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Abstract: Doped hydrogenated nanocrystalline (nc-Si:H) and silicon oxide (nc-SiOy:H) materials
grown by plasma-enhanced chemical vapor deposition have favourable optoelectronic properties
originated from their two-phase structure. This unique combination of qualities, initially, led to the
development of thin-film Si solar cells allowing the fabrication of multijunction devices by tailoring
the material bandgap. Furthermore, nanocrystalline silicon films can offer a better carrier transport
and field-effect passivation than amorphous Si layers could do, and this can improve the carrier
selectivity in silicon heterojunction (SHJ) solar cells. The reduced parasitic absorption, due to the
lower absorption coefficient of nc-S5iOx:H films in the relevant spectral range, leads to potential gain
in short circuit current. In this work, we report on development and applications of hydrogenated
nanocrystalline silicon oxide (nc-5iOy:H) from material to device level. We address the potential
benefits and the challenges for a successful integration in SHJ solar cells. Finally, we prove that
nc-SiOy:H demonstrated clear advantages for maximizing the infrared response of c-Si bottom cells
in combination with perovskite top cells.

Keywords: nanocrystalline silicon oxide thin films; light management; silicon heterojunction (SHJ)
solar cells; monolithic tandem perovskite/c-5i solar cells

1. Introduction

Hydrogenated nanocrystalline silicon (nc-Si:H) [1] thin films consists of a two-phase material of Si
crystallites embedded in an hydrogenated amorphous silicon (a-Si:H) matrix. The material is commonly
grown by plasma-enhanced chemical vapor deposition (PECVD) with highly hydrogen diluted silane
flows and high-power/high-pressure plasma conditions. After Usui and Kikuchi [1] demonstrated
the first semiconductor nc-Si:H film fabricated by silane glow discharge at low temperature in 1979,
the material attracted great attention in the thin-film silicon community. This was because it extended
the applicability of thin-film silicon layers deposited by PECVD at low temperatures (200 °C) for
solar cells with the possibility to absorb light in the near-infrared range [2,3]. Due to effective defect
passivation by hydrogen atoms, low enough defect densities are obtained making nc-Si:H a suitable
NIR absorber layer with good carrier collection in typically 1-2 um thick intrinsic layers. Layers were
also successfully doped with boron or phosphorous yielding p- and n-type contact layers, respectively,
as well as first p-i-n nc-Si:H solar cells [4]. In 1996, amorphous and nanocrystalline silicon was
combined in a “micromorph” a-Si:H/nc-Si:H tandem solar cell [5]. As the light passes the entire layer
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stack several times due to light scattering, a significant optical loss originates from parasitic absorption
in the doped layers. By adding oxygen-containing gas, usually CO,, to the PECVD process, nc-S5iO:H
films with reduced absorption, low refractive index but still high (transversal) conductivity were
obtained [6—10]. Tuning the refractive index by controlling the oxygen content opened the path for
advanced applications in multijunction cells, e.g., as an intermediate reflecting layer between the two
subcells [11-14], and building more complex multiple junction device [15].

In the early 1990s, Sanyo developed a new technology that combined crystalline silicon wafer-based
absorbers with the materials and processing known from thin-film silicon technology to acting as
passivated p- and n-contacts [16], thereby forming a-Si:H/c-Si silicon heterojunction (SHJ) solar cells.
This device concept owns an exceptionally high open-circuit voltage up to 750 mV [17], achieved due
to the excellent passivation of the c-Si surfaces by only a few nanometres thin intrinsic a-Si:H. The main
limitation to the conversion efficiency in SHJ devices comes from photocurrent losses [18,19] due to
parasitic absorption in the contact layers. Consequently, research efforts have been devoted to further
increase the current extracted at the cell terminals by tailoring of the contact materials properties to
reduce parasitic absorption of the incoming light in the front layer stack on top of the absorbing wafer.

