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Due to the unique microstructure of hydrogenated nanocrystalline silicon
oxide (nc-SiO, :H), the optoelectronic properties of this material can be tuned

over a wide range, which makes it adaptable to different solar cell applications.

In this work, the authors review the material properties of nc-SiO,:H and the
versatility of its applications in different types of solar cells. The review starts
by introducing the growth principle of doped nc-SiO,:H layers, the effect of
oxygen content on the material properties, and the relationship between
optoelectronic properties and its microstructure. A theoretical analysis of
charge carrier transport mechanisms in silicon heterojunction (SHJ) solar
cells with wide band gap layers is then presented. Afterwards, the authors
focus on the recent developments in the implementation of nc-SiO,:H and
hydrogenated amorphous silicon oxide (a-SiO,:H) films for SH|, passivating

efficiency crystalline silicon (c-Si) solar
cells!™®! and perovskite/c-Si tandem solar
cells.>161 As a mixed phase material, the op-
tical and electrical properties can be tuned
over a wide range, making it adaptable to
different solar cell applications.['-1] With
an optical band gap (E,,) of up to 2.95 eV, nc-
SiO,:H features a low optical parasitic ab-
sorption when used as a window layer on
the front side.l'*2?] The wide range of re-
fractive index at 1 pum from 1.5 to over 3.5 al-
lows fine tuning as an interlayer for tandem
solar cells.[1*22] In addition, nc-SiO,:H thin
films act as good contact materials for solar
cell applications due to its dark conductiv-

contacts, and perovskite/silicon tandem devices.

1. Introduction

In recent years, doped hydrogenated nanocrystalline silicon ox-
ide (nc-SiO,:H) has been investigated for its application in high

ity (o) of up to 10 (Q cm) 12328l and contact

resistivity as low as 34.6 mQ cm? for n-type

contact”! or 5 mQ cm? for p-type contact.®!

Due to these properties of nc-SiO,:H, it has been used on
silicon thin-film solar cells and silicon heterojunction (SHJ)
solar cells for years.”®3!] Besides, nc-SiO,:H could also be a
good choice for light management in ultra-thin silicon solar
cells, which are attractive for their flexibility and high market
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Figure 1. Number of publications on nc-SiO,:H thin films application to
SHJ, passivating contact, and perovskite/c-Si tandem solar cell versus the
year of publication. This result is based on research in google scholar with
key words such as SHJ, microcrystalline silicon oxide, nanocrystalline sili-
con oxide, nanocrystalline silicon, poly-silicon oxide, passivating contact,
and perovskite tandem.

potential in PV industry.?2** In recent years new applica-
tions such as perovskite/c-Si tandem solar cells, have been
reported.[13143540] Record high efficiencies of 26.8%, 27.3%,
and 34.6% have been achieved on two-side contacted SHJ,
one-side contacted SHJ and perovskite/c-Si tandem solar cells,
respectively.*I=#] In addition, nc-SiO,:H is also deposited upon
the tunneling silicon oxide as the precursors for passivating con-
tact devices with polycrystalline silicon oxide (poly-SiO,) films,
giving rise to an excellent passivation performance indicated by
an implied open-circuit voltage (iV,.) of 740 mV.[**] It is notable
that poly-SiO, is different from semi-insulated polycrystalline sil-
icon (SiPOS) films.[**] A summary of the number of publications
of nc-SiO,:H thin film on these applications based on research in
google scholar with key words such as SHJ, microcrystalline sil-
icon oxide, nanocrystalline silicon oxide, nanocrystalline silicon,
polysilicon oxide, passivating contact, and perovskite tandem, is
shown in Figure 1. [t mirrors that nc-SiO, :H is becoming increas-
ingly important for perovskite/silicon tandem applications.

This work reviews the development of doped nc-SiO,:H and
its applications on solar cell devices. The growth mechanism is
discussed, and the optoelectronic material properties are intro-
duced. We report on the recent progresses of nc-SiO,:H thin films
on solar cell applications including SHJ solar cells, tunneling
oxide passivating contacts, and perovskite/silicon tandem solar
cells. Theory analysis on the device performance applying nc-
SiO,:H is discussed by simulation, as well.

2. Material Properties

The nc-SiO,:H films were deposited via the plasma enhanced
chemical vapor deposition (PECVD) for the first time in 1993
by adding CO, during the deposition process of doped nc-Si:H
layer.*! Due to the incorporation of oxygen nc-SiO,:H con-
sists of three phases: nanocrystalline silicon (nc-Si:H), amor-

Adv. Sci. 2024, 11, 2403728 2403728 (2 of 18)

www.advancedscience.com

phous silicon (a-Si:H) and amorphous silicon oxide (a-SiO,:H)
phases.[17247-4] The growth of nc-SiO,:H thin film is depicted
in Figure 2.°° An incubation layer and a nucleation layer are
grown at the early stage of thin film growth, which is mainly a
mixture of a-Si:H and a-SiO,:H.[2%2251-53] The nucleation layer is
followed by a growth of cone-shape crystal of nc-Si:H until the
growth becomes stationary.**>2>*] The good conductivity of nc-
SiO,:H is attributed to the doped nc-Si:H phases, while the low
refractive index and the high transparency are associated with the
a-SiO,:H phases. Hydrogen is preferentially located in the amor-
phous phase or at the crystal grain boundaries due to the low
solubility of H into the crystalline phasel®®! and is essential for
the passivation of the defects.

The oxygen content (atomic density) in nc-SiO:H thin film
can be adjusted by the CO, gas flow during the PECVD
process.[*°657] Here, the CO, concentration is the ratio of
CO, gas flow rate to the sum of CO, and silane (SiH,) flow
rate. As shown in Figure 3, increasing the CO, concentra-
tion increases the oxygen content of the layer. The oxygen
content in silicon was measured using Rutherford backscatter-
ing spectroscopy (RBS)*’] or Fourier transform infrared (FTIR)
spectroscopy,*’] and both methods fit well in the trend. Besides
the CO, concentration, deposition parameters such as substrate
temperature,l®®%] pressure,!®®] hydrogen flow ratiol®!l are also
used to explore the influences on the material properties.

