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Halide perovskites are widely used as an absorbing or emitting layer in emerging high-performance
optoelectronic devices due to their high absorption coefficients, long charge carrier diffusion lengths,
low defect density and intense photoluminescence. Si-based materials (c-Si, a-Si, SixN,, SiC, and SiO5)
play important roles in high performance perovskite optoelectronic devices due to the dominance of Si-
based microelectronics and the important role of Si-based solar cells in photovoltaics. Controlling the

preparation of perovskite materials on the dominant Si optoelectronics platform is a crucial step to
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Accepted 26th August 2021 realize practical perovskite-based optoelectronic devices. This review highlights the recent progress in

Si-based perovskite optoelectronic devices including perovskite/Si tandem solar cells, perovskite/Si
photodetectors, perovskite/Si light emitting diodes and optically pumped lasers. The remaining challenge
in Si-based perovskite optoelectronic devices research are discussed.
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1 Introduction

Silicon has been the cornerstone of microelectronics and
photovoltaics (PV) for decades and is thereby central to the key
technologies of digitalization and renewable energies that will
shape the 21* century.'* Silicon has a multitude of advantages
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with the most important being our ability to grow huge mono-
crystalline Si crystals with excellent electronic properties,
a near-perfect band gap for photovoltaics and a native oxide that
protects the surface rather than making it rust like iron. There
are only few disadvantages of silicon and they are related to the
indirect nature of its band gap. The indirect band gap slows
down radiative recombination and therefore makes it impos-
sible to achieve Si-based light emitting diodes with a similar
luminescence quantum efficiency as those made from III-V
semiconductors such as GaAs.**® In addition, the indirect band
gap reduces the absorption coefficient and therefore has pro-
hibited the fabrication of highly efficient thin-film silicon solar
cells. However, for the field of photovoltaics, the indirect band
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gap has not been a show-stopper. On the contrary, it hardly
creates a problem if combined with the wafer-based “first
generation” approach to Si photovoltaics that has been very
successful both scientifically and economically over the last
years. Maybe the only real shortcoming of Si as a photovoltaic
material is that we don't have two semiconductors like Si with
different band gaps. In photovoltaics, a substantial amount of
energy is lost by thermalization or sub-band gap transmission
of photons.” Which of the two mechanisms is more relevant
depends on the band gap and as long as there is only one
semiconductor involved, solar cell efficiencies under un-
concentrated sunlight will not exceed the 33% efficiency limit
given by the Shockley-Queisser (SQ) model.® Reducing the los-
ses would only work in devices that make use of two or more
different band gaps (multijunction solar cells).” Until quite
recently however, it has been impossible to fabricate efficient
tandem solar cells with Si-based low band gap cells. The only
suitable top cell material would have been GaInP which would
have added a substantial cost to the system.'® A cheap and
efficient high band gap material wasn't known. This situation
changed drastically with the advent of the halide perovskite
material family. Several halide perovskites were found and
investigated that have exceptional electronic and optoelectronic
properties, can be processed from solution, form with a range of
different band gaps and have excellent luminescent and
photovoltaic properties."**® Halide perovskites have a near-
unique combination of exciting properties that could make
them an ideal partner for silicon and extend its capabilities by
enabling tandem solar cells or optoelectronic devices that can
be integrated into silicon-based microelectronics. There are
however also substantial challenges for the application of
halide perovskites, namely issues with material and device
stability, a combination of ionic and electronic conduction that
leads to metastable behaviour and the fact that the toxic
element lead is used in those halide perovskites that have the
best optoelectronic properties.>*>*

Here, we will critically review and present the current status
of the integration of these two material systems and discuss the
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progress in developing applications that rely on the comple-
mentarity of the properties of Si and halide perovskites. Fig. 1
gives an overview over the key topics and device types that we
will discuss in this review. The schematic illustration of
perovskite/Si tandem solar cells is shown in Fig. 1a. Perovskites
with wide bandgaps around 1.65 eV to 1.75 eV (ref. 23 and 24)
are used as top cell to absorb the short wavelength spectrum.
Crystalline Si has a band gap of 1.12 eV and is used as bottom
cell to absorb the long wavelength spectrum transmitted by the
top cell.

Fig. 1b shows the schematic illustration of perovskite/Si
field-effect transistor-based photodetectors. SiO, are not only
used as dielectric layers to passivate interface in perovskite/Si
tandem, but also work as dielectrics to form a SiO,/Si capac-
itor in such perovskite/Si photodetectors. The band bending at
the Si/SiO, interface creates an electric field that effectively
separates the optically generated electron-hole pairs in Si. In
order to improve the responsivity, low-dimensional perovskites
i.e. nanoplates, nanorods, nanowires and quantum dots were
combined with Si to fabricate photodetectors with unique
structures and photoelectric properties. Fig. 1c shows an
example of a light emitting diode based on a perovskite emis-
sion layer deposited on top of a p-type silicon substrate that
serves to inject holes into the perovskite. Using a structure like
that, Liu et al. reported Si-based all inorganic perovskite LEDs
with emission wavelengths of 515 nm and 681 nm.*® Further-
more, Xu et al. used a similar design to fabricate Si-based
MAPDI; LEDs with near-infrared (787 nm) emission.>

Fig. 1d shows the schematic illustration of an optically
pumped perovskite/Si laser as reported e.g. in ref. 27. The
design shown in Fig. 1d is based on the deposition of a perov-
skite layer on top of a periodically patterned Si wafer that was
covered with Si,N, or SiO,. The purpose of the patterning as
discussed in ref. 28 is to reduce the lasing threshold and the
emission linewidth by reducing the roughness and providing
better light confinement.
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Fig. 1 Schematic illustration of Si-based perovskite optoelectronic devices include (a) perovskite/Si tandem solar cells, (b) perovskite/Si field-
effect transistor based photodetector, (c) perovskite/Si light emitting diodes and (d) Si-based perovskite lasers.

2 Perovskite/Si tandem solar cells

The efficiency of single junction (SJ) solar cells illuminated with
unconcentrated sunlight is limited to the fundamental SQ limit
of 31-33%.% The exact value of the SQ limit depends on the
spectrum used with many recent publications using the AM1.5G
spectrum that is specified in the standard testing conditions for
terrestrial solar cells and leads to =33% (see Fig. 2a). However,
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the original paper used a 6000 K black body spectrum which
then leads to =31%. As shown in Fig. 2a, the maximum effi-
ciency is reached or nearly reached for a range of band gaps
around 1.1-1.45 eV (ref. 29 and 30) which includes most tech-
nologically important semiconductors for photovoltaics such as
crystalline Si (record efficiency 26.7%),2>** Cu(In,Ga)Se, (record
efficiency 23.35%),>>*> many organic solar cell blends (record
efficiency 18.2%),**** GaAs (record efficiency 29.1%),?>** CdTe
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(a) Thermodynamic limit of photovoltaic conversion efficiency for single junction solar cells as a function of band gap (Shockley—Queisser

limit) compared to best practically achieved efficiencies for different photovoltaic technologies.3°-3 (b) Thermodynamic limit of photovoltaic
conversion efficiency for tandem solar cells as a function of the two band gaps. Theoretically, efficiencies up to 45% are possible with tandem
cells as compared to 33% for single junction solar cells. Panel (b) reproduced with permission.** Copyright 2018, Wiley-VCH.
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(record efficiency 22.1%).>*® Only lead halide perovskites
(record efficiency 25.5%),>** a-Si:H (record efficiency
10.2%)***° and most dye-sensitized solar cells*****” have band
gaps that are slightly too high to be in the optimal region. While
lead-halide perovskites can span a fairly wide range of band
gaps, the compositions leading to the highest solar cell effi-
ciencies can be found in the tight range between 1.5 and
1.65 eV.*

Fig. 2b shows the thermodynamic limit of photovoltaic
conversion efficiency for tandem solar cells as a function of the
two band gaps. The thermodynamic efficiency limit for tandem
solar cells is around 45% (ref. 41) and practical efficiencies may
substantially exceed 30% (ref. 42 and 43) in the future.
Combining the band gaps around E; = 1.1 eV of silicon with
band gaps in the range of E, = 1.75 eV would then lead to the
highest efficiencies in theory. Recently, the certified conversion
efficiency of single junction perovskite solar cell has reached
25.5% (ref. 29 and 38) (Fig. 3, black line, data from National
Renewable Energy Laboratory (NREL)) while the best efficien-
cies that have been published in scientific journals are currently
25.4% ** and 25.6%.* However, note that the recent record
efficiencies have nearly all been reached with compositions that
are closer to the lower end of band gaps mentioned above (1.5
eV). While this trend towards lower band gaps makes sense
from looking at Fig. 2a, it does not immediately benefit the
search for higher efficiency tandem solar cells.