Attempts of alloying a-Si:H layers with oxygen or carbon with the aim to widen the band gap
and, therefore, minimize parasitic absorption led to enhanced transparency but reduced passivation
and degraded electrical properties [20-26]. The alternative solution proposed is to apply thin Si-doped
nanocrystalline layer with reduced absorption and suitable crystalline fraction embedded in the
amorphous matrix to provide an efficient carrier transport. Differently to the previous dominant field of
application in thin-film silicon solar cells, here, additional challenges arise: (i) obtain prompt nucleation
of (ii) very thin nc-Si:H layers on (i)a-Si:H (iii) without deteriorating the c-5i surface passivation.

This work reviews the development and applications of hydrogenated nanocrystalline silicon
oxide (nc-SiOy:H) focusing on its versatility and challenges in application in c-Si solar cells from
two-sides contacted SHJ cells to monolithic tandem cells with perovskite top cells. We discuss the
interplay between optical and electrical properties on solar cells parameters and strategies to overcome
these issues.

2. Materials and Methods

Amorphous and nanocrystalline silicon films discussed here were deposited in an Applied
Materials (AKT1600) PECVD cluster tool operating at 13.56 MHz with a parallel electrode configuration.
To obtain nc-SiOy:H films, CO; is added to the gas mixture. More details about deposition parameters
and gas flows can be found elsewhere [27-29]. For optoelectrical characterization, single layers
were deposited on glass substrates with a thickness of around 200 nm, unless specified in the text.
We extracted thickness, refractive indexes and optical bandgap (Ey4) by fitting a Tau-Lorentz model to
measured reflection and transmission spectra. The film conductivity was evaluated using coplanar
mercury electrodes in dark at room temperature. Crystallinity fraction (Fc) was derived from Raman
scattering spectroscopy [30]. Layer stacks were deposited on glass substrates and consisted of a 6-nm
thick (i)a-Si:H film coated with a 25-nm thick nanocrystalline layer to enable the investigation of the
effect of substrate nature on F.

Optical parameters of individual films were used as input data in OPAL 2 [31] or GenPro4 [32]
software tools to simulate the photocurrent absorbed parasitically in each layer of single junction and
tandem devices, respectively.

For SH]J solar cells fabrication, we used n-type FZ-Si wafers with chemically textured surfaces
to obtain random pyramids with a process described in Ref. [33]. Intrinsic and doped silicon layers
were grown on both sides of the wafer in front or rear junction configuration to obtain cell precursors.
The cells were completed with sputtered transparent conducting oxide (TCO) layers on both sides [34]
and screen-printed silver metal contacts.

Carrier lifetime of cell precursors was monitored using Sinton Instruments WCT-120 (Sinton
Instruments, Boulder, CO, USA). The cells were characterized using an AAA+ dual-source sun
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simulator under standard test conditions through 4 cm? shadow masks. From external quantum
efficiency (EQE) on gridless cells, we quantified the current density by integrating the measured spectra
over the spectral region of interest.

3. Nanocrystalline Silicon Material: Properties and Challenges

The PECVD deposition process is based on the dissociation of a gaseous silicon source,
typically silane, SiH, (pure or diluted in hydrogen gas, Hy), in a plasma glow discharge. The precursor
molecules undergo dissociation and subsequent reactions when they collide with high-energetic
electrons in the plasma. Highly reactive growth precursors then diffuse to the substrate and lead to
layer growth. An extensive analysis of the dissociation species is given in references [35-37].

Hydrogen atoms play an important role in the growth of high-quality a-Si:H and nc-Si:H films.
More precisely, with increasing atomic hydrogen within the plasma, a higher crystalline fraction results,
indicating that H plays a decisive role in the nc-Si:H evolution [38]. In the grown film, H atoms are
preferentially located in the amorphous phase or at the crystal grain boundaries due to the low solubility
of H into the crystalline phase [39], contributing to passivation of dangling bonds. The material can
show a wide range of structure evolution from fully amorphous to highly crystalline depending on the
deposition parameters [40—42]. In Figure 1, we show a simplified sketch of the evolution of a nc-Si:H
film. Itis based on a four stages approach as was proposed by Cabarrocas et al. [43] and later supported
by in situ ellipsometry studies [44,45]. In particular, the authors identified the presence of a critical
incubation zone which is believed to control the transition from the amorphous to the nanocrystalline
regime affecting the evolution and, consequently, the properties of the entire nc-Si:H film. Afterwards,
the nanocrystalline phase increases progressively until the growth becomes stationary. The cone-shape
crystal growth of the nc-Si:H film makes the crystalline fraction variable along the film thickness [7,46].
This aspect also influences the electrical and optical properties of the layer until the zone of stationary
growth is reached.
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Figure 1. Schematic cross-sectional sketch of the nanocrystalline silicon layer structure for a
(i)a-Si:H-coated substrate. On the right, the Fc evolution of the nanocrystalline phase is depicted as
function of the film thickness for the different stages: incubation, nucleation, nanogrowth and stationary
growth. Figure from [47].

