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ARTICLE INFO ABSTRACT

Keywords: Luminescent down-shifting (LDS) layer was introduced to tackle the issue of poor short-wavelength response
MAPbBr;, of solar cell. Besides LDS effect, coating a LDS layer on the surface of a solar cell leads to a change in
Efficiency enhancement surface reflectance. LDS and antireflection (AR) effect are coupled and usually reported as a single effect.

Luminescent down-shifting
Antireflection
Si solar cell

For those solar cell with optimized AR, it is difficult to enhance power conversion efficiency (PCE) with the
LDS layer due to the variation of reflectance. In this work, we report an obvious PCE enhancement of two
mainstream commercial silicon (Si) solar cells with the optimized AR by using methylammonium lead tribro-
mide (MAPbBr;)/polymethyl methacrylate (PMMA) hybrid film as a LDS layer. The used MAPbBr;/PMMA
nanoplatelets solutions for LDS layer have an absolute photoluminescent quantum yield of ~85 % (excited
by 350 nm) in air atmosphere for more than 30 days, laying a foundation for the realization of effective
LDS effect. Theoretical analysis has separated the AR and LDS effect. It has demonstrated that AR effect has
a positive influence on LDS effect, and PMMA plays the key role in the improvement of AR. Experimental
studies further elucidated the LDS and AR effect provided by MAPbBr;/PMMA hybrid film. Thanks to this
combined effect, the application of MAPbBr;/PMMA hybrid film as a LDS layer on Si heterojunction solar cell
yields a PCE gain of 0.3 % absolute and that on passivated emitter and rear cell produces an absolute PCE
enhancement of about 0.7 %.

1. Introduction silicon (Si) photovoltaic (PV) cell, such as Si hetero-junction (SHJ) solar
cell and passivated emitter and rear cell (PERC), although theoretical

Solar energy is one of the most potential environment-friendly analysis [15] have pointed out that the calculated PCE enhancement of
energies, whose radiation level on the earth’s surface is as high as Si-based solar cell due to an “ideal” LDS process is about 0.6% absolute.
1.8 x 10" kW [1,2]. Solar cells can directly convert solar energy Previous theoretical simulations [16,17] assume that LDS layer does
into electricity, offering a clean and sustainable solution to meet ever- not cause a change in reflectance, but experimental studies [8,18,19]
increasing global energy demands. However, poor spectral response in have indicated that the significant enhancement of PCE comes from not

the UV-blue region of solar cell becomes a barrier for achieving a higher
power conversion efficiency (PCE) of commercial solar cells [3-5]. In
1979, luminescent down-shifting (LDS) of the incident solar spectrum
was introduced to tackle this issue by converting short-1 photons into
long-ones for more efficient utilization of the entire solar spectrum [6].
After that, many research have demonstrated that the coating of LDS
layer on various solar cells significantly enhanced short-circuit current
density (J,.), external quantum efficiency (EQE) in whole wavelength

range, and thus PCE [7-14]. Nonetheless, these LDS coated solar cell :
did not exhibit high PCE due to their lower initial PCE. Seldom work recently, Jiang et al. [24] reported an enhancement of 0.28% absolute
through thermal evaporating MgF, anti-reflection layer on CdSe/ZnS

only LDS effect, but anti-reflection (AR) effect, since EQE shows an in-
crease in all wavelengths. The surface of mainstream Si based cells are
usually textured for optimized AR with different micro-structures, such
as pyramid arrays [20], nanowire arrays [21], and nanopores [22].
This surface texturization makes it challenging to improve the AR and
PCE by using LDS layer. Further improvements in Si cell performance
through LDS technology is possibly achieved by increasing the LDS
efficiency [23] and/or by improving the AR effect [24]. For example,

reported the effective LDS effect on the high-performance mainstream
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quantum dots (QDs) LDS layer grown on SHJ solar cell by ink-jet
printing technology.