Being able to control the opto-electronical properties of nc-
SiO,:H is important to achieve high efficiencies for solar cell ap-
plications. Figure 4 shows the Ej band gap, and the refractive
index plotted versus the oxygen content for n-type and p-type nc-
SiO,:H films.[*57] Increasing the oxygen content in nc-SiO:H
increases the optical band gap and decreases the refractive in-
dex. The oxygen content in the layer was adjusted by varying the
CO, concentration during the deposition as shown in Figure 3.
The E,, increases from 1.9 to 2.95 eV and the refractive index
decreases from =3.5 to 1.5 with increasing oxygen content from
0 to 0.6. From this, one can conclude that the optical properties
are largely determined by the oxygen content. It is worth noting
that the optical properties show similar dependencies on the oxy-
gen content independent of the doping gas concentration and the
silane gas concentration during deposition.[222847:53,62]

The conductivity is plotted versus the refractive index and the
optical band gap E,, as shown in Figure 5 as a figure of merrit.!”]
The conductivity is adjustable from 1071 to 10 (Q cm)~! for both
p-type and n-type nc-SiO,:H layers. A similar trend was shown
for both types of doping that the conductivity increases with in-
creasing refractive index and decreasing band gap. The opto-
electronical properties of nc-SiO,:H are much improved as com-
pared to other doped amorphous silicon alloys.

3. Theoretical Evaluation of nc-SiO,:H as Electron-
or Hole-Transport Layer (ETL or HTL)

In terms of the optical and electrical properties, doped nc-SiO,:H
materials exhibit tunable band gap (E,) and activation energy (E,)
depending on the processing conditions. In fact, the former is de-
termined by the oxygen content while the latter is determined
by the density of active dopants.!”*%l Widening the E, entails
an change in the energy positioning in the conduction and the
valence band of the mixed-phase material as reported by Biron
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Figure 2. Schematic sketch of the nc-SiO,:H growth. Figure adapted from ref. [50]

etal.l%] Indeed, the changes in the conduction and valence bands
are within 3 eV and 4.3 eV, respectively, as illustrated in Figure 6.
Note that the variation of the conduction (valence) band energy
is the energy difference between conduction (valence) band en-
ergy of doped nc-Si:H and SiO,. Accordingly, increasing the E, of
doped nc-SiO,:H layers by oxygen incorporation leads to the cor-
responding increase of the energy band-offset between c-Si bulk
and doped nc-SiO,:H layers and thus the increase of the potential
barriers for carrier collection.[®®®”] Moreover, the incorporation of
oxygen in doped nc-SiO,:H layers inhibits the formation of crys-
tallites and affects the electrical properties due to the increasing
E, and the decreasing conductivity.!®®! Interestingly, the combi-

CO,/SiH,-ratio rgq,
0.25 067 1 15233 4 9

0.6 - ["e nc-SiO_H (n) by RBS b i
= nc-SiO,:H (p) by RBS li’ *

0.5 nc-SiO,:H (n) by FTIR

Oxygen content
o
S
e
i -

20 40 60 80
CO,-concentration = CO,/(SiH,+CO,) [%]

Figure 3. The oxygen content [O] (atomic density) versus the CO, / SiH,
mass flow ratio rcg, and the corresponding CO,-concentration for n-type
(circles) and p-type (squares) nc-SiO,:H films.[4757] The values of the O-
content are measured using RBS (red round and blue square symbol) and
FTIR (yellow round symbol), for n-type (phosphorus doped) and p-type
layers (boron doped). The linear regression (dashed line) is fitted to the
data of the oxygen content [O] versus the CO, concentration for both types
of samples. The CO, concentration in the gas phase during the deposition
is defined as CO,/(CO, + SiH,) mass flows in sccm.
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nation of wide E, (band-offset) together with low E, also affects
the work function (W). Note that a decrease or increase of W; is
favorable for n- or p-contacts, respectively.[68]

The implications of W; variation on the band diagram of c-
Si solar cells are elaborated in Figure 7, depicting a compari-
son between p-type contacts based on nanocrystalline materials
with different band gap (1.7 eV and 2.2 eV). Wide band gap lay-
ers (as doped nc-SiO,:H) are advantageous for carriers selectivity
at c-Si/passivating layer interface because such layers potentially
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Figure 4. The Ey, band gap and the refractive index plotted versus the
oxygen content for n-type and p-type nc-SiO,:H films.[*737] The values of
the O-content are measured using RBS (red round and blue square sym-
bol) and FTIR (yellow round symbol), for n-type (phosphorus doped) and
p-type layers (boron doped).
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Figure 5. Conductivity versus band gap and conductivity versus refractive index. Electrical and optical properties of several n- (circles) and p-type
(squares) nc-SiO,:H films deposited on glass.['”] The properties of p-type a-SiC:H layers (open squares) and n-type a-SiO,:H layers (open circles) are
shown for comparison.[®3] The added lines serve as guides to the eye and roughly outline the performance limits of the films.

induce a stronger band bending inside c-Si than plain silicon-
based counterparts.[®>7%] However, the potential barriers (see pat-
terned areas in Figure 7), could hinder the transport of collecting
carriers, |77l due to the higher energy band-offset (high E,).
To reduce such energy barriers for boosting the transport of car-
riers, the doped layers should be thin enough and/or exhibit low

E, (i.e., high doping concentration).l®7174] The proper thickness
of doped layers allows an optimal electric field inside the c-Si and
also mitigates any effect from TCO (work-function).[*¢4 In fact,
depending on the E, of the doped layer and the W} of the TCO, the
thickness of the doped layer can be adjusted for optimal carrier
transport as a compromise between band bending inside c-Siand
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Figure 6. Sketch of energy band of (n-type) c-Si bulk isolated from doped nc-Si:H, doped nc-SiO,:H or SiO,. From nc-Si:H to SiO, we visually vary
band gap (E,), activation energy (E,), and work-function (W) as a function of oxygen incorporation. Conduction (valence) band energy is illustrated in
continuous black (red) line. Changes in the electronic properties of doped nc-SiO,:H layers, such as E,, depend on the oxygen content. Note that lateral
dimension is not to scale, and E, (dashed lines) illustrates the increasing trend while incorporating oxygen to the layer. Figure adapted from ref. [65]
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Figure 7. Band diagram at equilibrium of p-type contact layers featuring the same activation energy (400 meV) but different band gap. Black and pink
patterned areas illustrate the energy barriers for electrons and holes, respectively. AE and AW indicate the band bending at c-Si and work-function
mismatch with TCO. p-type nc-SiO, layers featuring wider band gap (right) increase the band bending inside c-Si, but also AW;. Similar effects are
observed for n-type contact but in the conduction band. Figure is adapted from ref. [67]

the potential barrier height.[®”] Nevertheless, achieving both wide
band gap and low activation energy (high active doping level) in
thin films based on nc-SiO,:H is technologically not trivia. Exper-
imental work has been aimed at optimizing both layer thickness
and doping for efficient carrier collection.[8236475-801 However,
the interface of doped nc-SiO,:H with TCO is sensitive to inher-
ent properties of nc-SiO,:H, leading to a relatively high built-in
potential and work-function mismatch (A W). To mitigate such
unfavorable effects at the interface with TCO, the addition of a
doped silicon layer by deposition or treatment of the interface is
effectively used.[?*4] Figure 8 illustrates the positive effect of us-
ing a stack of layers featuring a wide band gap p-type nc-SiO,:H
layer which also acts as incubation layer for the following p-type
nc-Si:H layer. This approach avoids any possible negative effect
from energy misalignment of the doped layer with TCO (see
Figure 7, right versus Figure 8).