For SHJ solar cell application, the front-contact film stack is required to have a reduced thickness for
low parasitic absorption, typically below 20 nm. Due to the directional evolution and the initial stages
of growth, the material properties can widely vary within such thickness range. Moreover, the film has
to grow on the (i)a-Si:H passivation layer that represents the substrate in a typical SHJ cell structures as
depicted in Figure 1. It was demonstrated that (i)a-Si:H induces a thicker incubation phase among
other substrates (i.e., c-Si, SiO, or TCOs), which is most likely due to the permeability of the amorphous
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silicon layer to atomic H [43]. As a consequence, it delays the nucleation and reduces crystalline
fraction in the bulk of (thin) films.

To find the optimum thickness for front doped layer, we report, in Figure 2, optical simulations
of the front cell stack embedded between air and c¢-5i half space. The 1, k spectra of the nc-Si:-H
and nc-SiOy:H layers are assumed to not depend on the layer thickness, therefore, here, the delayed
nucleation is not taken into account. The photocurrent generated in the c-Si wafer drops linearly both
for a-Si:H and nc-Si:H as depicted for both planar and textured substrates. On the contrary, we observe
a completely different trend for the nc-5i0y:H on planar ¢-Si. As we discussed elsewhere [48], the more
transparent oxide film and the front TCO layer form a stack with refractive indexes that progressively
increase from air to the c-Si substrate leading to a gain in current for a thicker layer with a maximum
for a ~40 nm thick nc-SiO,:H film with refractive index of ~2.7. More details on the effect of refractive
indexes can be found in Ref. [49].
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Figure 2. Simulated photocurrent absorbed in the c-Si wafer as a function of front doped layer thickness
on (a) planar and (b) textured morphology. The nc-SiOy:H film used here has a refractive index of 2.7
at 633 nm. The values are reported as a difference relative to the structure with a 0 nm thick front layer.
The grey areas indicate current losses. Figure adapted from [47].

In conclusion, assuming textured c-Si, we would optically design the doped layer to be as thin as
possible and, additionally, incorporate more oxygen to benefit from both reduced reflection losses and
lower parasitic absorption. This might be in contrast to the complex structure of nanocrystalline material
discussed above since the electronic properties also need to be taken into account. Therefore, to obtain
a trade-off between the optical and electrical properties in nc-SiOy:H films is one the most critical
aspects for their integration in solar cells. Figure 3a shows the abovementioned correlation between
conductivity and optical bandgap for a variety of doped nc-Si:H and nc-SiO,:H layers in comparison
to a-Si:H films. As discussed by Spear and Le Comber [50], n-type a-Si:H layers outperform the
p-type ones. This trend is independent of the microstructure being amorphous or nanocrystalline [51].
Accordingly, Ding et al. [52] reported, for doped nc-SiO,:H layers, a similar oxygen content despite the
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strongly higher Fc of n-type films (above 60%) over p-type once (below 20%). This result suggests that
the doping gas nature can influence the nanocrystalline evolution. Looking at the (p)nc-Si:H layers,
we measure conductivities of ~107! S/cm. By incorporating more oxygen, the transparency improves
with increasing E4 (and n) up to ~2.2 eV but with a degradation in conductivity with o down to below
1073 S/em.
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Figure 3. Simulated (a) electrical conductivity as function of optical band gap for p- and n- doped
a-5i:H, nc-Si:H and nc-SiOx:H deposited at 300 and 500 H,/SiH, ratio, respectively, and with various
deposition parameters (i.e., power density, pressure and doping gas composition). Data adapted
from [20,49]. The grey area indicates a critical regime where the bulk conductivity begins to contribute
to the cell’s series resistance. (b) Top: Raman crystalline volume fraction and (b) Bottom: refractive
index (at 633 nm) of doped (n)nc-SiOy:H from (a) as function of the power/pressure ratio and for
variable CO, flow (12-18 sccm). The other parameters are kept constant for all the films. The two
deposition regimes are indicated as Region I and II. All the layers have a thickness in the range of
200-250 nm. Figure adapted from [47].