Besides the AR, the down-shifting efficiency of LDS layer is another
important factor affecting the PCE enhancement. QDs are popular
candidates for LDS material because of wide absorption bands and
tunable emission bands, large stokes shift, and high photoluminescence
(PL) quantum yield (QY) [25]. Among QDs, organometal halide per-
ovskites like CH3NH3PbX; (MAPbX;, X = Br, I, Cl) are interesting
owing to the near-unit QY, tunable absorption and emission bands [26],
and simple synthetic methods [27,28]. However, perovskites may be
degraded when exposed to air, heat, and moisture [29,30]. Many re-
searchers embedded perovskite QDs into bulk materials, like polyvinyl
acetate (PVA) [31], polymethyl methacrylate (PMMA) [32,33], poly-
dimethylsiloxane (PDMS) [34,35], Ethylene Vinyl Acetate (EVA) [36],
and SiO,[34], as LDS layers, to prevent the irreversible aggregation
of quantum dots and form refractive index gradient to avoid optical
loss [37,38]. Their studies have demonstrated obvious improvement of
the performance of planar solar cells. Nevertheless, these research did
not analyze the coupled contribution of LDS and AR effect of LDS layer
on PCE of solar cell, which is crucial to understand the key role of LDS
layer and to the optimization of LDS layer on solar cell.

In this work, we report the absolute PCE enhancement of about
0.3% on SHJ solar cell and 0.7% on PERC by using MAPbBr;/PMMA
hybrid film as a LDS layer. A facile but effective ligand-assisted repre-
cipitation (LARP) approach is firstly proposed to synthesize MAPbBr3/
PMMA nanoplatelets (NPLs) with a PLQY of over 85% in air atmosphere
for more than 30 days. Theoretical simulation then illustrates that AR
effect on EQE is greater than that of LDS effect, but both of them are
able to be optimized through controlling the thickness of MAPbBr;
and PMMA layer. After that, MAPbBr3/PMMA composite films were
integrated with two mainstream commercial Si cells (SHJ cell and
PERC) through simple spin coating. Control experiments show a clear
distinction between the contributions of LDS and AR. Thanks to the
combined effect of LDS and AR, the coating of hybrid film leads to
the PCE enhancement of these two kinds of solar cell. This work offers
a new perspective of LDS layers coating on solar cells with textured
surface.

2. Experimental details
2.1. Materials

Lead bromide (PbBr,, 99.9%) and methylammonium bromide
(MABr, 99.%) were purchased from Xi’an Polymer Light Technology
Corp. Toluene (anhydrous, 99.5%), Polymethyl methacrylate (PMMA,
Molar Weight 15,000), and N,N-Dimethylformamide (DMF, anhydrous,
99.8%) were purchased from Sigma-Aldrich. Phenethylamine (PEA,
anhydrous, 99%) was purchased from Acros Organics. Acetic acid (HAc,
98%) and hydrochloric acid (HCl) was purchased from Sinopharm
Chemical Reagent Co. Ltd. All the chemicals were used as received
without further purification. The commercial PERC and SHJ cells
of ~2 cm X 2 cm area were from commercial market and cut by
laser cutting technology. The PCE of solar cells after cutting will
decrease because of laser scribing and mechanical breaking during laser
cutting [39].

2.2. Synthesis of MAPbBr3/PMMA dispersion in toluene and film prepara-
tion

The MAPbBr; NPLs solution were synthesized in nitrogen-filled
glovebox by using previously reported LARP method [40] with a little
modification on the antisolvent. In a typical synthesis, 0.0476 g of
MABr, 0.1835 g of PbBr,, 50 pL of PEA, and 138 pL of HAc were mixed
firstly in 5 mL of DMF to form a 0.1 mol/L precursor solution. After
that, 20 mg of PMMA was added into 1 mL of toluene with vigor-
ously stirring for more than 24 h to form a 20 mg/mL homogeneous
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PMMA-toluene antisolvent. 18 pL of precursor solution was then added
dropwisely into 1 mL of PMMA-toluene mixed solvent under vigorously
stirring for 10 min to obtain a bright greenish MAPbBr;/PMMA-20
dispersion. To explore the effect of PMMA on stability and optical
properties of NPLs, the mass of PMMA (x mg) in toluene (1 mL)
was controlled from 0 to 40 mg to synthesize the MAPbBr3/PMMA-x
dispersion. Finally, cleaned SHJ and PERC solar cell of ~2 cm X 2 cm
size were preheated and then the above dispersion was spin-coated onto
the surface of PV devices in air atmosphere at a speed of 3500 rounds
per minute for 40 s, forming the LDS layer.

