S5). The analysis of the hydrogen
bond interactions in this rendering provides insight into the role of D-sorbitol on the morphology
of D-PEDOT:PSS. Figure 4-c shows the number of hydrogen bonds formed by sorbitol over
time during the MD simulation. As expected, there are almost no hydrogen bonds formed between sorbitol and PEDOT. This is explained by the repulsive potential of PEDOT2+ (Figure 4-a
(3)), precluding hydrogen atoms to approach. However, a large number of hydrogen bonds are
formed between sorbitol and PSS- as well as among sorbitol molecules. As a matter of fact, with
up to ca. 500 H-bonds for a total of 640 PSS repeat units present in the simulation box, the proportion of hydrogen bonds with sorbitol is about 0.8 per PSS unit. Representative H-bonds for
sorbitol-sorbitol and for sorbitol-PSS, along with their respective total electronic density change
are rendered in the inset of Figure 4-c. To investigate whether the formation of hydrogen bonds
between PSS and sorbitol has an impact on the PEDOT-PSS interaction, and on the arrangement
of the PEDOT units, it is of interest to analyze the radial distribution function between the
PEDOT groups. To get a more lucid picture, the distribution function is computed between the
closest centers of thiophene rings in different PEDOT chains (that is, only the shortest distance
between two given chains is considered) with and without D-sorbitol, as depicted in the inset of
Figure 4-d. Both profiles display a maximum at 3.65 Å, a distance close to the experimental π-π
stacking distance, as discussed below. Interestingly, the intensity of that peak is more pronounced when 40% sorbitol is mixed with the PEDOT-PSS system, and, thus sorbitol appears to
favor the stacking of PEDOT. The peak observed at 7.30 Å corresponds to the formation of the
trimer. The intensity is much lower, implying that PEDOT aggregates consist of mostly two
stacked chains; it is also broader, indicating a dispersion of the separation between pairs. This
observation is also reflected at the quantum mechanical level and is explained by considering the
electrostatic repulsion between the positively charged 8-unit PEDOT chains. We conclude this
section by summarizing that the doping mechanism of D-sorbitol is of indirect nature. D-sorbitol
does not directly dope PEDOT. Instead, D-sorbitol forms hydrogen bonds with the PSS units,
while being repulsed by charged PEDOT units, overall enhancing dimer formation of charged
PEDOT oligomers.
14

While the computation of molecular dynamics provides insight on a molecular level, for a global
device understanding it is important to elucidate whether D-sorbitol acts uniformly across the
thickness of the TCA layer (>2 µm). We thus performed resonance statistical Raman spectroscopy (SRS) to assess the electronic structure evolution of PEDOT upon doping9,44,45. This can be
done by monitoring the symmetric stretching bond Cα=Cβ[-O] of the thiophene in PEDOT (Fig.
1-c). As a result of the disruption of the π-conjugated bond sequence upon doping (see Fig. 1-c),
the main aromatic-symmetric Cα=Cβ[-O] stretching mode will undergo two main changes: a frequency shift towards higher wavenumbers, and a band splitting46. Hence, a ratio between the
split quinoid-symmetric Cα=Cβ[-O] stretching band and the main aromatic-symmetric Cα=Cβ[O] stretching band is inferred to as a figure-of-merit for the doping ratio of the PEDOT oligomer44–48. We utilized an excitation wavelength of 785 nm to maximize band intensity by directly
exciting resonant to the polaron absorption. The resulting mean Raman spectra (average of at
least 100 single point spectra measured along a surface area of 10 µm2) presented in Figure 5-a
show clear symmetry alterations in the electronic structure of PEDOT:PSS upon co-solvent induced doping9,45,48. An overview of the observed vibrational modes obtained by spectra deconvolution can be found in the supporting material (Figure S6 and Table S4). Our results show a
shift of the main aromatic-symmetric Cα=Cβ[-O] (A-Band) stretching mode from 1420 cm-1 to
1429 cm-1 upon the addition of sorbitol and a subsequent increase of the split quinoid-symmetric
Cα=Cβ[-O] stretching band (Q-Band; shoulder in Fig. 5-a) by a factor of ~2.6 according to a
curve fitting analysis and in agreement with the occurrence of doping. Given the considerations
of the MD simulations, both Raman spectroscopy and MD simulations together suggest that addition of sorbitol stimulates segregation of PEDOT from PSS polymeric sections. Driven by a
strong PSS-to-sorbitol H-bonding formation rate, this segregation will translate into PEDOT-rich
and PSS-rich domains. While segregating, the overall enhanced molecular alignment will increase the proximity between un-doped PEDOT and PSS monomeric units. Hence, the ionic interactions between PEDOT and PSS will increase in frequency leading to the observed evolution
of the quinoid-doped chemical structure of the PEDOT-monomer.