The energy conversion efficiency of silicon solar cells in the
lab reached a record value of 26.7% in 2017 (ref. 29 and 31)
(orange dotted line in Fig. 3, data from NREL) which is vital to
obtain high efficiency perovskite tandem solar cell. However,
these efficiencies have been reached with intermediate back
contact solar cells that have both anode and cathode at the back
of the cell and no metallization at the front. While this design
brings obvious benefits for increasing the short-circuit current
density in single junction solar cells, it is not compatible with the

View Article Online
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widely studied two-terminal tandem cells where anode and
cathode are on opposite sides of the tandem cell. The best (single
junction) efficiency of a double-side contacted Si solar cell
compatible with two-terminal tandem designs is currently 26%.*°
The goal of achieving high efficiency Si-based tandem solar
cells is challenging because of the requirement of band gap
matching that is necessary for two-terminal (2-T) tandem solar
cells and that depends on factors such as location and climate
of the photovoltaic installation, bifaciality of the system,
temperature of the cell®® and the amount of optical coupling
between the two subcells.*”** This implies that depending on
the exact design of the tandem cell as well as on the position on
the globe or the type of installation slightly different perovskite
compositions would give the optimum annual yield. Hence
research has to target the optimization of perovskite solar cells
with a range of band gaps between approximately 1.65 to
1.75 eV. Substantial research efforts have recently been directed
towards exploring the possibilities to make efficient perovskite—
Si tandem solar cells leading to an efficiency (under standard
testing conditions and monofacial illumination) exceeding
29%.%* The efficiency of perovskite/Si tandem solar cells
(green dotted line in Fig. 3, data from NREL) is therefore already
substantially higher than the efficiency of single junction solar
cells made from either perovskite or silicon absorber layers.
Fig. 4 plots the tandem solar cell parameters (short-circuit
current density (Js.), open-circuit voltage (Vo) and fill factor
(FF)) as a function of power conversion efficiency (PCE) for
those cells listed in Table 1. It is clear that the increased PCE is
directly caused by the enhanced V,. and J,.. In Fig. 4, the highest
PCE for perovskite/Si tandem solar cells is 29.15%, together
with 1.90 V V., 79.4% FF and J; of 19.23 mA cm ™ (ref. 53) (see
line 20 in Table 1). In order to further improve the performance,
both the top cell absorption and bottom silicon cell technology
are important choices in the design of perovskite/Si tandem
solar cell. In this section, we focus on the architecture of
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Fig. 3 Record efficiency evolution over the last five years for silicon heterojunction solar cell (26.7% by Kaneka Corporation), single junction
perovskite solar cell (25.5% by Ulsan National Institute of Science and Technology), perovskite/Si tandem cell (29.5% by Oxford PV).
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Fig. 4 Summary of J-V parameters from Table 1. Js., Voc and FF as
a function of PCE, respectively.

optimizing the current matching between the top cell and the
bottom cell. We summarize various approaches to enhance
absorption and reduce the optical loss between Si sub cell and
the perovskite cell.

2.1 Wide band gap perovskite to top solar cell

In tandem solar cells, good current matching between the top
cell and the bottom cell is the key condition for achieving

View Article Online
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a higher efficiency stacked cell than a single junction cell. The
crystalline Si has a band gap of 1.12 eV, in order to current-
match both junctions, a top cell material with a band gap of
1.73 eV is required under standard test conditions (AM1.5G
spectrum, 1000 W m~2 25 °C).**"-* The band gap of typical
single-junction perovskite devices is usually lower than
1.73 eV.”>” To achieve the highest efficiencies, the current
approach is to go for double or triple cation materials with
a double anion (i.e. mixture of I and Br). Relative to the proto-
typical MAPDI;, formamidinium (FA) reduces the band gap,
while Cs as a cation and Br as a partial replacement for I as an
anion increase the band gap. A typical composition that gives
suitable band gaps is e.g. the double cation composition
FA .53CS.17Pb(I0.6Brg.4); With 1.74 eV band gap. A four-terminal
tandem cell with over 25% efficient was achieved by combining
FA 53CS0.17Pb(Io.6Bro.4)3 cells with a 19% efficient silicon cell.”
So far the highest published efficiencies in 2-T tandem cells
were achieved with a triple-cation perovskite with the compo-
sition FA, sMA 35CS¢.12PbI, 04Brg 06 With 1.69 €V band gap.* In
their work, a 2-T tandem device based on a silicon-
heterojunction bottom cell showed over 29% efficiency with
the efficiency increase relative to earlier attempts being largely
due to the application of novel self-assembled monolayers
(SAMSs) as ultra thin hole transport layers (see Fig. 5a and line 20
in Table 1). These SAMs allowed higher fill factors due to the
reduction in resistive losses and improved open circuit voltages
due to better energy level alignment. At the same time, some
research has focused on cation components of the 2D additives.
Kim et al. developed a 2D-3D mixed wide band gap perovskite
by using a mixture of thiocyanate with the more-conventional
choice, iodine. The prepared monolithic perovskite-silicon
tandem solar cell obtains an efficiency of 26.7% and excellent

Table 1 Summary of the composition and device performance of perovskite/Si tandem solar cells”

Number Si bottom cell Perovskite top cell

1 Flat c-Si MAg.37FA¢.45CS0.15Pb15.01BT0.99

2 c-Si rear texture CS.07Rbg.03FA¢.765MAg 135PbI, 55Brg 45
3 SHJ rear texture CS0.17FA¢.3Pb(Bro 1710.83)3

4 Flat SHJ FAj.06MAg.24C80.1Pby 1515.6Bro a8

5 Flat SHJ FAy.5MA 35CS0.12PbI; 04Br¢.06

6 SHJ double side texture Cs,FA; ,Pb(I,Br);

7 SH] rear texture C5.05(MA¢.17FA 53)Pb1 1(I0.85Br0.17)3
8 SH]J rear texture FAg.75C50.25Pb(lo.6BT0.2)3

9 SH] rear texture Cs0.05(FA¢.83MAg.17)0.95Pb(I0.82BT0.15)3
10 Flat SH]J (FAPbI,)o.(MAPbBBIL,), »

11 SH]J rear texture C50.05(MAo¢.53FA¢.17)0.05Pb(Io.53Br0.17)3
12 SH]J rear texture Cs0.15(MA¢ 83FA0.17)0.85PD(I5.7B1¢ 3)3
13 SH]J rear texture C50.15(MA¢.83FA¢.17)0.85Pb(I0.75BT0.25)3
14 SH]J rear texture Cs0.15(MA¢ 83FA0.17)0.85PD(I5.8BI0 2)3
15 SH]J rear texture Cs0.15(MA¢.83FA0.17)0.85Pb(Io.85BT0.15)3
16 c-Si double side texture Csg osMAg 15FAq gPbl, 55Brg 75