Similarly, to doped nc-SiO,:H materials, wide E, and low E,
are also pursued in doped polysilicon oxide (poly-SiO,) materi-
als, which are promising candidates to replace highly absorp-
tive polysilicon (poly-Si) materials in high-thermal budget carrier-
elective passivating contacts. In fact, absorption in doped poly-
SiO, materials can be lowered with respect to the poly-Si passi-
vating contacts,®!] while heavy doping, with surface doping level
above 3 x 10% atm cm=3,[® electrically enhances carrier trans-
port and leads to low or negligible E,. However, due to the incor-
poration of oxygen, for which amorphous SiO, phase material is
in between Si crystals,!82] poly-SiO, is a mixed-phase material ex-
hibiting lower crystallinity than poly-Si passivating contacts.[*/]
In particular, the existence of the SiO, phase especially on the
surface of the film(®] degrades the lateral conductivity of the film
and makes it challenging to realize an ohmic contact between
the doped poly-SiO, film and the metallic contact. As a conse-
quence, the use of TCO layers is imperative to build a proper
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Figure 8. Band diagram at equilibrium of p-type contact featuring a wide
band gap (p-type nc-SiO,:H, high E, ;) incubation layer for p-type nc-Si:H
(low E, ;) to minimize AE and reduce AW. Black and pink patterned areas
illustrate the energy barriers for electrons and holes, respectively. AE and
AW indicate the band bending at ¢-Si and work-function mismatch with
TCO, respectively. Similar effects are observed for n-contacts but in the
conduction band. Figure adapted from ref. [67]

contact enhancing the carrier collection and maintaining the pas-
sivation after metallization.[*+#384] In general, similarly to the use
of doped nc-SiO,:H films in low-thermal budget SH]J devices, the
advantages of using doped poly-SiO, layers for carriers’ selectivity
and transport in high-thermal budget SH] devices depend on the
properties of the layers (doping, thickness and A W; with TCO).
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Figure 9. Box plot of a) open-circuit voltage (V,.) and implied V,_ (iV,.), b) short-circuit current density (/,.), ) pseudo fill factor and fill factor (pFF,
FF), and d) power conversion efficiency (1) versus the thickness of the nc-SiO,:H layer (d,sioxn) for cells with nc-SiO,:H (n) single layer.[®] A cell with

7 nm a-Si:H (n) film is used as the reference on the left side.[%®!

Theoretically, it has been calculated that materials with the
electrical properties of nc-SiO,:H layers hold the potential to en-
able efficiencies >27%!%! for single junction solar cells and have
already enabled, in the ETL embodiment, a large area (244.5
cm?), rear-junction, low-thermal budget SHJ solar cell exhibit-
ing power conversion efficiency (1) of 26.81%.8] Moreover, the
nc-SiO,:H selective contact shows a superior high temperature
stability as compared to a-Si:H selective contacts.®]

The use of nc-SiO,:H layers is of particular interest for tandem
solar cells applications due to their tunable band gap and refrac-
tive index. In fact, such layers can be used as optical interlayers to
couple c-Si bottom cells with a wide variety of top cells, especially
those deploying perovskite absorbers. In this type of tandems,
nc-SiO,:H materials at the recombination junction between top
and bottom cells with appropriate thickness and refractive index
regulate the infrared light management demonstrating a current
gain in the bottom cell of up to 1.4 mA cm=2.[21]

4. Application of nc-SiO,:H on Solar Cell Devices

4.1. Silicon Heterojunction Solar Cells

Silicon heterojunction solar cells represent a very promising tech-
nology for highly efficient solar cells with relatively low fabrica-
tion cost and are predicted to be one of the next mainstream
products in the PV industry after passivated emitter and rear
cell (PERC).8%] For conventional SHJ solar cells, intrinsic and
doped hydrogenated amorphous silicon layer (a-Si:H) layer stacks
are deposited on both sides of wafers to reduce the surface re-
combination rate and separate the electron-hole pairs. TCO layers
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are deposited on top of the silicon layers to collect charge carri-
ers. The metallization process to apply Ag fingers and busbars
is followed to conduct the carriers to the external circuit. How-
ever, one of the main conversion efficiency losses for this concept
is the photocurrent loss due to parasitic absorption in the front
contact layers.*>%?] To reduce the parasitic absorption and im-
prove the optical response of SHJ solar cells, the wide band gap
material nc-SiO,:H is a suitable candidate to replace the a-Si:H
thin films.[”*?*1 A Considerable amount of research has been
done to apply doped nc-SiO,:H layer as carrier selective layers in
SHJ solar cells. Some of the reported results are summarized in
Table 1.

With a nc-SiO,:H front contact, a short-circuit current den-
sity (J,) above 40 mA cm™ was demonstrated by Mazzarella
etal.l”l The J,_ gain in the range of 0.7—1.7 mA cm~2 was found
when the doped a-Si:H layers were replaced by doped nc-SiO,:H
layers.>%8111) This increase in ], is due to the improved external
quantum efficiency in the short wavelength region. In addition,
an improved passivation quality of the silicon layer stacks was
achieved when the nc-SiO,:H(n) layer was used instead of the
a-Si:H(n) layer.[''] This observation was explained by the more
effective field-effect passivation due to the wider band gap of the
nc-SiO,:H layer. Figure 9 shows a comparison of the solar cell
performance between a-Si:H and nc-SiO,:H front contact layers.
When the nc-SiO,:H thickness (d,, gio.) Was decreased from 20
to 10 nm, the open-circuit voltage (V,) of the cells is not affected,
but it decreases for nc-SiO,:H (n) layers below 10 nm. The iV, of
the cells with nc-SiO,:H (n) layers of different thicknesses are at
the same level as the reference cell. Figure 9b shows that the J
increases with decreasing d,_ g0, Dy —0.058 mA cm~2 per nm