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Figure 5. Statistical Raman spectrograms (785 nm excitation) of PEDOT:PSS and TCA highlighting the increase in
PEDOT-quinoid species upon sorbitol addition. Label A indicates the aromatic-symmetric Cα=Cβ[-O] stretching
band, while the label Q indicates the quinoid-symmetric Cα=Cβ[-O] stretching band. A minimum of 100 spectra
along a surface area of 10 µm2 (1 µm step size) where averaged for each plot, a. Depth-resolved scanning confocal
Raman microscopy analysis highlighting the Cα=Cβ[-O]/Cα=Cβ[-O] (A/Q) ratio distribution in TCA and
PEDOT:PSS, b and c, respectively.

a
b
c
Si/PEDOT:PSS
Si/TCA (Top)
Using confocal
scanning
Raman microscopy,
it is possible
to gain depth-resolved
information on
the ratio of the A- and Q- bands and thus draw a profile of the degree of doping across the
PEDOT:PSS-sorbitol layer. By gradually moving the focus of the excitation laser throughout the
sample we were able to resolve individual planes at a micrometer level resolution. Figure 5-b
and Figure 5-c show depth-resolved mappings of the absolute Raman intensity ratio between the
A-band and the Q-band for a TCA and a pristine PEDOT:PSS film, respectively. This representation clearly unveils a doping gradient towards the film surface in the case of the TCA. Such a
gradient is not observed in the case of bare PEDOT:PSS. When implemented in the perovskite/silicon tandem, the top of the TCA (silicon side) will be in direct contact with PEI (perovskite side). We propose that the presence of D-sorbitol at the top promotes the necessary mechanical adhesion for achieving good electrical contact, a requirement towards an effective interconnection layer. We note that the evolution of the overall photovoltaic performance shown in
Fig. 2-b is directly linked to the optimization of the processing of the TCA film, which is detailed in the supplementary information.
To confirm the conformational gradient observed with resonance Raman spectroscopy, we analyzed the top and bottom of thin film samples of TCA and PEDOT:PSS using grazing-incidence
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wide angle X-ray scattering (GIWAXS)49. GIWAXS is particularly suitable because it provides
information on the microstructure of thin films with limited scattering depth. The scattering
depth at the highest measured outgoing angle was calculated to be ~2.4 µm and ~2.2 µm for
PEDOT:PSS and TCA, respectively. In order to probe the bottom side, pre-thermally treated
films of ~8 µm thickness were transferred upside down onto single crystalline silicon substrates.
Figure 6 shows the radial integrated scattered intensity signal extracted from GIWAXS scans
(Fig. S7) of pristine PEDOT:PSS and D-PEDOT:PSS. As a reference, Figure 6-a depicts the
characteristic p-p stacking peaks of PSS (Q = 12.3 nm-1) and PEDOT (Q = 17.8 nm-1)13,14,41,50,51,
while Figure 6-d compares those signals for D-PEDOT:PSS films probed from the top (Fig. 6b)
and the bottom (Fig. 6c) after Gaussian deconvolution of the scattering signals (see SI for details). Importantly, the intensity of both p-p stacking peaks is higher when probed from the top
(Fig. 6d). The PEDOT p-p stacking intensity is, however, significantly higher than the PSS pp stacking intensity. From the MD simulations, we know that D-sorbitol favors the stacking of
PEDOT (Fig. 4c). There is thus a direct link between the compositional gradient observed with
scanning Raman microscopy and the conformational gradient probed with GIWAXS, with accumulated D-sorbitol inducing a higher degree of molecular orientation of PEDOT chains (or an
increasing number of crystalline aggregates) when approaching the top of the TCA film. Conversely, when comparing the PEDOT scattering peak centers of TCA-top and TCA-bottom, we
did not observe any significant change in terms of p-stacking distances or peak width: Q (TCAbottom) = ~1.79 Å-1 (3.51 Å stacking distance) and Q (TCA-top) = ~1.80 Å-1 (3.49 Å stacking
distance). The latter entails the existence of crystalline aggregates comparable in size and packing distance across the TCA. Additionally, both TCA-top and TCA-bottom showed an average
~30% narrower width, as compared with the pristine PEDOT:PSS, indicating on average a higher degree of PEDOT ordering upon addition of sorbitol.