17 SHJ double side texture Csg osFAo.7sMAg 16Pb(Bro.1710.83)3

18 c-Si rear texture FAg 65MA.2CSo.15PD(Iy.sBro 2)3

19 SH]J rear texture Cs0.25FA0.75Pb(Io.85Br0.15)3

20 c-Si rear texture C50.05(MA¢ 23FAg 77)0.95Pb1.1(I0.77BT0.23)3

Band gap

(eV) Jse (MA ecm™2) V, (V) FF (%) PCE (%) Area (cm?) Year/ref.
1.69 15.2 1.703 79.22 20.57  0.03 2017 (ref. 54)
1.62 17.6 175 73.8 225 1 2017 (ref. 55)
1.63 18.1 1.65 79 236 1 2017 (ref. 56)
— 17.82 178 75 22.8 0.3 2018 (ref. 57)
1.69 16.5 1.655 81.1 2222  0.06 2018 (ref. 58)
1.65 19.5 1.788 73.1 252  1.42 2018 (ref. 43)
1.63 18.5 1.76 785 255  0.81 2018 (ref. 42)
1.68 18.4 177 77 25 1 2018 (ref. 59)
1.63 19.0 179 746 2543 1 2019 (ref. 60)
1.64 16.12 1.645 79.92 21.19  0.135 2019 (ref. 61)
1.63 19.2 177 766 26.0  0.77 2019 (ref. 62)
1.70 16.4 1.83 745 224

1.68 17.1 1.81 79.0 245

1.64 17.8 1.80 79.4 254  0.4425 2019 (ref. 63)
1.62 17.4 177 781 24.1

1.68 15.8 1.78 753 257  0.83 2020 (ref. 64)
1.64 18.81 1.8 775 263 1.43 2020 (ref. 65)
1.7 19.2 1.756 79.2 26.7  0.188 2020 (ref. 66)
1.67 19.12 1.886 753 2713 1 2020 (ref. 28)
1.69 19.26 1.90 79.52 29.15  1.064 2020 (ref. 53)

@ —, not reported; SH]J is silicon heterojunction; MA is CH;NH;'; FA is CH(NH,),".

This journal is © The Royal Society of Chemistry 2021
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(a) Schematics stack of perovskite/Si tandem solar cell with novel self-assembled monolayers as hole transport layers and SEM image of

device,*® reproduced with permission. Copyright 2020, American Association for the Advancement of Science. (b) Schematics illustration of
perovskite/rear texture silicon tandem solar cell, SEM cross section image of the top cell,*? reproduced with permission. Copyright 2018, Royal
Society of Chemistry. (c) Schematic of the perovskite/front texture p-type c-Si tandem solar cell,”® reproduced with permission. Copyright 2019,
American Chemical Society. (d) Schematic of perovskite-textured silicon tandem architecture,** reproduced with permission. Copyright 2020,
Science. (e) Schematic view of a planarized perovskite/silicon tandem solar cell with front and rear texture,” reproduced with permission.

Copyright 2020, Elsevier.

stability®® (see line 18 in Table 1). The device retained 20.7%
PCE after 1000 hours of continuous illumination.® In 2020, Xu
et al. reported a 2-T monolithic Si/perovskite tandems solar cell
with 27% PCE.” Triple-halide alloys (chlorine, bromine, iodine)
were used to tune the band gap of perovskite top cells. The semi-
transparent top cells exhibit good stability for the standards of
perovskite photovoltaics. After 1000 hours operation at
maximum power point, the PCE has degraded by less than 4%.
The reported results make clear that ion engineering offers an
effective approach to achieve high performance tandems solar
cell.

2.2 Optimization of Si-based bottom cells

At the interface between the perovskite top cell and the Si
bottom cell, cell design requires a tunnel contact for electrical
functionality. From an optical point of view, at this interface
substantial refractive index differences occur. Silicon has
substantially higher refractive indices (3.5 to 4 in the relevant
wavelength range) than either the perovskite absorber or the
typically used metal oxide or organic contact and transport
layers. Hence, the interface between the two cells might cause
significant reflection losses. In order to reduce reflection,
reduce parasitic absorption, and enhance light trapping in the
cell, light management is essential to improve the photocurrent
absorption of silicon bottom cells. The common light

20924 | J Mater. Chem. A, 2021, 9, 20919-20940

management methods include the introduction of optical
interlayers and textured interfaces into the device. The first
monolithic perovskite/silicon tandem was made with a diffused
silicon p-n junction, a tunnel junction made of n™" hydroge-
nated amorphous silicon (a-Si: H), TiO, electron transport
layer, methylammonium lead iodide absorber, and Spiro-
OMeTAD hole transport layer.” The PCE was only 13.7% due
to low matched current density which was limited by excessive
parasitic absorption of light in the hole transport layer. It is
difficult to texture the contact surface with the perovskite solar
cell, and the light trapping effect can only be achieved on the
back surface. In order to solve this problem, Bush et al. adopted
the local back contact technology that gradually entered the
mainstream on crystalline silicon and use silicon nanoparticles
to achieve the isolation of back silver and ITO*® (see line 3 in
Table 1). The reflector comprising a silicon nanoparticle (Si NP)/
silver stack show an over 99% rear internal reflectance. 300 nm
thick Si NP was deposited on textured ITO film between the
wafer and metal reflector to increase the rear internal reflec-
tance by reducing the light that reaches the loss metal layer. The
tandem device obtained 23.6% efficiency with no hysteresis, the
stable maximum power was maintained for more than half an
hour under illumination. Si,N, is also used on a textured
surface to balance low broadband reflection and absorption
losses. It is reported that Al,O3/Si,N,, and Si,N, films were used

This journal is © The Royal Society of Chemistry 2021
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to passivate the front and rear surface of c-Si, respectively.>> On
the front side, a specially tuned Si,N, film is used to better
match the refractive index of the c-Si wafer and suppress the
reflection loss of the bottom cell. On the rear side of the textured
c-Si cell, low refractive index Si,N,, is added to enhance the light
trapping capability. As a result, after 1200 seconds illumination,
the device achieved a PCE of 22.5% at steady state (see line 2 in
Table 1). Besides, 110 nm thick nanocrystalline silicon oxide
(nc-SiO, : H) with a refractive index of 2.6 was used as optical
interlayer between both subcells to reduce infrared reflection
losses.** The incorporation of nc-SiO, : H interlayer in tandem
cells cause a significantly increased of bottom cell current
density. After optimization, the short circuit current density
exceeds 19 mA cm™> and the stabilized certified efficiency
reached 25.2% (see line 6 in Table 1). In addition to Si NP, Si,N,,
and nc-SiO, : H, wide band gap SiC were reported in solar cells
to ensure high optical transparency and enable good
passivation.”

In recent years, textured silicon wafers were also utilized for
light management and integrating perovskite onto textured
silicon which provide effective approach to 30% PCE tandem
solar cells. Jost et al. combined experimental works with optical
simulations to analyze the tandems with texture at different
interfaces.*” Silicon with a planar front side and textured back
side was utilized as bottom cell as shown in Fig. 5b. As a result,
a PCE of 25.5% was achieved for the 2-T triple cation perovskite
Cs0.05(MAg 17FAq g3)Pby 1(I5.53Bro.17)3/Si tandem solar cell (see
line 7 in Table 1). The optical simulation results show the
performance of front-side textured devices is significantly better
than front-side planar device. The validated model result indi-
cates the PCE potential of a best performing double-side
textured device will be 32.5% for a perovskite with 1.66 eV
bandgap. At the same time, p-type c-Si wafer with front texture
used as bottom solar cell was reported by Nogay et al.”® In these
perovskite tandem solar cells based on p-type c-Si, p-type SiC,
used on the rear side to form the hole contact and n-type SiC,
was used on the on front side to provide electron selectivity. In
order to obtain low interface recombination, the p-type c-Si
wafer is capped on both sides by an approximately 1.2 nm
thick SiO, layer. The structure of the device was shown in
Fig. 5c. As a result, perovskite/p-type c-Si tandem solar cell
demonstrated a steady-state power conversion efficiency of
25.1%. Fabricating tandem solar cells on double-side textured c-
Si cells is a promising method to achieve high PCE, by exploit-
ing the increased infrared absorption by light trapping and
reduced front surface reflection. For the first time a double-side
textured silicon bottom cell with a 25.2% certified PCE was re-
ported by Sahli et al.** The perovskite top cell was processed
directly on the textured bottom cell. However, depositing
perovskite layer on textured silicon with a typical pyramid
height of several um is still a huge challenge.