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UBD| 7 SUOWWIOD SATes1D 3(qedtjdde au Aq pausenob ae e YO ‘88N Jo SN 10} ARiq1T8UUO A8]IM UO (SUONIPUOD-PUR-SWBH WD A8 | 1M ATeIq 1 Bu UO//SANY) SUORIPUOD pue s | 84} 89S *[6202/T0/60] U0 ArIqiT8uluO A8|IM ‘Ind ulleg wniueZ-z)oyw eH AQ 82.£07202 SAPR/Z00T 0T/I0p/W0 A8 | 1M AReq 1Bul U/ Sy Wiy papeojumod ‘SE ‘v20Z ‘vr8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Table 1. Performance of selected SH) devices featuring nc-SiO,:H or nc-Si:H (x = 0) as carrier selective layers.
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Layer stack Joe [MAcm™2] Ve [mV] FF [%] H [%] Area [cm?] Bif.?) Certi. Institute [year] Ref
nc-SitH(p) / nc-SiO:H(p) 40.40 688 72.9 20.3 1 No No HZB [95]
[2015]
nc-SiO,:H(n) 37.04 729 80 21.6 4 No No HZB [26]
[2017]
nc-Si:H(n) / nc-SiO,:H(n) / 38.30 731 80.6 22.6 4 No No HZB [77]
nc-Si:H(n) [2018]
nc-SiO,:H(n); 35.83 682.9 77.9 19.1 0.53 No Yes Nankai [27]
nc-SiO,:H(p) [2018]
nc-SiO,:H(n) / ne-SitH(n) 39.00 727 77 21.8 10.24 No No SKKU [2019] [96]
nc-Si:H(n) 39.90 729 79 23.0 4 No No HZB [97]
[2019]
nc-SiO:H(n) / nc-Si:H(n) 9 38.70 739 80.7 23.1 244.6 Yes No FZ) [98]
[2019]
nc-Si:H (p); nc-Si:H(n) 39.41 7341 81.07 23.5 4.029 No Yes EPFL [2019] [99]
nc-Sio:H(n) 9 39.60 747 84.9 25.1 2445 Yes Yes Hanergy m
[2019]
nc-Si:H(p) 39.48 733 81.4 23.56 4 No Yes AIST [24]
[2020]
nc-Si:H(p) / nc-SiO,:H(p) / 39.85 737.5 81.95 24.1 4.06 No Yes EPFL 2]
nc-Si:H(p) [2020]
nc-Si:H(p) / nc-SiO,:H(p); 38.85 719.2 80.41 22.5 3.92 No Yes TU Delft [64]
nc-SiO,:H(n) [2027]
nc-SiO:H(n); nc-SiO:H(p) / 40.50 729 80 23.6 10.24 Yes No SKKU [100]
a-SiO,:H(i) 9 [2021]
nc-SiO,:H(n) 39.80 731 81.4 23.7 3.61 No No FZ) [25]
[2027]
nc-Sio:H(n) 9 40.24 746 85.08 25.54 2745 Yes Yes Maxwell/ SunDrive [107]
[2021]
nc-Si:H(p) / nc-SiO,:H(p); 39.60 733 81.6 23.7 4 No No EPFL [102]
nc-Si:H(n) / nc-SiO:H(n) / [2022]
a-Si:H(n)
ne-Siz:H(n) 9 39.26 741.9 81.96 23.9 244.6 Yes Yes FZ) [103]
[2022]
nc-Si:H (p) 379 754 81.5 233 4 No No AIST [3]
[2022]
nc-Si:H(n) 39.79 746.8 82.79 24.6 3.9 No Yes HZB [4]
[2022]
ne-Siz:H(n) 9 39.40 746 81.7 24.0 3.9 Yes No HZB [4]
[2022]
nc-Si:H(n) / a-Si:H(n); 39.81 724.5 82.2 23.7 3.92 No Yes TU Delft [5]
nc-SiO,:H(p) / nc-Si:H(p) [2022]
nc-Si:H(n) / a-Si:H(n); 39.97 726.0 83.3 24.18 3.92 No No TU Delft [5]
nc-SiO,:H(p) / nc-Si:H(p) [2022]
nc-Si:H(n) / a-Si:H(n); 38.68 719.5 82.07 22.84 3.985 Yes Yes TU Delft [104]
nc-SiO,:H(p) / nc-Si:H (p)©) [2022]
nc-SiO:H(n) 9 385 745 84.7 243 243.36 Yes No SIMIT / Zhongwei [6]
[2022]
nc-Sio:H(n) 41.01 750.6 86.08 26.5 274.4 Yes Yes LONGi [105]
[2022]
nc-SiO,:H(n); nc-Si:H (p) © 40.80 750.2 86.28 26.4 274.5 Yes Yes Maxwell/ SunDrive [106, 107]
[2022]
nc-Sio:H(n) 39.98 742.0 85.74 25.44 274.15 Yes No IEE/ [108]
Huasun
[2023]
(Continued)
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Layer stack Joe [MA cm™2) Ve [mV] FF [%)] H [%)] Area [cm?] Bif.?) Certi.) Institute [year] Ref

nc-SiO,:H(n); nc-Si:H(p) 40.49 747.5 85.71 25.94 274.4 Yes Yes Maxwell/Nankai [109]
[2023]

nc-Si:H(n) / nc-Sio,:H(n); 41.16 751.1 86.48 26.74 274.4 Yes Yes LONGi / SYSU [110]
nc-Si:H (p) © [2023]

nc-Si:H(n) / nc-Sio,:H(n); 4145 751.4 86.07 26.81 274.4 No Yes LONGi / SYSU [110]
nc-Si:H (p) [2023]

2 Bif.” means “Bifacial” ) “Certi.” means “Certified”; 9 Front side illumination; 9 Front side one sun illumination, rear side half sun illumination.

and the gain of | is 0.4-1.4 mA cm~2 compared to the a-Si:H ref-
erence. Figure 9c shows that the fill factor (FF) decreases with re-
ducing d, g0,y and is more sensitive to the variation of d, 0.1
when it is below 10 nm. In addition, there is an increase in the
difference between pFF and FF, indicating an increase in the se-
ries resistance as the d, g0,y is reduced. Although the power
conversion efficiency of the solar cell with 5 nm nc-SiO:H (n)
layer is lower than others (Figure 9d), a high J,. of 39.9 mA cm™
and similar iV, as the reference cell can be obtained, indi-
cating a potential to achieve high efficiency with a low series
resistance.