2.3. Characterization

The steady state PL spectra, PL decay curves, and absolute PLQY
were measured by steady-state Transient Fluorescence Spectrometer
with integrating sphere accessory (FLS1000, Edinburgh Instruments
UK). The absolute PLQY is then calculated by using the formula
of PLQY=I,, /I, where I,  is the number of photons absorbed
and I, is the number of photons emitted. The ultraviolet-visible
(UV-Vis) absorption spectra were measured by a Perkin-Elmer (USA)
Lambda 20 spectrometer. TEM images were collected by Material Mode
Field Emission Transmission Electron Microscopy (Talos F200X G2,
Thermo) with accelerating voltage of 200 kV. AFM images were ob-
tained using Atomic Force Microscope (MFP-3D, Oxford Instruments).
SEM images were taken with scanning electron microscope (RISE-
MAGNA,TESCAN). The current density-voltage (J-V) curves were ob-
tained under AM 1.5G illumination using Keithley 2400 Sourcemeter
and solar simulator (Oriel Sol-2A, Newport). The EQE and reflectance
spectra of the solar cell were obtained by quantum efficiency mea-
surements (QEX10, PV measurements, USA). The refractive index was
measured by Semilab SE-2000 Spectroscopic Ellipsometer.

3. Theoretical model

Theoretical optical model about the effect of LDS layer on the EQE
spectra of PV cells had been proposed by Rothemund [17], but he did
not consider the variation of reflectance spectra induced by LDS layer.
Here, we introduced the reflectance variation and re-described the EQE
spectra as,

1-R(4
EQE() = [1-A(D]7 \ )EQEb(ﬂ) + A = Ry (D]nps (DEQEp ()

= Ry(4)
@

where EQE, (1) is the EQE spectra of solar cell before LDS layer coated,
#.ps(4) is the LDS efficiency, EQE,(4,,,) is the EQE value at the emission
wavelength of the PL peak of LDS layer, A(A) represents the absorption
proportion of LDS layer in the incoming solar spectrum, and R(4) and
R,(A) are the reflectance spectra of the cell before and after covered
with LDS layer, respectively.

According to the above equation, the change of EQE spectra due
to LDS effect (AEQE;pg) and AR effect (AEQE,g) of LDS layer are
respectively given by

AEQE| ps(4) = AMDI[1 = Ry (M) ps(DEQE, (Aer) (2a)
AEQE r (1) =[1 - A(4 1_RI(A)E E, (1) — EQE, (4 (2b)
QAR()—[_()]me()_Qb()

The down-shifting efficiency (5 pg) can be modeled by [41]

NLps(A) = PLQYQD(/{)(I = My )(1 = Mloyy) (3

where #,,, corresponds to the loss due to re-absorption and #,, rep-
resents output-coupling loss. #,, is calculated according to Snell’s law,

Mair
"PMMA ~ 1)

that is, 5, = 3 with the refractive index of air (n
and that of PMMA tested experimentally.

1 —cos[sin’] (

air
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4. Results and discussion