An alternative is the use of much smaller pyramids that are
completely covered by the perovskite solar cell which then has
to have absorber layer thicknesses of around 1 pm. One of the
first successful implementations of this approach was pre-
sented by Hou et al® and is shown in Fig. 5d. A power
conversion efficiency of 25.7% was certified by combining

This journal is © The Royal Society of Chemistry 2021
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solution-processed micrometer-thick perovskite top cells with
fully textured silicon heterojunction bottom cells (see line 16 in
Table 1). The devices present stable performance after 400
hours at 85 °C. Another double-side textured tandem device was
introduced by the group of Jinsong Huang (see Chen et al. in
Fig. 5e).” Silicon wafers was textured with pyramids less than 1
um in height in potassium-hydroxide-based solutions. These
pyramids are rough enough to scatter light, but smooth enough
to solution process a perovskite layer. Here, a dense perovskite
absorber film on textured silicon is fabricated by N,-assisted
blade coating at a speed of 1.5 m min ™, followed by thermal
annealing for perovskite -crystallization. Textured light-
scattering layer on the top of the tandem cell is employed to
reduce the reflectance of front-surface. As a result, perovskite/
double-side textured silicon tandem cell achieved a PCE of
26.2%. Fig. 6 presents schematic illustrations of perovskite/
silicon tandem solar cells by implementing textures at
different interfaces and the J-V parameters from Table 1. The
simplest device design without any textured interfaces is shown
in Fig. 6a. Fig. 6b and c represent perovskite/silicon tandem
solar cells utilizing a rear-side textured Si subcell and double-
side textured Si subcell, respectively. The back-side texture
enhances photocurrent generation in the near infrared wave-
length region. The front-side textured reduces reflection and
enables enhanced light trapping by backscattering the upward
propagating light.** j-V parameters in Fig. 6 show textured light
management enables significant gains in photocurrents.
Optical interlayers and textured interfaces are effective methods
to reduce the optical losses in tandem device.

3 Si-based perovskite photodetectors

Photodetectors have important applications in military, aero-
space, communications, and biological imaging.**** A photo-
detector is a device for detecting and measuring a photon flux
via the photoelectric effect, which generally manifests as
a photocurrent. In a photodetector, the semiconductor material
is essential for absorbing incident photons and generating
electron-hole pairs under photoexcitation. Then the electrons
and holes are separated by a built-in or applied electric field to
produce an electric current. One of the most common photo-
detector types is a photoconductor with a metal-semi-
conductor-metal architecture forming the source and drain
electrodes. Photo field-effect transistors (photo-FET) based
photodetectors are similar to photoconductors with a third
contact gate electrode. The most important parameters to
evaluate the performance of photodetectors include the
response time (rise time and decay time), the responsivity (R, A
W), the detectivity (D*, Jones), the external quantum effi-
ciency (EQE, %), the photoconductive gain (G) and the
photocurrent/dark-current ratio. Inorganic semiconductors
such as Si and GaN are widely used for photodetectors especially
for UV-light metal-semiconductor-metal architecture forming
the source and drain electrodes. However, the fabrication
processes are complex and expensive, and photodetectors with
high driving voltage are an obstacle for some applications. In
the past few years, solution processable materials such as halide
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Fig.6 Schematic illustration of perovskite/silicon tandem solar cell with different bottom cell and summary of J—V parameters. The numbers in
the figure are consistent with those in Table 1. (a) Perovskite/silicon tandem solar cell with flat Si subcell. (b) Perovskite/silicon tandem solar cell
with rear texture Si subcell. (c) Perovskite/silicon tandem solar cell with a double textured Si subcell.

perovskite have shown the potential for preparing photodetec-
tors with a simple process, low cost and high responsivity. The
prepared photodetectors based on polycrystalline perovskite
films typically exhibit performance degradation which can be
avoided e.g. by using low-dimensional halide perovskites with
high crystallinity.***” In order to further increase the respon-
sivity, low-dimensional perovskites have been combined with
other low-dimensional materials such as graphene, tungsten
disulfide and molybdenum disulfide to fabricate photodetec-
tors with unique structures and photoelectric properties. Table
2 summarizes the performance parameters of low-dimensional
perovskite photodetectors based on SiO,/Si. Fig. 7a shows the
responsivity and response time of various perovskite photode-
tector (including nanosheets (NSs)/nanoplates, nanowires
(NWs)/nanorods (NRs), quantum dots (QDs)/nanocrystals (NCs)
and microparticles). A structure-responsivity relationship of
low dimensional perovskite photodetector was present. Fig. 7b
plots the detectivity versus light source wavelength for reported
low dimensional perovskite photodetectors. The wavelength of
light sources ranges from 400 nm to 650 nm. The highest values
of responsivities and detectivities are 8.2 x 10° AW " and 2.4 x
10" Jones, respectively (Fig. 7a and b), which were achieved by
CsPbBr;_,I, nanocrystal photodetectors. In this section, we
present the recent developments of Si-based low dimensional
halide perovskite photodetectors.

20926 | J Mater. Chem. A, 2021, 9, 20919-20940

3.1 Perovskite nanosheets/Si photodetectors

2D perovskites have a unique planar geometry, which is
advantageous for fabricating thin-film devices. A rich engi-
neering of 2D perovskite has been demonstrated by many
different methods, including micromechanical exfoliation,'’®
chemical vapor deposition'®*** and one-step solution self-
assembly.”* The uncontrolled precipitation of the perovskite
will produce large morphological variations, which would be
the major barriers for practical applications. Liu et al.** reported
2D CH;NH;PbX; perovskite as thin as a single unit cell by using
a combined solution process and vapor-phase conversion
method (see Fig. 8a). The 2D CH3NH;Pbl; nanosheets with
different thickness all show high quantum efficiency in terms of
photoluminescence (PL) yield but different PL peak positions.
Liu et al® prepared phototransistors based on CH3;NH;PbI;
nanosheets on SiO,/Si substrate (see Fig. 8b). In the device
fabrication process, a patterned Si;N, shadow mask was used to
prevent doping while Si is used as gate electrode, and Au was
used as source and drain electrode. As a result, the 2D CHj;-
NH,PbI; nanosheets photodetector showing responsivity of 22
AW (see Fig. 8c), the rise time is shorter than 20 milliseconds
(ms) and the decay time is shorter than 40 ms (see line 1 in
Table 2). Parveen et al.'”” also achieved highly tuneable thick-
ness and optical properties of the organic-inorganic halide
perovskite by using a short-term solvothermal reaction method

This journal is © The Royal Society of Chemistry 2021
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and controlling growth temperature (see Fig. 8d). The fabricated
2D perovskite nanosheets photodetector device based on Si/
SiO, substrate shows good stability, fast response time (rise
time 24 ps/fall time 103 ps) and a responsivity of =1.93 AW ™"
(see Fig. 8e, f and line 24 in Table 2). Pan and co-authors'*
developed a fully vapor-phase method to grow highly crystalline
and thickness-tuneable (CH3;NHj),.,Pb,l3,., layers on top of
WS, monolayer (see Fig. 82). The schematic image of perovskite/
WS, heterostructures field-effect transistors is shown in Fig. 8h.
The (CH3NHj3),1Pb,I3,41/WS, heterostructure photodetectors
exhibit a photoresponsivity of 1.1 x 10" AW~ (see Fig. 8i, line
23 in Table 2). Gao et al."** demonstrated the synthesis of 2D
halide perovskite lateral heterostructures via a solution-phase
sequential growth method. Concentric square/rectangular 2D
lateral heterostructures can be formed directly on the SiO,/Si
substrate. The obtained epitaxial heterostructures, multi-
heterostructures and superlattices present highly stable and
tuneable electronic properties. These findings open up the
possibility of further exploring 2D halide perovskite lateral
heterostructures’ optoelectronic properties and their applica-
tions in optoelectronic devices and integrated circuits.