Overall, the implication of a conformational gradient across the TCA film can be ascribed to a
macroscopic diffusion of sorbitol towards the top interface. A more doped top–TCA interface is
likely to improve mechanical adhesion followed by enhanced physical adsorption, thus, forming
an electrical contact with low interconnection losses in laminated hybrid perovskite/silicon tandem solar cells, as demonstrated through a high fill factor and overall high photovoltaic performance.
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Figure 6. Radial integrated GIWAXS diffractograms of bare TCA-top (2.2 µm scattering-depth), TCA-bottom (2.2
µm scattering-depth) and pristine PEDOT:PSS (2.4 µm scattering-depth); a, b and c, respectively. The blue solid
line corresponds to the experimental value and the orange solid lines correspond to the addition of all the fit peaks.
Fitted corresponding peaks for p-p PSS (left peak) and p-p PEDOT (right peak) for each sample are shown in d. All
data are corrected for measurement time and intensity fluctuations of the primary X-ray beam.
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Conclusions
We developed an innovative manufacturing alternative for the fabrication of perovskite/silicon
monolithic tandem solar cells based on the lamination of individual sub-cells. A PEDOT:PSSassisted transparent-conductive adhesive composite was utilized, for the first time, as interconnection layer system yielding devices with fill factors of up to 80.4% and steady-state efficiencies of up to 21.0%. The fill factor of our monolithic tandem exceeds state-of-the-art technologies based on much more elaborate fabrication protocols. Given the simplicity of our fabrication
protocol, particularly, the possibility of designing sub-cells independently, we anticipate that a
similar approach could be used to realize other heterojunction tandem structures, for instance, by
exploring organic semiconducting blends from solution to further tune the absorption complementarity with perovskite, silicon and other semiconductors.
An important aspect of this work relies in the molecular understanding of the functionality of Dsorbitol doped PEDOT-PSS. D-sorbitol interacts mainly with PSS via hydrogen bonds to indirectly enhance the orientation of PEDOT chains (conformational doping). This happens predominantly at the top of the D-PEDOT-PSS layer – the junction between both sub-cells – because Dsorbitol tends to diffuse towards the surface to induce p-p stacking of PEDOT. This phenomenon
is likely to dominate the necessary mechanical adhesion for good electrical contact.
While these results underscore the importance of transparent conductive adhesives for the fabrication of photovoltaic tandem structures, it also paves the way for new science to be explored in
connection with the nature of the electrical contact at the interface of the interconnection layer.
Specifically, future work will have to provide a fundamental understanding of how molecular
interactions at the interface relate to the electronic performance of the interconnection layer and
the full device. We believe that such understanding will further advance the performance of
transparent conductive adhesives based on PEDOT:PSS, not only for the field of photovoltaics
but across many other applications where benign, water processable materials with advanced
functionality play a critical role.
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Materials and methods
Materials and solutions: Unless stated otherwise, all materials were used as received and were
purchased by Merck or Aldrich. CH3NH3I was purchased from Dyenamo. PEDOT:PSS PH1000
and sorbitol were acquired from Heraeus and Sigma-Aldrich, respectively. A 40wt% blend of
PEDOT:PSS and sorbitol was stirred overnight at 60ºC. PTAA polymeric material was purchased from Lumtec. A 3mg/mL solution in Chlorobenzene was stirred at 60ºC overnight. A 12
wt.% of CuSCN in diethyl sulphide was stirred at room temperature over-night. ZnO:Al nanoparticles dispersion was provided by Avantama; anhydrous solvents and short exposures to air
were used during its preparation. Branched PEI solution (50% in H2O) was purchased from Sigma-Aldrich. PbI2 and CH3NH3I mixed with mole ratio of 1:1 with concentration of ∼40wt.% a
mixture of DMF and DMSO (2:1 v/v). The precursor was stirred at 60ºC for 20 minutes and subsequently filtered while still warm. Prior to utilization, the precursor solution was stored in the
dark for at least 24 hours.