Fig. 1(a) displays TEM image of a typical as-synthesized NPL
(MAPbBr;/PMMA-20 dispersions), which has a rectangular structure
with a length of ~100 nm and width of ~80 nm. AFM image in Fig. 1(b)
further demonstrates the rectangle shape, whose lateral dimension is
~135 nm x 106 nm (in consistence with the TEM result), and thickness
is ~5 nm (inset figure). To evaluate the potential photoelectric appli-
cation of MAPbBr;/PMMA hybrid film, we analyze the absorption and
PL spectra of MAPbBr;/PMMA dispersions in toluene synthesized with
different amount of PMMA. UV-Vis absorption spectra in Fig. 1(c) show
all the NPLs solutions have similar absorption behavior, an exciton
absorption peak at ~515 nm corresponding to the perovskite nanosheet
with a larger thickness and a relatively weak peak at 410 nm which
is the band gap energy of nanosheet with small layers. PL spectra
excited by 350 nm in Fig. 1(d) and corresponding information in
Fig. S1 demonstrate that as-synthesized MAPbBr; NPLs solutions have
a green emission (see inset of Fig. 1(d)) centered at 528 nm (full
width at half maximum, FWHM=26 nm) with an absolute PLQY of
~100%. With the increase of PMMA in toluene, PL spectra shows a
slightly blue shift and broadening, to 524 nm and 29 nm (FWHM)
for the sample MAPbBr;/PMMA-40. The blueshift of PL spectra are
possibly caused by barrier properties of PMMA matrix during nu-
cleation and growth of perovskite crystals. The increase of FWHM
may be attributed to aggregation effects and the irregular size of
MAPDbBr3/PMMA nanosheets [42,43]. Clearly, the addition of PMMA
does not change the band structure of perovskite, but it will weaken the
PLQY, from 100% (0 mg), to 96% (10 mg), 94% (20 mg), 86% (30 mg),
and 78% (40 mg). Although PLQY of NPLs synthesized in high PMMA
concentration (e.g., 40 mg/mL) shows a substantial decline (78%), that
in moderate PMMA concentration (e.g., 20 mg/mL) is still kept at a
high level of 94%, which is suitable for the application on solar cell
as a LDS layer [16]. Fig. 1(e) shows the time evolution of PLQY after
exposing MAPbBr;/PMMA-x dispersions in atmospheric condition with
a temperature of 10~20 °C and a humidity of 60~80%. As observed,
PLQY of MAPbBr3/PMMA-0O decreases significantly with time, from
initial 100% to 68% after 30 days, but that of MAPbBr;/PMMA-x (x
=10, 20, 30, and 40) drops obviously more slowly. For example, the
initial PLQY of MAPbBr;/PMMA-20 dispersions is ~95%, but it still
remains ~85% after 30 days of exposure to air. More amount of PMMA,
less decay of PLQY with time, indicating the protective role of PMMA.
Fig. S2 shows FTIR spectra of PMMA powder, MAPbBr;/PMMA-O,
and MAPbBr;/PMMA-20 dispersions. Clearly, MAPbBr;/PMMA-20 dis-
persions exhibit the typical absorption at ~3170 cm~! (N-H bond
stretching) and ~1477 cm~! (C-H bond bending) [44], similar to
MAPbBr3;/PMMA-0O dispersions. MAPbBr3/PMMA-20 dispersions also
display an absorption at ~1732 ecm~!, which represents C=O stretch-
ing, indicating that MAPbBr; is possibly bonded with PMMA through
chemical interaction [45]. This protection is effective against water
erosion, but is easily destroyed by acid, as shown in Figs. S3~S5.
Fig. 1(f) gives the PL decay curves of MAPbBr; NPLs synthesized
with different PMMA concentrations at an excitation wavelength of
365 nm. The measured PL decay curves are fitted with two expo-
nential decay functions of I(t) = I, + Ajexp(—t/7;) + A, exp(—t/1,),
and average fluorescence lifetimes 7,,, are calculated by formula of
Tag = (A7 + Ayt)/(Aj7) + AyTy). The fitted 7,,, were 15.8, 20.3,
20.6, 22.4, and 23.6 ns when the PMMA concentration was 0, 10,
20, 30, and 40 mg/mL, respectively. With the increasing amount of
PMMA during the synthesis, 7,,, increases, indicating that the poly-
mer chain of PMMA can effectively passivate surface defects, thereby
suppresses non-radiative recombination and leads to the increase of PL
lifetime [42].