3.2 Perovskite nanowires/Si photodetectors

1D nanowire semiconductors have great potential in future
electronic circuits and optical chips due to their high crystal-
linity,"** large surface-to-volume ratio,** and chip level polari-
zation sensitivity."'**” The synthesis methods of nanowires
include solution-phase®'® and vapor-phase™**** processes.
For the vapor-phase method, SiO,/Si, mica and sapphire are
usually used as growth substrate to promote perovskite NWs
growth. SiO,/Si can also be used as the NWs growth channel
combined with photoresist and photolithography technology to
achieve directional growth of perovskite nanowires. Photode-
tectors based on 1D halide perovskites have been reported and

This journal is © The Royal Society of Chemistry 2021

made great progress with respect to responsivity and detectivity.
Deng et al. obtained single-crystalline MAPbI; NWs with
smooth surface by fluid-guided antisolvent vapor-assisted
crystallization method® (see Fig. 9a). In the fabrication
process of nanowires, a SiO,/Si substrate with periodically
aligned SU-8 photoresist stripes served as a template for the
subsequently aligned growth of perovskite NWs arrays. The
schematic and the performance metrics responsivity and
photoconductive gain of MAPbI; NWs photodetector using an
SiO,/Si substrate are shown in Fig. 9b. The photodetector
exhibits a broad photo-response range from 370 to 780 nm and
high light sensitivity with maximum spectral responsivity of
approximate 1.25 x 10* AW ™" (see Fig. 9c and line 6 in Table 2).
Stability is one of the key challenges for the technology of
perovskite device. In order to achieve stable perovskite devices,
all inorganic perovskite-nanowires arrays were also utilized to
fabricate photodetectors (see line 20 in Table 2).'** Chen et al.
fabricated a-CsPbl; nanowires by employing an asymmetric-
wettability ~ topographical  template, and  prepared
photoconductor-type photodetectors on silicon'” (see Fig. 9d
and e). The stable a-CsPbl; nanowire array based photodetec-
tors present responsivity of 1.294 x 10° A W' responsivity (see
Fig. 9f), 2.6 x 10" Jones detectivity and long stability (see line
20 in Table 2). In addition to CsPbl; nanowires, 1D all inorganic
CsPbl; nanorods-based photodetectors have also been reported
by Yang et al. The single crystalline CsPbI; nanorods with high
quality were synthesized with a high yield via a solution process
(see Fig. 9¢ and h). The inorganic perovskite-nanorods photo-
detector exhibited a responsivity of 2.92 x 10° A W' (see
Fig. 9i) and 0.9 x 10° % EQE with 2 V bias voltage and 405 nm
light* (see line 9 in Table 2). More importantly, the CsPbl;-
nanorod photodetectors showed high stability when kept under
ambient conditions,” which are promising to realize efficient
practical application of optoelectronic devices.
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3.3 Perovskite quantum dots/Si photodetectors

Inorganic perovskites QDs or NCs have emerged as a new class
of photoelectronic materials owing to their relatively high
stability ascompared to organic-inorganic perovskites, cost
effectiveness,' over 90% photoluminescence quantum yield in
solution,'* tuneable emission wavelengths and absorption
onsets.”* All-inorganic CsPbl; nanocrystals NCs were first
employed in photodetectors by Ramasamy et al. in 2016."** The
photodetectors fabricated from CsPbI; NCs exhibited 24 ms rise
time and 29 ms decay time. However, the photoresponsivity of
photodetectors is limited by the low charge transport efficiency
of the inorganic QDs layers.”® Chen et al. combined CsPbBr;
QDs with organic semiconductors (dinaphtho[2,3-b:2/,3'-f]
thieno[3,2-b]thiophen (DNTT)) to fabricate heterostructure
photodetectors to improve the transportation of the photo-
excited charges (see Fig. 10a and b). The devices showed
a photoresponsivity of =1.7 x 10* AW, and a detectivity of

20928 | J Mater. Chem. A, 2021, 9, 20919-20940

~2.0 x10™ Jones (see Fig. 10c and line 8 in Table 2). Wu et al.
integrated CsPblI;_,Br, QDs with monolayer MoS, for low-cost
and high performance heterostructure photodetectors.”” The
CsPbl;_,Br, QDs have a typical cubic shape with an average
diameter of 15 nm (see Fig. 10d). The monolayer MoS, used as
the channel of phototransistor. Authors synthesized monolayer
MoS, by oxygen-assisted chemical vapor deposition. And then
transferred it onto SiO,/Si substrate by a PMMA-assisted
transfer method. In the mixed-dimensional hetero-structure
photodetectors (see Fig. 10e), a favourable energy band align-
ment is conducive to interfacial photocarrier separation and
efficient carrier injection into the MoS, layer. The optimized
mixed-dimensional heterostructure photodetectors exhibited
a high photo-responsivity of 7.7 x 10* AW ™', 5.6 x 10" Jones
detectivity and 107% EQE (see Fig. 10f and line 11 in Table 2).
Gong et al. reported a passivation process with a thiol on
CsPbCl; NCs to improve performance of photodetectors.'® The

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Perovskite nanowires (nanorods)/Si photodetectors structures and performance. (a, d, g) SEM images of (a) CHsNHzPblz nanowire arrays,
(d) a-CsPblz nanowire arrays, and (g) a CsPblz nanorod. (b, e, h) Schematic illustrations of photodetectors based on 1D perovskite nanowires
(nanorods). (c, f, i) Photodetector responsivity. (a, b, c) Reproduced with permission®? (see line 6 in Table 2). Copyright 2017, American Chemical
Society. (d, e, f) Reproduced with permission'©* (see line 20 in Table 2). Copyright 2019, Wiley-VCH. (g, h, i) Reproduced with permission®* (see

line 9 in Table 2). Copyright 2018, American Chemical Society.

CsPbCl; NCs have an average size of 10.5 nm (see Fig. 10g). The
surface engineering can not only facilitate high efficiency
charge transfer in field-effect transistors but also minimize the
charge trapping and prevent degradation of the devices based
on CsPbCl; NCs. The devices (see Fig. 10h) obtained a respon-
sivity exceeding 10° A W%, a detectivity of 2 x 10" Jones and
ambient stability for more than 2400 h (see Fig. 10i and line 22
in Table 2). Yang et al. reported photodetectors based on CH;-
NH;Pbl;_,Cl, layers and CsPbBr; QDs on a SiO,/Si substrate.***
After introducing inorganic perovskite QDs into CH;NH;-
Pbl;_,Cl, photodetector, the device achieved a higher gain with
a lower dark current than single CH;NH;PbI; ,Cl, photode-
tector. The maximum responsivity of CH;NH;Pbl;_,Cl, perov-
skite-CsPbBr; QDs hybrid photodetector is obviously larger
than that of CH;NH;3Pbl; ,Cl, perovskite photodetectors
without CsPbBr; QDs. The enhanced responsivity is attributed
to the ability of the CsPbBr; QDs to achieve efficient light
absorption and carrier injection into the perovskite layer. The

20930 | J Mater. Chem. A, 2021, 9, 20919-20940

devices exhibited =121 ps rise time and =107 ps fall times (see
line 21 in Table 2).