Perovskite device fabrication: For the perovskite, sub-cell fabrication, laser patterned ITO (with
a roughness of 5-7 nm RMS) substrates were ultra-sonic bath cleaned using acetone and isopropanol for 10 minutes each followed by an oxygen plasma cleaning process. The cleaned substrate
was then coated with a PTAA layer by means of spin coating at a speed of 3000 rpm and annealed at 120ºC for 15 minutes. The CuSCN solution was spin coated at 3000 rpm and annealed
at 110ºC for 10 minutes. The perovskite deposition was performed by spin casting ~90 µL of the
precursor on the selective contact layer at various speeds. Right after deposition, the wet film
was partially dried with a moderately strong nitrogen stream within 10 seconds. The partially dry
perovskite film was annealed at 110ºC for 10 minutes. After perovskite deposition, a compact
∼60 nm thick layer of PC60BM is spin coated. A 2 wt.% solution of PC60BM in Chlorobenzene is
then deposited using a three-step speed profile with no subsequent annealing. The ZnO:Al film
was spin coated at 2000 rpm and annealed during 5 minutes at 80 ºC. PEI was spin coated at
1000 rpm and annealed at 80 ºC. For the opaque devices, the counter electrode was deposited
through a shadow mask by thermal evaporation under a vacuum of 10-6 Torr. The device area for
the opaque perovskite-based devices is 10.4 mm2.
Silicon device fabrication: The silicon heterojunction solar cells were processed using 3 Ωcm ntype (100) silicon wafers, which were RCA cleaned. An HF dip (2min, 1%) was performed be20

fore each amorphous silicon deposition. Intrinsic and doped amorphous silicon layers were deposited using RF (13.56 MHz) plasma enhanced chemical vapour deposition with silane and hydrogen. Additionally, diborane and phosphine were used for p- and n-type doping respectively. 5
nm thick intrinsic amorphous silicon layers were deposited at a temperature of 170°C, a pressure
of 1.5 mbar, with gas flows of 60 sccm silane and 135 sccm hydrogen, with an electrode distance
of 12.7 mm and a plasma power density of 14 mW/cm2. Additionally, the intrinsic layer was
treated with a hydrogen plasma at 170°C, 1 mbar, for 90 s, with a hydrogen flow of 150 sccm at
an electrode distance of 25 mm directly after deposition. 10 nm thick p-type doped amorphous
silicon layers were deposited at a temperature of 170°C, a pressure of 3 mbar, with gas flows of
60 sccm silane, 144 sccm hydrogen and 48 sccm of diborane (1% in hydrogen), with an electrode
distance of 19 mm and a plasma power density of 10.5 mW/cm2. 12 nm thick n-type doped
amorphous silicon layers were deposited at a temperature of 210°C, a pressure of 2 mbar, with
gas flows of 40 sccm silane, 170 sccm hydrogen and 8 sccm of phosphine (1% in hydrogen),
with an electrode distance of 12.7 mm and a plasma power density of 14 mW/cm2. ITO layers
were deposited using RF-sputtering from a ceramic target at a substrate temperature of 50°C, a
pressure of 3x10-3 mbar, 0.2% oxygen in argon as sputter gas and a RF power of 200 W. ITO
layer thicknesses were about 43 nm for the front side layers and about 90 nm for the back-side
layers. The back-side metal contact was formed by thermal evaporation of 10 nm titanium followed by 500 nm of silver.
ICL deposition and lamination: PEDOT:PSS-sorbitol blend along with AgNW ink were deposited through doctor blade. A ~100 nm layer of AgNW is coated on top of the ITO electrode from
the silicon cell. After drying the films for 3 minutes at 80ºC we proceed with the deposition of
our PEDOT:PSS-sorbitol blend (40wt%). Approximately 3 µm of the PEDOT:PSS-sorbitol
blend was deposited on top of the AgNW. The resulting ICL-silicon sub-cell was then dried for 3
minutes at 120ºC. During the last 30 seconds, we preheated our perovskite sub-cells at 120ºC and
immediately pressed the sub-cells against each other for a short time.