This effect can be partially explained by the reduced Fc or due to lower doping efficiency of the
film. For the n-doped films, we observe a similar trend but most of the layers still exhibit o being above
1073 S/cm even for Egq up to 2.4 eV.

Figure 3b show the effect of deposition power/pressure (P/p) and CO, flows on crystalline fraction
(Fc) and refractive index (n). Similarly to what was studied in much more detail and discussed in
Ref. [53], we observe two clear trends indicated as Region I and II. For the first region, we observe that
the deposition conditions do not affect the F, whereas the refractive index can be lowered down to 2.4,
indicating more oxygen incorporation in the amorphous phase. The increase of P/p values strongly
affect the crystalline fraction that rapidly decreases below 20% with a dominant amorphous fraction
(region II). The arrows in Figure 3b show the effect of more CO, in the gas mixture with reduced F¢
and n. This implicates that the careful choice of deposition parameters and gas mixture can lead to
improved electrical properties and, at the same time, highly transparent layers that can be efficiently
implemented at device level.

4. Strategies for Integration in SHJ Solar Cells

Besides the promising properties of doped nanocrystalline silicon layers, the integration in SHJ
solar cells leads to some additional requirements and challenges. Looking at Figure 1, we can mention:
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(a) Fully amorphous incubation zone with lower doping efficiency and high resistivity.
(b) High resistive bulk of the nc-Si:H or nc-5iOy:H layer.

(c) A toolow Fc and, hence, low doping efficiency at the surface of the thin nanocrystalline film
might lead to a poor tunnel-recombination (p)nc-5i:H/TCO contact.

The abovementioned aspects are in an interdependent relation since the initial stage of growth
influences the nanocrystalline evolution in the bulk and, lastly, the final structural properties and the
contact to the adjacent film. We discuss the first two aspects in the following section.

Nucleation Versus Passivation

In SHJ solar cells, doped layers are combined with a thin (i)a-Si:H layer that provides chemical
passivation. When nanocrystalline films are grown on (i)a-Si:H substrates, we expect a delay in
nucleation [43]. To give experimental evidence, Figure 4a shows Raman spectra of various samples.
For 25-nm thick (p)nc-Si:H layers grown on either bare glass or on glass coated with a 6-nm thick
(i)a-Si:H layer, we measure a drastic drop in F¢ from 68.4% to 21.5%, respectively.
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Figure 4. (a) Raman spectra as function of wavenumber of (p)nc-Si:H film on variable substrate layers
(laser 442 nm). The extracted value of crystalline fraction (Fc) is reported next to each spectrum.
(b) Minority carrier lifetime measured on precursors fabricated on textured wafers with and without a
CO; plasma treatment with the same 25-nm thick (p)nc-Si:H layer. (c) Implied-Voc extracted from
(b) and Voc measured on the completed cells. Figure adapted from [47].

To promote a faster crystallization of nanocrystalline silicon, as was implemented
elsewhere [27,54,55], the (i)a-Si:H was treated with a soft and short CO, plasma treatment (CO,PT)
that can oxidize the surface [54-56], enhancing the nucleation of crystal growth. Alternatively, we also
optimized the use of a nonoxidic and high crystalline/doped seed layer [28,57]. Other groups suggested
alternative strategies, such as hydrogen plasma treatment, nonstandard Si source gases [45,58,59] and
high excitation frequency [58-61] or lower deposition temperature [62].