Due to the mature technology of Si-based devices,
researchers have also combined silicon directly with perovskite
QDs to prepare heterojunction photodetectors. The interface of
the perovskite-Si heterojunction can promote the separation
and transmission of photo-generated carriers, which can not
only broaden the light detection range, but also increase the
light response rate."*® The perovskite quantum dots are evenly
distributed on the surface of the three-dimensional framework
of the Si nanowire radial junction. Perovskite quantum dots on
the surface of the device absorb high-energy photons, and then
convert them into lower-energy photons that are absorbed in
the Si-based p-n junction region to realize sensitive photo-
detection. The Si nanowire radial junction (with 80 nm i-layer)
can respond to the visible 512 nm wavelength modulation.

After spin-coating inorganic perovskite CsPbBr; QDs on the
surface of the Si nanowire, the perovskite QDs radial junction

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Perovskite QDs (NCs)/Si photodetectors structures and performance. (a, d, g) TEM images of perovskite QDs (nanocrystal), (a)
CsPbls_,Br, QDs, (d) CsPbCls NCs, (g) CsPbBrz QDs. (b, e, h) Schematic illustrations of photodetector based on perovskite QDs (nanocrystal). (c, f,
i) The device performance. (a, b, c) Reproduced with permission®* (see line 8 in Table 2). Copyright 2017, Wiley-VCH. (d, e, f) Reproduced with
permission®” (see line 11 in Table 2). Copyright 2018, Wiley-VCH. (g, h, i) Reproduced with permission®® (see line 22 in Table 2). Copyright 2019,

American Chemical Society.

detector can catch up the alternating stimulations up to =1
kHz. The Si nanowire/CsPbBr; QDs photodetector exhibited
0.48/1.03 ms rise/fall time for UV wavelength detection.
Combining the two materials results in a highly efficient silicon-
based perovskite detector, which provides a new and effective
way for photoelectric integration of portable multi-functional
devices.

4 Si-based perovskite light emitting
diodes

In general, LEDs consist of a transparent electrode (e.g., FTO,
ITO), electron-transporting layer, emitter layer, hole-
transporting layer and back electrode. The carriers are injec-
ted through the electrode and transported efficiently to the
emitter layer, following by radiative recombination and

This journal is © The Royal Society of Chemistry 2021

generating light emission. The generated light is transmitted
through the electron-transporting layer or hole-transporting
layer and the transparent electrode. For a high-performance
device, the choice of emitter material and the design and
selection of the interfaces are critical to suppress unwanted
non-radiative recombination. Perovskites with a direct band
gap have the advantages of adjustable wide spectral band gap
and high luminescence quantum efficiency, and have therefore
important application prospects in the field of light sources. But
low stability is the biggest obstacle to perovskite's commercial
application. Inorganic perovskite QDs demonstrate better
thermal stability and low humidity sensitivity. They are ex-
pected to be new generation of light-emitting display materials.
In 2015, Protesescu et al. reported the first successful prepara-
tion of CsPbX; (X = Cl, Br, I, and their mixtures) nanocrystals by
the thermal injection method."” In 2016, researchers have
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developed all-inorganic perovskite QDs (CsPbX;, X = Cl, Br, I,
and their mixtures) in practical applications."® In the past few
years, researchers have improved the luminous efficiency and
stability of inorganic perovskite QDs LEDs through surface
modification of QDs, interface modification and carrier trans-
port layer optimization. All inorganic hole transport materials
(NiO,, M003, CuSCN) and electron transport materials (ZnO,
TiO,) were utilized in devices to overcome the emission effi-
ciency and operational stability.*** Impressive external
quantum efficiencies (EQEs) up to 21.6% in the near-infrared
(NIR) region,” 21.3% in the red region,™ 22% in green
region and 12.3% in the blue region™* have been achieved.

Several groups combined perovskite emission layers with Si-
based substrates to fabricate LEDs as listed in Table 3. Liu et al.
demonstrated inorganic CsPbX; QDs/p-type Si heterojunction
LEDs by using p-type crystalline Si as hole transport layer
(Fig. 11a).>® The perovskite/Si heterojunction LEDs show strong
green and red light emission (Fig. 11b and c). The full width at
half maximum of emission peak is very narrow, nearly 22 nm
and 30 nm for the green and red emission, respectively. The
authors optimized the energy band alignment to improve the
performance of Si-based perovskite LEDs."** Fig. 11d shows the
schematic and energy band diagrams of device. After opti-
mizing the energy level, the hole injection barrier is reduced.
The Si/CsPbl; QDs LEDs obtained 1.68 mW cm ™ > output power
density and 0.91% EQE (Fig. 11e and f).

The performance of perovskite/p-Si LEDs under different
driving modes was studied in ref. 133. Compared to LEDs under
direct current (DC) mode, LEDs show higher EL intensity, lower
power consumption and better stability when driven in alter-
nating current (AC) mode.>>*** Recently, Xu et al. reported near-
infrared (NIR) perovskite light-emitting diodes based on Si (see
Fig. 11g).>* Choline chloride was used as passivation layer to
improve the EL intensity of devices. The LEDs with 0.5 mg m1™"
choline chloride achieved higher EL intensity than other
devices. The Si-MAPbI; LEDs present NIR wavelength emission
with 785 nm spectra peak and a full width at half maximum
(FWHM) of 55 nm. The performance of perovskite LEDs based
on Si is still lower than perovskite LEDs with organic transport
layers. The perovskite/Si light emitting diodes are still at an
early stage of development. The large leakage current, low EQE
and short lifetime are the urgent problems that need to be
overcome.

View Article Online
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5 Si-based perovskite lasers

Lasers occupy important position in people's lives and have
been widely used in various technical and scientific fields, such
as biological imaging, manufacturing, spectroscopy and optical
communications.” Halide perovskite exhibits potential appli-
cations in laser™*' due to high luminescence quantum
yield,™® tuneable emission wavelength'* and low defect state
density."” Up to date, most of perovskite lasers are optically
pumped. Nanostructures in optically pumped laser could not
only provide optical feedback,**'*® but also reduce the lasing
threshold as well as increase the quality factor by reducing the
roughness and providing better light confinement.* Perovskite
nanostructures, such as single crystalline nanowires and
nanoplates, can be used as both gain media and optical
microcavities, which is particularly promising for high-quality
small-sized laser sources.’*'** However, it is difficult to fabri-
cate patterned perovskites arrays directly due to the urgent
challenges of the incompatibility of perovskite with the typical
lithographic process.”™ In contrast, the process of preparing
patterned Si-based materials through photolithography or
electron beam lithography is a mature technology. Patterned
perovskite could be obtained by integrating halide perovskites
with Si-based pre-patterned substrate. Optical resonator is the
main part of laser, which has different shape and architecture.
Researchers have demonstrated optically pumped lasers based
on Si using various optical feedback structures such as whis-
pering gallery cavities (WG), photonic crystal bandedge and
distributed feedback gratings.®” Table 4 summarized the char-
acteristics of Si-based perovskite lasers with different mode.

5.1 Whispering gallery cavities mode Si-based perovskite
laser

In WG mode laser, resonators are the microstructures which
can provide effective confinement for electromagnetic or
acoustic waves via total internal reflection, such as micro-
spheres, microdisks, microcylinders and microtoroids. WG
mode resonators could be obtained by spin-coating, drop-
casting or depositing perovskite precursor on pattern Si-based
template directly and nanoimprint lithography. The sizes of
patterned perovskites were controlled by the diameter of
pattern substrate and the perovskites precursor concentration.

Table 3 Summary of Si-based perovskite LEDs reported in recent years®

Number Perovskite Device structure

EL (nm) FWHM (nm) EQE (%) Driving mode (cd m ?)

Max lumin.
Year/ref.