As a window layer on the front side of the SHJ solar cell, the
layer should be as thin as possible to minimize parasitic absorp-
tion as shown in Figure 9b. As a carrier selective layer, the nc-
SiO,:H layer should also be thin enough and have a low E, to
enhance the carrier transport. However, there is a strong corre-
lation between the material properties of nc-SiO,:H and its film
thickness. During the growth of nc-SiO,:H thin film, an amor-
phous incubation layer is grown at the beginning, then the layer
is nucleating resulting in the formation of crystallites. Therefore,
areduced crystalline volume fraction and doping efficiency of the
nc-SiO,:H layer have been observed with decreasing film thick-
ness, resulting in a decrease in conductivity due to the increase in
activation energy.[#113] Although a high crystalline volume frac-
tion is beneficial for the solar cell performance,?’] it is a chal-
lenging to improve the crystalline volume fraction for a very thin
nc-SiO,:H thin film, especially when the doped nc-SiO:H films
are deposited on an intrinsic a-Si:H passivation layer, which is
reported to suppress the nucleation but needed for chemical sur-
face passivation.[*

In order to promote the crystallization and improve the con-
ductivity of doped nc-SiO,:H thin films, various methods have
been reported, such as applying a soft and short CO, plasma
treatment31112155] which can improve the nucleation due to the
oxidized surface, applying a hydrogen plasma treatment,[?*! re-
ducing the deposition temperature,®®! depositing a hydrogenated
amorphous silicon oxide buffer layer,''] replacing silane by
disilane for the deposition,['’”] and using a high excitation
frequency.'’®l A common solution is to use a highly crystalline
nc-Si:H seed layer to improve the nucleation of the nc-SiO,:H
layer.5%77119120] [n Figure 10 a comparison of the structural
properties of nc-SiO,:H with and without nc-Si:H seed layers is
shown. The crystalline volume fraction is significantly improved
Dby the addition of a seed layer, which contributes to highly con-
ductive nc-SiO,:H layers and low activation energies. There are
also reports that a doped seed layer performs better than an in-
trinsic seed layer.'?!] With the help of nc-Si:H seed layers, the
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Figure 10. The crystalline volume fraction (F.) of the doped layers versus
the thickness of electron transport layer (dgr,). The data were collected
from literature and the crystalline volume fraction was determined by UV-
Raman spectroscopyl®®l and Raman spectroscopy.l'°!

nc-SiO,:H thin film thickness can be reduced to below 10 nm for
the application in SHJ solar cells.l’7%!

Besides the development of doped nc-SiO,:H for carrier-
selective layers, there are also efforts to replace intrinsic a-Si:H
passivation layer by a-SiO,:H thin films.781227124] Lifetimes of
several milliseconds have been reported using intrinsic a-SiO,:H
as the passivation layers for silicon wafers.[12126] Like nc-SiO,:H
selective contact layers, a-SiO,:H passivation layers also have the
advantage of thermal stability.!?*!?’] The challenge of intrinsic
a-SiO,:H passivation lies in the carrier transport. When the pas-
sivation layer changes from a-Si:H to a-SiO,:H, the valence band
offset increases from 0.3 eV to over 4 eV, indicating that the
intrinsic a-SiO,:H layer provides a prominent barrier at the hole
contact in SHJ solar cells.["?12%] It was demonstrated by Seif et al.
that the fill factor of SH]J solar cells decreases rapidly as the thick-
ness of the a-SiO:H thin film at the hole contact increases.!'3]
On the other hand, an intrinsic a-SiO,:H passivation layer for
electron contacts is seldom reported.['3'-133] As more and more
SHJ solar cells use the rear junction design and the electron con-
tact becomes the front contact, it gains increasing importance to
explore the carrier transport of a-SiO,:H passivation layers for the
electron contacts.!134]
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4.2. Passivating Contact Solar Cells

Recently, a structure consisting of an ultra-thin silicon oxide
(SiO,) stacked with a heavily doped poly-Si layer has received
more and more attention in research institutes and the photo-
voltaic industry.1*>71%5] This structure is commonly referred to
as tunneling oxide passivated contact (TOPCon),['*>*] polysil-
icon on oxide (POLO),['*$%] or simply as a poly-Si passivated
contact.3¥141l Thanks to the impressive full-size passivation
and excellent carrier-selective property provided by poly-Si/SiO,
stacks, the champion efficiency of this concept has been in-
creased to 26.1% for both n- and p-type c-Si solar cells, much
higher than conventional PERC devices.['**%] Moreover, the
poly-Si passivation contact technology is compatible with the cur-
rent mainstream product manufacturing line in the photovoltaic
industry, which makes this technology an attractive option for the
future upgrade of the PERC mass production lines.[1*%]

However, the doped poly-Si suffers from strong parasitic ab-
sorption, quantified as 0.4—0.5 mA cm~2 per 10 nm of poly-Si
when placed on the front side."*”*8] Thus, poly-Si/SiO, stacks
are commonly used on the rear side of solar cells, but this limits
the efficiency potential of devices with poly-Si junctions. Mess-
mer et al. demonstrated that 0.6%—0.7% efficiency gain can be
achieved by applying poly-Si junctions on both the front (lo-
calized n* poly-Si) and back (full area p* poly-Si) sides.['*] In
addition, a strong free carrier absorption in the infrared wave-
length range has been reported in poly-Si layers, resulting in a
short-circuit current density losses of 0.3—0.5 mA cm™=2 for a
140 nm poly-Si layer used on the rear side of solar cells.[1*7:15]
In order to reduce the optical loss, much effort has been put
into the development of carrier-selective layer alternatives with
higher transparency.[*#81-84151-154] [t hag been reported that alloy-
ing oxygen into the poly-Si material promotes the formation of a
mixed phase structure, poly-SiO,, resulting in an increase in the
band gap and a decrease in the absorption coefficient of the sil-
icon layer.!'>>"158] Furthermore, simulation results suggested an
improved carrier selectivity and an enhancement of the lateral
carrier transport at the c-Si/SiO, /poly-SiO, interface when poly-
Si is replaced by a wider bandgap poly-SiO, layer.[*+1>7:18] Yang
et al. reported an excellent passivation quality and carrier selec-
tivity for both n-type (iV, 4, = 740 mV, contact resistivity p, =
0.7mQ cm™2) and p-type (iV,. g, = 709 mV, p. = 0.5mQ cm™?)
poly-SiO, layers.!®] In addition, the incorporation of oxygen into
in poly-Si could assist the release of stress in the silicon matrix
and prevent blistering of the layer during the subsequent high-
temperature annealing process used for crystallization.1>%160]
Taken together, these advantages of poly-SiO, suggest an excel-
lent alternative to poly-Si for reducing optical losses and achieve
an improved passivating contact.