Besides the crystallization, it is critical to investigate both the effect of the harsh deposition
conditions, i.e., high plasma power and high density of hydrogen radicals, required for nanocrystalline
growth and the influence of the CO,PT on the (i)a-Si:H passivation. For minority carrier lifetime
measurements on cell precursors as shown in Figure 4b, we observe high passivation quality upon
nc-Si:H deposition (i-Voc = 733 mV). The curve drops for low minority carrier density indicating a poor
field-effect passivation due to the lower crystalline fraction as demonstrated in Figure 4a. In contrast,
the optimized CO,PT results in a lifetime increase in the low injection region where the field-effect
passivation is dominant, however, we observe a slight reduction of passivation quality with i-Vc
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of 728 mV. In Figure 4c, we compare the i-Vc of the cell precursors with the Voc measured on the
completed device. The cell processed w/o CO,PT shows an J-V curve with low Voc (512 mV) and
a strong S shape (not shown), on the contrary, the use of CO,PT results in a Voc very close to the
implied one.

Both from the experimental observation shown in Figure 4 and from theoretical
considerations [63-65], we can identify a minimum crystalline fraction of ~20%-30% for p-doped
nanocrystalline silicon films, often indicated as percolation threshold, that ensure a structural connection
within the nc-Si:H network. Usually, it is inferred by a rapid improvement in transport properties [63],
and it can be an indication of the overcome of the incubation zone [65]. This can lead to an enhanced
band bending and field-effect passivation with a higher space charge in the p-doped layer that can
explain the results shown in Figure 4. Thus, we can infer that for the sample treated with CO,PT, the
nc-Si:H overcomes the percolation threshold.

5. SHJ Solar Cells on Different Wafer Morphologies: the Path to Tandem Device

With c¢-Si cells approaching the practical conversion efficiency limit [66,67], alternative device
architectures in tandem configuration are of great interest. Concurrently, solar cells based on high
bandgap metal-halide perovskite absorbers quickly showed impressive efficiency. These factors result
in a great interest of the scientific community in combining perovskite cells in tandem device with c-Si
bottom cells with record efficiency of 29.15% [68,69].

Motivated by the better optical response of inverted perovskite architecture where the electron
transport layer is placed at the front side [70], we focused on rear junction SHJ devices. In this
configuration, the n-doped layer is placed at the front side of the SH]J cell.

Selected experimental Si solar cell parameters are displayed in Table 1 for devices optimized
as single junctions. The short circuit currents confirm the expected gain discussed in Figure 2 by
using nc-SiOy:H layer with appropriate thickness and refractive index. On textured c-Si, the n-layer
with a total estimated thickness of only ~10 nm gives FF > 80% and V¢ > 731 mV [28]. Besides cell
efficiency of 22.5%, we demonstrated that nanocrystalline silicon oxide material also fulfil production
requirements such as high throughput (60 s PECVD process time) and excellent cell homogeneity both
in laboratory-scale [28] and in industry application [71]. The Voc on flat front side cells is relatively low
as compared to the textured morphology partially due to the thicker c-5i wafers used to fabricate those
devices (see Table 1). However, the (100) oriented polished c-Si surface is more difficult to passivate
then the (111) oriented pyramid facets due to a tendency of epitaxial growth of the i layer [72].

Table 1. J-V parameters of best solar cells fabricated on both-sides-textured and 1-side-textured c-Si
wafers with (n) doped nc-Si:H and nc-SiO,:H placed on the front side. Data from [28,73].

Substrate Front/Rear Material t (nm) Jsc (mA/cm?) Voc mV)  FF (%) H (%)
(n)nc-Si:H 12 37.8 729 79.7 21.9
TEXT/TEXT (n)nc-SiO:H 10 38.3 731 80.3 22.5
FLAT/TEXT (n)nc-SiO:H 17 35.7 719 79.7 20.5

For application of SHJ in tandem device, parasitic optical losses in the short wavelength range are
not an issue since the perovskite top cell absorbs the light up to ~750 nm, and above this wavelength
value, silicon thin films are very transparent. Therefore, we can modify the thickness of front layer
stack with less optical constraints.