1 CsPbBr; QDs  Al/p-Si/perovskite/ZnO/ITO 512
CsPbl; QDs  Al/p-Si/perovskite/ZnO/ITO 685
2 CsPbl; QDs  Al/p-Si/poly-TPD/perovskite/ZnO/ITO 690
CsPbBr; QDs  Al/p-Si/Au/poly-TPD/perovskite/ZnO/ITO 513
3 CsPbl; QDs  Al/p-Si/poly-TPD/perovskite/ZnO/ITO 690
4 CsPbBr; QDs  Si/SiO,/perovskite/Au 555.8
5 MAPDI; films Al/p-Si/poly-TPD/ChCl/perovskite/ZnO/ITO 785

22 — DC — 2018 (ref. 25)
30 — DC, AC —

30 0.91 DC 665 2018 (ref. 132)
22 — DC 403

30 — AC 850 2018 (ref. 133)
12.2 — AC — 2018 (ref. 134)
55 3.92 DC — 2021 (ref. 26)

“ Notes: — not reported, QDs is quantum dots, EL is electroluminescence, FWHM is full width at half maximum, DC is direct current, AC is

alternating current.
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(a, d, g) Schematic image of inorganic perovskite QDs/Si LEDs. (b, c, e, f, h, i) Performance of LEDs. (b) Electroluminescence (EL) spectra of

CsPbBr3z QDs LEDs at different injection current, inset shows emission photograph of the CsPbBrs QDs LEDs at 60 mA. (c) EL spectra of CsPblsz
QDs LEDs at different injection current. The inset shows the emission photograph of the LEDs. (e and f) Power density and EQE as a function of

voltage for CsPbls QDs LEDs. (h and i) EL intensity as a function of voltage

and wavelength. (a—c)? Reproduced with permission. Copyright 2018,

Wiley-VCH. (d—f)**2 Reproduced with permission. Copyright 2018, Wiley-VCH. (g—i)?*® Reproduced with permission. Copyright 2021, Wiley-VCH.

Sutherland et al. reported a whispering gallery mode laser by
integrating MAPDI; perovskite to silica microsphere.’ Silica
microsphere served as high-finesse optical feedback by
confining the emitted light from halide perovskites around the
microsphere circumference based on total internal reflection.
Yakunin et al. reported the same mode laser by drop-casting
CsPbX; nanocrystals perovskites on silica microspheres.'*
Tang et al. fabricated CsPbX; microsphere with tuneable sizes
and obtained a WGM microcavities laser with narrow line width
(~0.09 nm) at room temperature (see Fig. 12a).**” In addition to
the microsphere, MAPbI; disc laser was integrated on a silicon
nitride photonic waveguide platform.'*® The lasers show
a record low lasing threshold of 4.7 uJ cm™? and a line width of
1.1 nm at room temperature. Perovskite laser arrays with WGM
were fabricated on Si-based materials. Liu et al. reported WG
mode laser array with tuneable spectrum by growing MAPbI;
platelets on a silicon substrate.’®” The growth nucleus not only

This journal is © The Royal Society of Chemistry 2021

provides epitaxial growth of the perovskite, but also provides
better optical confinement for lasing. The CH;NH;PbI; micro-
plates laser array presents both good crystalline and high
optical quality. WG mode laser from these perovskite platelets
present 1210 Q factor. The perovskite platelet array size was
controlled by changing the edge length of the patterned
substrate. The laser spectrum shifts to the lower energy region
when edge length of perovskite platelet is increased. The results
demonstrated that a single mode laser could be obtained by
shorting the cavity size or though breaking the symmetry of the
cavity. Duan et al. reported CH3;NH;PbBr; microdisks (MDs)
based WG mode laser. The CH;NH3;PbBr; MDs arrays with
uniform sizes were formed by spin-coating CH;NH;PbBr;
perovskite films onto SiO, MDs arrays.'® The surface tension
forced the liquids to assemble at the center of the SiO, MDs,
leading to a microdome on the top of each silica MDs. The
obtained MDs arrays of CH;NH,;PbBr; are extremely uniform in

J. Mater. Chem. A, 2021, 9, 20919-20940 | 20933
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Table 4 Summary of Si-based perovskite lasers reported in recent years®
Wavelength
Number Perovskite Device structure Lasing type (nm) Threshold AX (nm) Year/ref.
1 MAPbI; nanoplatelets Si/perovskite WGM 780-790 40 pJ em > 0.9 2014 (ref. 109)
2 MAPbBr; microsphere Glass/SiO, sphere/perovskite WGM — 65 uJ cm™> — 2014 (ref. 155)
3 CsPbX; nanocrystals SiO, sphere/perovskite WGM 440-700 51 em 2 0.15- 2015 (ref. 156)
0.2
4 MAPbDI; microplatelet Si/SiO,/patterned h-BN/ WGM 770 37 Wem™? 5.4 2016 (ref. 157)
perovskite
5 MAPDBr; microplate Si grating/perovskite WGM — 5.4 pJ em > — 2016 (ref. 158)
6 MAPDI; film Si/Si0,/Si3N,/perovskite PhC 780 200 pJ cm™? — 2016 (ref. 27)
7 MAPDI; grating Si grating/Au/Al,O;/perovskite ~ DFB 777.6 5 kW cm > 1.1 2016 (ref. 159)
8 MAPDbBr; microdisks SiO, microdisks/perovskite WGM 550-560 3.5 uJ em™> — 2017 (ref. 160)
9 CsPbBr; microsphere Si/perovskite WGM 425-715 0.42 uJ cm 2 0.09 2017 (ref. 137)
10 MAPbI, film Si/Si0,/Si;N,/perovskite/PMMA  PhC 780-791.5 19.6 pJ em 2 — 2017 (ref. 161)
11 CsPbBr; nanocrystals SiN/perovskite PhC ~517 150 W pm > — 2017 (ref. 162)
12 MAPbDI; film Si/Si0,/SisN4/perovskite WGM 785 4.7 pJ em 2 1.1 2018 (ref. 163)
13 CsPbBr; nanowires SiO,/perovskite PhC ~538 7.2 1 em > — 2018 (ref. 164)
14 MAPDI; grating Si/Si0,/perovskite DFB 813 — 2.4 2018 (ref. 165)
15 MAPDI; grating Si/SiO,/perovskite DFB 807 13 kW cm 0.7 2018 (ref. 166)
16 CsPbBr, ;51,25 crystal Si/SiO,/perovskite PhC 550 — — 2019 (ref. 167)
17 CsPbBr; CsPbl; SiO, sphere/perovskite WGM 527 750 W em > 2 2020 (ref. 168)
nanocrystals
18 CsPbBr; nanoplate Si/SiO,/perovskite/Al,O; WGM 533.9/540.3 388.2/129.7 W em™? 0.25 2020 (ref. 169)

% Notes: — not reported, WGM is whispering gallery mode, PhC is photonic crystal, DFB is distributed feedback, A2 is full width at half maximum

(fwhm).

/

d

Whispering gallery mode

B. Tang et al., ACS Nano 2017,

Y4

b

Photonic crystal mode

S. Hou et al., ACS Photonics 2019,

Q10681, see line 9in tabley Q’:Sk see line 16 in table 4.)

=5

7 ¢ )

Distributed feedback mode

Stamp

Perovskite
Si0,
Si

Z.Llietal.,, ACS Nano 2018, 12,

Q%S, see line 15 in table 4./

Fig. 12

(a) Schematic of perovskite whispering gallery cavity mode laser on silicon substrate and SEM image of CsPbls microspheres, reproduced

with permission.®®” Copyright 2017, American Chemical Society. (b) Schematic of the CsPbBr, 75lp.25 photonic crystal and SEM image of SEM
image of a perovskite 2D photonic crystals, reproduced with permission.*” Copyright 2019, American Chemical Society. (c) Schematic of
CH3sNH=Pbls distributed feedback mode laser on patterned SizsN4. and SEM micrograph of the device cross section, reproduced with permis-
sion.*®¢ Copyright 2018, American Chemical Society.
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both size distribution and emission spectra. The cavity sizes
and the corresponding mode numbers can be precisely changed
by modifying the size of the SiO, MDs or changing the
concentration of perovskite precursor. Perovskite MDs laser
arrays were also fabricated by nanoimprint lithography
confining solution growth method.””® The PDMS cylindrical-
hole-template (CHT) was obtained through casting and photo-
lithography. Silicon with convex cylinders was used as mold.
The size of convex silicon cylinders controls the diameter of
PDMS CHT. The CsPbCl; MDs present uniform sizes with a side
length of 2.5 £ 0.3 pm and a thickness of 0.6 & 0.2 um. The
perovskite MDs laser spectral was controlled by ratio of halogen
elements. In the issue, all inorganic perovskite lasing oscilla-
tions with tuneable emission wavelength were achieved.