The approach for fabricating poly-SiO,/SiO, junctions in-
volves at least four steps: (1) growth of a thin SiO, layer on the
wafer surface by thermal or wet-chemical oxidation; (2) deposi-
tion of a-SiO,:H or nc-SiO,:H layers by chemical vapor deposi-
tion (CVD) or physical vapor deposition (PVD); (3) recrystalliza-
tion of the silicon thin films and activation of the dopants by
high-temperature annealing (>750 °C); and (4) hydrogenation
via a forming gas annealing (FGA) treatment or via the depo-
sition of hydrogen-rich thin films. Many researchers have been
devoted themselves to the poly-SiO,/SiO, concept and demon-
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strated that the process parameters play a major role on the op-
tical, electronic, and passivation properties of the resulting poly-
Si0,/SiO, passivating contact.[#481-84155.161-163] Plagma enhanced
chemical vapor deposition (PECVD) is commonly used to pre-
pare the silicon thin film. Similar to the preparation of a-SiO,:H
or nc-SiO,:H used in the SHJ technology, CO, was added into
the silane-based plasma during the PECVD process in poly-SiO,
passivating contact technology. By modulating the CO, gas flow
ratio, fro, = [CO,]/([CO,] + [SiH,]), the microstructure and the
optoelectronic properties of poly-SiO, layers can be adjusted in
a wide range.l’®1102] As in the case of nc-SiO,:H, lower refractive
index, higher optical band gap, lower crystallinity, and lower con-
ductivity of poly-SiO, layers can be obtained by increasing the
amount of O incorporation.[161:162]

Figure 11 displays the iV, and the contact resistivity (p.) of
poly-SiO, /SiO, passivating contacts versus the CO, gas flow ratio.
These values were taken from literature.[*+34161.162] Yang et al. ob-
served a degradation of the passivation quality for both n- and p-
type poly-SiO, with increasing the f.,.8*] However, an increased
iV, was reported by Zhou et al. and Pham et al. when introduc-
ing a small amount of CO, into the process chamber and then
the iV, decreases when further raising fc.,.11"1%21 One reason
for the improved passivation quality could be the suppressed for-
mation of blisters on the interface when few O is incorporated
in the silicon matrix.[*>162] Another explanation for the passiva-
tion improvement is the additional chemical surface passivation
of the widespread a-SiO, matrix in the mixed phase structure.[*!]
The degradation of 1V, with increasing f.,, was interpreted by a
weaker induced electric field near the ¢-Si/SiO, interface due to
the reduced doping level in poly-SiO, layers prepared at higher
Jeop B4161162] Tn terms of contact characteristics, a value of p_
of less than 1mQ cm™ was observed for n- and p-type poly-
Si0, /SiO, /c-Si stacks by Yang et al., as shown in Figure 11b. The
contact resistivity increases slightly when f., falls below a spe-
cific value and significantly when further increasing f.o, accord-
ing to the results reported by Zhou et al. and Pham et al.[161:162]
The worse contact property of poly-SiO, /SiO, is attributed to a de-
terioration of the silicon crystalline grains or columns, which are
the main pathways for the carrier transport in mixed-phase poly-
SiO,. Yang et al. tried to raise the doping gas flow used during
PECVD and found an improved passivating contact when adjust-
ing the doping gas flow to a specific value, which could be associ-
ated with an enhanced field effect passivation near the wafer sur-
face and more conductive poly-SiO, layers.[®*! In addition, Stuck-
elberger et al. demonstrated that increasing the dopant gas flow
rate accumulated the diffusion of dopants from silicon thin film
to the wafer and resulted in an increase of the surface dopant
concentration by more than one order of magnitude.(®*!

On the other hand, the subsequent high-temperature anneal-
ing treatment is critical to dopant in-diffusion, contact formation,
and interface recombination. It was reported that a declined con-
tact resistivity can be reached by increasing the annealing temper-
ature or prolonging the annealing dwell time, but surface recom-
bination current density first decreased and then increased.[82-34]
It has been demonstrated that larger grains of silicon crystallites
in poly-SiO, layers and a deeper junction can be obtained when
raising the annealing temperature from 750 to 950 °C.[3?] For the
surface recombination, there is a tradeoff between the reduction
of minority carriers, Auger recombination, and defect creation
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Figure 11. Comparison of a) the implied open-circuit voltage (iV,.) and b) the contact resistivity (p.) with respect to the CO, gas flow ratio (fcp,). The
results were selected from literatures.[4484161.162] Dashed lines serve as the eye guides to eyes.

in the interfacial oxide during the annealing process.[®3] In addi-
tion, the thickness of the poly-SiO, layer also affects the property
of the passivating contact. Several research groups demonstrated
that a lower recombination current density (J,) and contact re-
sistivity can be achieved by thickening the poly-SiO, layer, how-
ever, this is also associated with the loss due to parasitic absorp-
tion, especially for devices with poly-SiO, layer on the illuminated
side.8284163]

Table 2 shows the cell performance of devices with poly-SiO,
passivating contact reported in literature. Mack et al. fabricated
hybrid cells with a poly-SiO, (n)/SiO, electron-selective contact on
the front side and a silicon heterojunction a-Si(i/p) hole-selective
contact on the rear, achieving an efficiency of 18.6%.1">°] The hy-
brid cell was found to be less temperature sensitive with respect
to SHJ cells and the barrier imposed by a SiO,/Si-based con-
tact is less pronounced than the barrier imposed by a standard
SHJ contact.['>*] Pham et al. followed this research and further
increased the cell efficiency of this hybrid cell to up to 24%.[11]
Yang et al. applied n- and p-type doped poly-SiO, carrier-selective
passivating contacts for both polarities of two-side contacted solar
cells.[**34] The efficiency reached 19.0% with an extremely high

FF 0of 83.5% but a low J,. of 33.4 mA cm™ on a flat wafer!*) and
20.7% on a textured wafer.**] By placing both carrier-selective
poly-SiO, junctions on the rear side, an efficiency of 19.7% with
39.3 mA cm™? ] was demonstrated for an interdigitated back
contact (IBC) solar cell.**] Zhou et al. replaced n-type poly-Si with
poly-SiO, for conventional poly-Si passivating contact solar cells,
achieving a ], of 41.53 mA cm~? and an 5 of 22.6%.[1%]

4.3. Perovskite/c-Si Tandem Solar Cells

Silicon based solar cells are approaching their practical conver-
sion efficiency limit of 29.4%.11¢41551 To achieve even higher effi-
ciencies, new cell designs are being explored, such as the combi-
nation of different band gap solar cells in a tandem device. Wide
band gap metal-halide perovskite solar cells are a perfect match
to be used on top of low band gap silicon solar cells in a tan-
dem device. Ideally both cells are processed monolithically on
top of each other. The two-terminal design facilitates low opti-
cal and electrical losses as well as lowest production costs.[166-170]
With such a monolithic tandem based on a wide-gap perovskite

Table 2. Performance of selected solar cells with poly-SiO, passivating contact.