Figure 5a shows the current densities of various c-Si solar cells on flat front side fabricated with
(n)nc-SiOx:H film with different thickness as shown in Ref. [74]. The integrated Jsc values reported
show that by increasing the (n)nc-SiO,:H thickness, the spectral response above 750 nm enhances
due to lower IR reflection losses. We also observe a consistent enhancement by almost 2 mA/cm? in
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the same wavelength range by comparing the (n)a-Si:H reference device to the cell with 50-nm thick

(n)nc-SiOy:H.
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Figure 5. (a) Experimental current densities from external quantum efficiency (EQE) spectra (Jsc.gQE)
of silicon heterojunction (SHJ) solar cells with a flat front side. The doped front layer is (n)a-Si:-H or
(n)nc-SiOy:H with variable thickness. Top part of the graph reports the total Jsc.ggr, whereas the
bottom shows the integrated value below/above 750 nm. Data adapted from [74]. (b) Simulated
absorption in the absorbers (solid line) and 1-total reflection (dashed line) profiles of monolithic tandem
devices on flat front side bottom cell with 50 nm (n)nc-SiO,:H layer and increased refractive index
(arrow). The values represent the integrated currents absorbed in the perovskite and c-S absorbers and
the losses due to reflection to the air. Figure adapted from [73].

Additionally, an increased NIR response using nc-SiO,:H film with appropriate thickness with a
maximum at about 50 nm is visible.

This observation inspired the use of nc-5iO,:H interlayer to enhance the NIR response of the Si
bottom cell in a perovskite/silicon tandem cell with a front-flat bottom cell [74], which is required
for fabrication of perovskite top cells by solution processes. Alternatively, thermally evaporated
perovskite layers allow the use of a textured c-Si bottom cell [75,76] for enhanced light trapping.
However, wet processes still provide the best perovskite top cells.

Figure 5b reports simulated absorption profiles of tandem devices with the proposed approach
using (n)nc-SiOy:H as both interlayer and active doped layer for the bottom cell. We demonstrated in
Ref. [73] that the optical interlayer can manage the incoming light convening it in the bottom cell by
reducing IR reflection losses. Both experimental results and optical simulations discussed in Ref. [73]
show that the optimal interlayer should have a refractive index of 2.8 at 633 nm and a thickness of
~110 nm to maximize the result in 1.4 mA/cm? IR current gain in the silicon bottom cell and stabilized
device efficiency of 25.2% [73].

6. Conclusions

In this manuscript, we discuss the versatility of hydrogenated nanocrystalline silicon (nc-Si:H)
materials for photovoltaic application. We give an overview of oxidic nc-Si:H film properties
emphasizing on the unique combination of optical and electrical properties that made nanocrystalline
material suitable for a wide range of solar cell applications.

We also widely present challenges and strategies for implementing nanocrystalline material in
silicon heterojunction (SHJ) device. First, by means of optical simulation study, we identify the optimum
layer thickness and transparency for application in SHJ cells. Subsequently, we discuss the delicate
control of passivation and nanocrystalline growth comparing material properties, passivation results
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and solar cell parameters. We show that the use of CO, plasma treatment prior nc-SiO,:H deposition
can help to minimize the incubation zone and to faster develop a stable nanocrystalline growth.

Besides that, we show that also the contact to the front TCO might be very critical resulting in
very poor fill factor devices. We solve this particular problem by inserting a nonoxidic contact layer
that supports the tunnelling of holes thought this interface.

All these strategies resulted in a SHJ device with nc-SiO,:H with conversion efficiency of 22.5%,
FF of 80.3%, Voc of 731 mV and Jsc of 38.3 mA/cm?.

The final section is dedicated to the exploration of different c-Si device architectures. First, we show
the optimization of SHJ cells on front flat c-Si substrate that shows the opportunity for current
manipulating in the absorption in the infrared (IR) region of the spectrum. This observation motivates
the use of nc-SiOx:H films in monolithic tandem devices with perovskite/c-5i cells to minimize the IR
reflection losses. We show that the use of carefully designed interlayer gives a consistent gain in the
current absorbed (+1.4 mA/cm?) in the bottom cells without affecting the top cell and the electrical
parameters of the device.
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