5.2 Photonic crystal bandedge mode Si-based laser

Photonic crystal bandedge modes are generally established on
both edges of a photonic bandgap at high symmetry points in
the momentum space. A periodically bunched stationary field
profile is the representative characteristic. Perovskite photonic
crystal lasers have been reported on Siz;N, waveguide platforms
or Si/SiO, substrate.?”*¢%'¢>1%* Cha et al. reported perovskite
photonic crystal laser on SizN, platform.*” Fig. 12b presents the
schematic of the CH;NH;PbI; photonic crystal mode laser and
SEM image of device cross section. The perovskite laser was
realized by spin-coating perovskite film onto the 2D square
lattice photonic crystal backbone structure fabricated on Si;N,
platform. The devices exhibit a distinct laser threshold, there is
a sharp emission peak on top of broad spontaneous emission.
The pulse energy densities of 200 uJ cm ™2 at laser threshold are
obtained. The perovskite photonic crystals can be well designed
on Si-based substrate. Cegielski et al. reported an optically
pumped MAPbI; laser with high-throughput that was fabricated
using low cost optical lithography onto a Siz;N, photonic chip.**
The perovskite waveguide is fabricated by spin-coating a liquid
perovskite precursor on a SizN, photonic chip with a SiO,
cladding layer. A narrow emission spectrum upon a pump
threshold fluence of 19.6 pJ cm™? was observed at room
temperature. Fig. 12b shows the schematic and SEM image of
a 2D CsPbBr, ;51,5 photonic crystal which was fabricated by
electron beam lithography and reactive ion etching on a Si/SiO,
substrate.'”” Both the experiments and simulation further prove
that the spontaneous emission rate was enhanced due to
photonic bandgap effect which indued by the light energy
redistribution from 2D guided modes to vertical direction in
perovskite photonic crystals thin films. Compared to unpat-
terned perovskite films, the light spontaneous emission rate of
perovskite photonic crystals is greatly inhibited by 7.9-fold, the
PL intensity is enhanced by a factor of 23.5.

5.3 Distributed feedback mode Si-based laser

The characteristic of distributed feedback mode laser is Bragg
scattering in interference grating which provides optical feed-
back for the laser. The distributed feedback mode perovskite
laser could also be realized by simple progress e.g. spin-coating
perovskite film onto patterned substrate. Jia et al. demonstrated

This journal is © The Royal Society of Chemistry 2021
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distributed feedback perovskite laser constructed on a silicon
substrate.” A gold layer and an Al,O; layer were pre-deposited
between the perovskite and silicon substrate to maximize the
thermal conductivity and minimize the surface recombination.
A threshold pump intensity of 5 kW ¢cm 2 is obtained for the
device. The distributed feedback resonator could be obtained by
thermal nanoimprint lithography as shown in Fig. 12c.**® The
device achieved an ultralow lasing threshold of 13 W cm™>. At
the same time, the same group compared MAPbI; distributed
feedback cavity with the pristine thin film photoluminescence
spectrum,’® a 16-fold reduction in emission linewidth was
observed. The device with directly patterned perovskite reso-
nator showed room temperature operation. The research of
perovskite laser arrays on Si-based photonic nanostructures not
only enabled silicon based light sources, but also promoted
applications in high throughput bio-sensing and high-
resolution displays.

6 Conclusions and outlook

Controlling the preparation of perovskite materials on the
dominant Si optoelectronics platform is a crucial step to realize
perovskite-based practical optoelectronic devices. In recent
years, the performance and technology of optoelectronic
devices based on the integration of halide perovskite with Si-
based materials has been substantially improved. Examples
for this successful integration can be found in photovoltaics,
photodetection and in light emitting applications. In photo-
voltaics, the key challenges of integrating the two technologies
are related to the different efficiency of optical absorption and
the different stability levels achieved so far. Silicon as an indi-
rect band gap material needs to make use of sophisticated light
trapping architectures based on micrometer sized pyramidal
surface textures to maximize absorption around its band gap in
the near infrared. This holds for single junction but also for Si-
based tandem solar cells in which the Si has the job of maxi-
mizing absorption of low energy photons. Perovskites on the
other hand have so far achieved the best efficiencies with
solution processed films. Combining both poses challenges
that have been overcome e.g. by using smaller pyramids, by only
applying the texture to the back surface and by partly using
evaporation for perovskite film formation. In terms of perov-
skite device stability, progress has been made but success is still
counted in hundreds or thousands of hours of operation as
opposed to decades of lifetime as in Si photovoltaics. Though
efficiencies of perovskite/Si tandem solar cells have improved
considerably during the last few years, there are still challenges
for going towards commercial applications. Textured silicon
reduces reflection and enables enhanced light trapping by
backscattering, but deposition of thin perovskite layers from
solution onto textured silicon with typical pyramid heights of
several mm remains a challenge.

For photo-FET based perovskite/Si photodetectors, Si was
used as gate electrode, SiO, was used as dielectric. The interface
of Si/perovskite heterojunction can promote the separation and
transmission of photo-generated carriers, which can not only
broaden the light detection range, but also increase the light
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response rate. Compared with perovskite bulk counterparts, low
dimensional perovskite nanocrystals such as 2D perovskites
nanosheets, 1D perovskite nanowires and perovskite quantum
dots have received increasing attention, mainly due to their
potential for integration in photonic circuits. 2D perovskite
nanosheets are compatible with the design and fabrication of
thin film photoelectronic devices. 1D nanowires show greater
application advantages in the metal-semiconductor-metal
structure photodetectors than their polycrystalline film coun-
terparts due to higher carrier mobility, and better charge
collection. Inorganic halide perovskite quantum dots exhibit
higher stability than their organic-inorganic hybrid counter-
parts. However, low-dimensional perovskite based photodetec-
tors are still in early stage. The structure-property relationships
of low dimensional perovskite need further exploring, aiming to
make a balance amount of responsivity, stability and cost.

Halide perovskite quantum dots were also employed as
emissive layers in LEDs and lasers. Both Si-based perovskite
LEDs and perovskite/Si lasers were reported by integrating
halide perovskite with silicon-based materials. P-type Si has also
been used directly as functional element in LEDs by using it as
hole transport layer in perovskite LEDs. These devices demon-
strated that using Si as a functional layer can enable high effi-
ciency and good stability in perovskite LEDs. Though Si-based
perovskite LEDs have achieved green light emission, red light
emission and NIR emission the technology is still at a comparably
early stage. Substantial challenges that will be subject of future
work are to improve their luminescence quantum efficiency to
approach that of LEDs with organic transport layers. Furthermore,
like in most perovskite-based applications, the device stability is
insufficient. Another urgent problem is to decrease the leakage
current and enhanced the light extraction rate.

For perovskite/Si laser, Si-based photonic nanostructures
were used as a template to fabricate patterned perovskite laser
arrays. The combination of perovskites with Si-based photonic
nanostructures has enabled silicon-based light sources.
However, the scalable fabrication of patterned single-crystal
perovskites is still a challenge, especially for nanostructures
with large aspect ratios. In order to obtained perovskite nano-
laser arrays with high density and uniform lasing wavelength,
the challenge of overcoming the incompatibility of perovskites
with the typical lithographic process has to be urgently tackled.
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