Layer/stack JeeImA cm™] Vo [ImV] FF [%] H [%] Area [cm?] Bifacial Certified Institute [year] Ref
Poly-Si0, (n); a-Si:H(p) ¥ 33.90 691 79.4 18.6 4 No No EPFL [2018] [155]
Poly-SiO, (n); 33.40 631 83.5 19.0 2 No No TU Delft [2018] [44]
Poly-SiO, (p)

Poly-SiO, (n); 39.30 650 77 19.7 9 No No TU Delft [2018] [44]
Poly-SiO, (p)?

Poly-SiO, (n); 3930 691 76.4 20.7 2 No No TU Delft [2021] [84]
Poly-SiO, (p)

Poly-SiO, (n); 36.68 695 80.3 20.5 3.91 No Yes TU Delft [2027] [33]
Poly-SiO, (p)®)

Poly-SiO, (n); a-Si:H (p)®) 40.90 723 81 24.0 10.24 No No SKKU [2021] [167]
a-Si:H(p); Poly-SiO, (n)®) 38.95 724 75.9 214 10.24 Yes No SKKU [2022] [163]
Poly-SiO, (n); P+ 41.53 687.8 79.21 22.6 4 No No Nankai [2022] [162]

3 Solar cells prepared with an I1BC architecture; Y Screen printed solar cells.
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a) Cross-section structure of the simulated monolithic perovskite/c-Si tandem solar cell, thicknesses included in the schematics. b) Simulated
2) (bottom) when varying the refractive index (at 800 nm) of the nc-SiO,:H (n) interlayer (100 nm

thick) compared to a reference sample without that interlayer using only an a-Si:H n-layer (8 nm thick). All data points correspond to a current matched

situation obtained by varying the perovskite thickness (values included).

cell deposited on a silicon heterojunction bottom cell, a record
efficiency of 29.15% was achieved in 2020,/'”! and further im-
proved to 29.8% in 2021, which exceeds the efficiency limit of
a silicon single junction.'’?] In 2022 Q. Jeangros et al, from
EPFL/CSEM brought the efficiency of perovskite/SH] tandem
cells to 30.93% and 31.3% on a planarized and textured silicon
surface, respectively.['’3] Afterwards, the record efficiency was
further improved successively to 32.5% by HZB!7*] and to 32.7%
by KAUST.['*] Recently, LONGi announced a new word record ef-
ficiency of 34.6% certificated by European Solar Test Installation
(ESTI).1)

A key challenge in such monolithic tandems remains the inte-
gration of the complex layer stack with, for instance, ideal light in-
coupling and low reflection losses. In order to maximize in partic-
ular the infrared response of tandem devices several approaches
can be used. Ideally a random pyramid textured surface on both
sides of the silicon wafer is used, which is industry standard and
provides the best light in-coupling and efficiencies for SHJ solar
cells.['>7177] However, it is still a challenge to conformally deposit
a perovskite layer on top of such micrometer sized pyramids es-
pecially when using solution-based processes. In order to reduce
the reflection losses at the flat perovskite/silicon interface in the
NIR spectral range (An (800 nm) >2), a nc-SiO:H layer was im-
plemented as a medium-range refractive index interlayer to cou-
ple the NIR light into the Si bottom cell, and, thereby, maximize
the infrared response.l'’!178] In this application, the nc-SiO,:H
interlayer was tuned, varying the CO, content in the PECVD pro-
cess to optimize the oxygen content in the layer.'>21179] As it was
mentioned in the previous sections, increasing the oxygen con-
tent of a nc-SiO,:H layer decreases the refractive index and con-
ductivity, giving a wide range of options to use this material as
optical interlayer between top and bottom cells. A high n > 2.6
and close to zero parasitic absorption in the NIR spectral range
combined with excellent electrical contact to both sub-cells and
good lateral conductivity makes this material unique for this ap-
plication. Its deposition by PECVD at T < 200 °C is compatible
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[180,181]

with SHJ processing and it can simply replace the regular amor-
phous silicon n-layer. To match photocurrent in the tandem de-
vices both the best optical properties of the interlayer and a cor-
rectly adjusted perovskite band gap and thickness are needed. As
it was analyzed in detail in previous publications, varying the in-
terlayer refractive index by changing its oxygen content demon-
strates the ability of properly managing the spectral response in
the near infrared region.[1*17]

Optical simulations of monolithic perovskite/SHJ tandem so-
lar cells using GenPro4!'®%! demonstrate that the sample using
a nc-SiO:H interlayer with n = 2.6 (at 800 nm) provides the
maximum current density values. Figure 12a depicts the cross-
section structure of the simulated tandem structure. The optical
parameters used in those simulations were experimentally deter-
mined for the layers corresponding to the bottom cell including
the n layer (i.e., interlayer) and taken from the GenPro4 and PV
lighthouse database for the top celll’"81] ysing a triple cation
perovskite material from literature with a band gap >1.6 eV.I'81l
Figure 12b shows the simulated values of current matched per-
ovskite top and SHJ bottom cells when varying the refractive in-
dex of the nc-SiO,:H interlayer. Current matching was obtained
by varying the perovskite thickness between 380 and 510 nm in
the simulation, the corresponding thickness for each nc-SiO:H
interlayer variation is included in the figure. The reflection losses
of the samples are also depicted in the lower part of the same
graph.

The simulated EQE and the total absorbance curves are plot-
ted in Figure 13 for the same samples as in Figure 12: the best
nc-SiO,:H sample (n = 2.6, black circles) and the a-Si:H refer-
ence sample (blue stars). The optimum refractive index of the
nc-SiO,:H interlayer suppresses reflection losses in the spectral
region of 800—1050 nm attenuating the minimum in the total
absorbance curve (1-R) at #850 nm. This leads to a current den-
sity gain of 0.6 mA cm™ in the bottom cell with reflection losses
reduced by 1.4 mA cm~2 compared to the a-Si:H sample. The ad-
vantage of nc-SiO,:H as interlayer in perovskite/Si tandem cells
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Table 3. Performance of selected two-terminal perovskite/silicon tandem solar cells featuring nc-SiO,:H or nc-Si:H (x=0) as interconnection layer or

carrier selective layer.

Interconnection layer PVK Wafer Je [MAcm™?]  V, [mV]  FF[%] H [%] Area Certified Institute [year] Ref
polarity morph. [em?]