Device Characterization: Current density-voltage (J-V) characterization under light was carried
out by means of a Keithley 2400 source measure unit (SMU) and Newport Sol1A solar simulator
with an AM1.5 G spectrum at 0.1 W/cm2, which was determined by a calibrated single-crystal
standard Si-cell. To avoid current contribution from adjacent pixels during the measurement we
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utilized a shadowing mask for all J-V characterizations. J-V characterization was carried out as
follows: forward direction, speed: 1 mV ms-1 and a dwell time of 8 ms. Opaque single-junction
and tandem devices were initially tested with the aid of a maximum power point tracker based on
a perturb-and-measure routine and/or uninterrupted current density sampling under initial Vmpp
conditions. All reported J-V characterizations were obtained after efficiency stabilization for at
least 1 minute. To neglect any spectral mismatch, the lamp was calibrated according to the integrated photocurrent from the EQE measurements. External quantum efficiency spectra were recorded with an Enli Technology QE-R measurement system, also calibrated with a Si PV cell, data was averaged over 25 measurements for each point. In the case of the tandem devices, we isolated each sub-cell optoelectrically in order to obtain an EQE spectrum. To light bias the silicon
sub-cell we utilized an 850-nm laser diode. To light bias the perovskite sub-cell we utilized a
450-nm laser line. ThorLabs provided both laser diodes. Optical absorption measurements were
performed with a UV-Vis spectrometer Lambda 950 from Perkin equipped with an integrating
sphere.
Optical Simulation: Except for PTAA and CuSCN, all the optical constants where estimated as
follows: Reflection (incidence angle of 8°) and transmission (normal to the sample) of the deposited layers are measured and implemented to the software NIKA47 in order to obtain the wavelength-dependent complex refractive index. Furthermore, the ICL layer is treated as an effective
medium in the framework of the TMF method. As such, optical constants were extracted from
the software NIKA and the nominal thickness was verified by experimental measurements.
Hyperspectral global imaging: Hyperspectral imaging provides spectrally resolved images and
can help identify and quantify inhomogeneities in a given sample. Photoluminescence hyperspectral data was acquired using Photon etc’s IMA™ system. This system is based on Bragg
tunable filters. This technology acquires monochromatic images of the entire field view. IMA™
consists of a hyperspectral filter coupled with a microscope. A beam shaping module is required
to provide uniform global illumination over the entire field of view. A 532 nm laser is used to
excite the sample and the signal is detected with a Si CCD camera. Photoluminescence images
were acquired with a spectral resolution ~ 2 nm and a spatial resolution ~ 2 µm. A 50X objective
was used to image an area of 135 µm x 180 µm with a fluence of 0.066 µW/µm2. PL images
were acquired from 620 nm to 850 nm and the the total acquisition time was less than 2 minutes.
The isopotential created when using global illumination prevents charge diffusion towards the
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darker regions of the sample. Hence, global imaging allows carrying PL within the range of realistic operating mode of solar cells.
GIWAXS: Grazing Incidence X-Ray Diffraction (GIXD) gives access to the in-plane and out-ofplane structure of crystalline thin films. The GIXD diffractograms were collected with the highly
customized Versatile Advanced X-ray Scattering instrumenT ERlangen (VAXSTER) at the Institute for Crystallography and Structural Physics (FAU, Germany). The instrument is equipped
with a 9.24 keV MetalJet D2 70 kV X-ray source (EXCILLUM, Sweden), a focusing 150 mm
Montel optics (INCOATEC, Germany) and a fully evacuated beam path. Three of the available
four double-slits were used, with the last two double-slit systems being equipped with low scattering silicon slits (JJXray/SAXSLAB, Denmark). Aperture sizes of the first two beam-shaping
double-slit systems were 0.7×0.7 mm2 and 0.462×0.462 mm2, respectively. The last double-slit
system was used for absorbing slit scattering and was set to 1.0×1.0 mm2. A 2D hybrid-pixel Pilatus 300K detector (Dectris, Switzerland) was used to collect the scattered radiation. The samples were mounted in vacuum on a yz-theta goniometer allowing to adjust grazing incidence angles, which maximizes the scattering volume and thus enhances the scattered intensity. The incidence angle was set to 0.17°, which is in between the critical angles of the PEDOT:PSS layer
and the silicon substrates. This angle is used here to enhance the scattered intensity by maximization of the scattering sample volume and minimizing the background scattering from the substrate. The detector-to-sample distance (SDD) was calibrated with a silver behenate standard and
was set to 173 mm for the measurements of non-flipped PEDOT:PSS + Sorbitol, 175 mm for the
measurements of pure Sorbitol and 178 mm for all other GIXD measurements. Data were reduced by radial integration using the software dpdak52.
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