ITO / TRL / nc-SiO:H (p) p-i-n Flat 15.9 1.71 74. 20.1 0.53 No Nankai [2018] [27]
ITO / nc-SiO,:H (n) p-i-n Flat 18.5 1.76 78.5 25.5 0.77 No HZB [2018] [182]
nc-Si:H(p*)/ ne-Si:H(n*) p-i-n Tex. 19.5 1.79 73.1 255 1.42 Yes EPFL [2018] [175]
ITO / TRL / nc-SiO,:H (p) p-i-n Flat 17.1 1.78 74 22.8 0.13 No Nankai [2018] [183]
ITO / nc-SiO,:H(p) p-i-n Flat 16.9 1.75 74 219 0.13 No Tianjin / Nankai [2019] [184]
ITO / ne-Si0,:H (n) p-i-n Flat 19.02 1.79 74.6 25.4 11 Yes HZB / Oxford [2019] 21]
ITO / nc-SiO,:H (n) p-i-n Flat 19.22 1.76 76.5 26 0.77 No HZB [2019] [178]
ITO / nc-SiO,:H(n) p-i-n Flat 19.23 19 79.4 292 1.06 Yes HZB [2020] n71]
nc-Si(n)/ITO p-i-n Tex. 18.46 18 75.9 252 0.832 Yes  KAUST/ U.Toronto [2021] 191

nc-Si:H(p*) / ne-SiO,:H(n) p-i-n Flat 19.44 1.74 76.73 25.9 1.21 No Hanergy[2021] [10]
ITO / ne-Si0,:H (n) p-i-n Flat 17.81 1.94 80.9 27.9 1 No HZB [2021] [185]
ITO / ne-Si0,:H (n) p-i-n Flat 18.1 19 70.1 24.1 4 No HZB [2022] [186]
nc-Si:H(n) n-i-p Flat 15.71 1.81 75.2 21.43 0.25 No AIST [2022] [17]
ITO / nc-SiO,:H(n) p-i-n Nano- 19.48 1.92 79.4 29.75 1.0163 Yes HZB [2022] 172]

textured
ITO / nc-SiO,:H (n) p-i-n Tex. 20.11 1.79 79.95 28.84 12 Yes UESTC [2022] 2]
nc-Si:H(p)/ nc-Si:H(n)/ p-i-n Tex. 20.473 1.913 79.8 31.25 1.1677 Yes EPFL/CSEM [2023] [35]
a-Si:H(n)

TCO / nc-SiO:H(n) p-i-n Tex. 20.24 1.98 81.18 325 1.0139 Yes HZB[2023] [174]
1ZO / nc-Si:H(n) p-i-n Tex. 21.0 1.947 80.0 32.7 1.055 Yes KAUST[2023] [14]
nc-SiO,:H(p)/ nc-SiO,:H(n) p-i-n Tex. 19.82 1.86 73.68 27.16 0.5091 Yes Nankai [2023] [15]
ITO/Poly-SiO, (n) p-i-n Flat 17.8 1.76 74.0 23.18 1 No TU Delft [2023] [37]
ITO/ nc-SiO,:H(n) p-i-n Flat 18.3 1.81 70 23.2 1 No TU Delft [2023] [16]
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Figure 13. Simulated EQE (filled symbols) and total absorbance (1-R,
open symbols) for perovskite/SHJ tandem cells using the best nc-SiO,:H
interlayer (black round symbols, 100 nm thick with n = 2.6, at 800 nm) and
an a-Si:H reference (blue star symbols, 8 nm).[18%181] Both correspond to
the current matched situation described in Figure 12. Current density and
reflectance losses of both samples are included.

has attracted many researchers all over the world. A lot of R&D
efforts on this topic have been done in the past decades and the
experimental -V parameters of some perovskite/Si tandem cells
with nc-SiO,:H layer reported in literature are summarized in
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Table 3. It is notable that, next to low-thermal budget SHJ ar-
chitecture, high-thermal budget carrier-selective passivating con-
tacts based on poly-SiO, were also demonstrated to be a promis-
ing architecture for high efficiency perovskite/c-Si tandem solar
cells by Singh et al.?’]

Experimentally, the reduced reflection losses mentioned
previously were demonstrated in 2019 in a joint work of HZB
with Oxford University, and Oxford PV,2!l achieving a tandem
conversion efficiency of 25.2% by using SHJ bottom cells from
HZB with a 110-nm thick nc-SiO,:H interlayer having a refrac-
tive index of 2.6 (at 800 nm). This cell showed an improvement
of 1.4 mA cm™ in short-circuit current density compared to
the reference tandem without nc-SiO:H interlayer. With an
all-HZB-made tandem cell by fine tuning the thickness of the
perovskite and the TCOs of the perovskite top cell Kéhnen et al.
improved the current matching and reached a PCE of 26% with
a high total current density (top + bottom cell) of 39.5 mA cm=?
in spite of the flat front surfaces.'”®! Further optimization of
the optical band gap of the perovskite absorber and the hole-
contact layer material later allowed Al-Ashouri and Koéhnen
et al. to obtain an almost perfectly current matched tandem cell
with an improved open-circuit voltage yielding an efficiency of
29.15%.171 The formation of the periodic nanotextures on the
wafer front side helps Tockhorn and Sutter et al. further improve
the short-circuit current density of the tandem cell, achieving a
certified efficiency of 29.8%.!172] By combining a triple-halide per-
ovskite (1.68 electron volt band gap) with a piperazinium iodide
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interfacial modification, Mariotti and Kohnen et al. improved the
band alignment, reduced non-radiative recombination losses,
and enhanced charge extraction at the electron-selective contact,
yielding a certified efficiency of 32.5%.[174

5. Conclusions

The material properties of nc-SiO,:H and the versatility of its ap-
plications in solar cells have been reviewed in this paper. Its favor-
able optical properties, including a tunable refractive index and
wide optical band gaps, have been demonstrated as well as excel-
lent electrical conductivities. We explained the advantages of wide
band gap layers (such as doped nc-SiO,:H) for carrier selectivity
at ¢-Si/passivating layer interface based on a theoretical analysis
of charge carrier transport mechanisms in SHJ solar cells. Recent
progresses about the fabrication of nc-SiO,:H thin film, such as
inserting a nc-Si:H seed layer for rapid crystalline growth, was
discussed. The potential of nc-SiO,:H or a-SiO,:H layers is shown
in high temperature applications, such as poly-SiO, passivating
contacts for silicon solar cells. It has been shown that samples us-
ing a nc-SiO,:H interlayer with n = 2.6 (at 800 nm) provides the
highest current density values and could achieve a current den-
sity gain of 0.6 mA cm™ in the bottom cell with reflection losses
reduced by 1.4 mA cm™ compared to an a-Si:H sample. By ex-
ploiting the unique properties of the nc-SiO,:H material high ef-
ficiencies of 26.81% and 32.5% have been achieved for SHJ solar
cells and perovskite/c-Si tandem solar cells, respectively.
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