The dispersion of MAPbBr3/PMMA in toluene (20 mg/mL) exhibits
a high PLQY of ~95% at an excitation of 350 nm and good circumstance
stability, especially against long-time sunlight exposure, as shown in
Fig. S6. Hence it is possible to be used as a LDS layer on commercial
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Si solar cells [16]. To further explore it, we simulated the variation of
EQE spectra of SHJ solar cell after coated by LDS layer according to
Egs. (2a)~(2b). The structure diagrams of simulated SHJ solar cell are
shown in the inset of Fig. 2. In the simulation process, it is assumed
that the coating of LDS layer did not change the surface morphology
and the concentration of NPLs will not cause serious self-absorption,
which is possibly to reduce the EQE spectra and PCE. The required
PLQY is set as 0.95 for 300~520 nm. The EQE(4) and npypa Spectra
were obtained from the experimental data by interpolation method
with a step of 1 nm (see Figs. S7~S8). The Ry(4), R,(4), and A(4) were
calculated by software of OPAL 2 developed by PV lighthouse [46]
with an experimental observed characteristic angle of pyramid of 54.7°.
Fig. 2(a) shows the simulated variation of EQE (4EQE) spectra of SHJ
solar cell after coated by MAPbBr; with a thickness ranging from 0
to 5 nm and PMMA film with a thickness of 40 nm. As observed,
the increasing thickness of MAPDbBr; results in greater improvement
of AEQE in the 300~400 nm region and a larger decrease in the
400~700 nm, while the long-wave AEQE changes are not sensitive to
the amount of MAPbBr;. Simulated results in the middle of Fig. 2(a)
also illustrate that MAPbBr; layer indeed brings the enhancement of
EQE in the 300~520 nm region, showing an obvious down-shifting
effect. On the other hand, the higher refractive index of MAPbBr; layer
(nyiapbers = 2.0 ~ 2.4) [47] is disadvantaged to the AR and leads
to the final enhancement of reflectance in 400~550 nm, as shown in
the bottom of Fig. 2(a). According to Fig. S9, the variation of short-
circuit current density (4J,, = ¢ f AM, 55(A)AEQE(4)dA) is greatest
at the lowest MAPbBr; thickness of 0.1 nm and then we simulated
the AEQE spectra of SHJ solar cell caused by LDS layer with a fixed
MAPDBr; thickness of 0.1 nm and different thickness of PMMA layer,
as shown in the top of Fig. 2(b). Apparently, with the increase of PMMA
thickness, AEQE in UV and long wavelength range becomes positively
larger, and the AEQE; pq curves in the middle of Fig. 2(b) show a typical
improvement in the 300~440 nm region, whose AJ,. is greatest at the
simulated PMMA thickness of 60 nm (Fig. S10). The increasing PMMA
thickness also causes a significant improvement in AEQE,y (see the
bottom in Fig. 2(b)). It should be noted that even without the protection
of PMMA, 4AJ is still positive when the PLQY of MAPbBr; is equal
to 95%. However, AR effect on EQE by coating MAPbBr3/PMMA is
greater than that of LDS effect, since reflectance of the solar cell surface
determines the photon flux incident into the solar cell, and also the
absorbed photo flux by the LDS layer. The improvement of AR also
enhance the LDS effect.

Theoretical simulation indicates that for enhancing the efficiency,
less luminescent materials and more PMMA is needed. However, ex-
perimental results in Fig. 1 have demonstrated the decrease of PLQY
with the increasing PMMA concentrations. Therefore, the trade-off lies
between the good AR and the high PLQY. MAPbBr;/PMMA-20 NPLs
with low concentration was finally chosen for the experiments to avoid
the self-absorption phenomenon and the enhancement of reflectance
caused by the high concentration of NPLs. The transmittance spectrum
of MAPbBr3/PMMA-20 NPLs film with low concentration on a quartz
substrate in Fig. S11 shows that the film phase has a similar absorption
behavior to the solution phase and an impressively high transmittance
>96% in visible-infrared region.

Fig. 3(a) displays J — V' curves of commercial SHJ (~2 cm x 2 cm,
with ITO anti-reflective layer) before (black) and after (red) coated
with MAPbBr;/PMMA-20 hybrid film as LDS layer, together with the
PV parameters of open circuit voltage (V,.), J, filling factor (FF), and
PCE listed in the inset. Notably, the relatively low FF and PCE of SHJ
cell are caused by laser scribing and mechanical breaking during laser
cutting [39], but its V,, and J. are still high. Clearly, the coating of LDS
layer results in a final PCE gain of 0.32% absolute, comparable to that
reported by Jiang et al. [24]. The increase of PCE is also accompanied
by the improvement of J, increasing from 40.20 mA/cm? (before)
to 40.59 mA/cm? (after). V,. rises subtly from 0.701 V to 0.703 V,
and FF increases from 64.18% to 64.46%. Similar increase of FF has
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Fig. 1. (a) TEM and (b) AFM image of MAPbBr;/PMMA-20 NPLs. The inset of Fig. 1b is the height profile of a single NPL. (c) Absorption spectra, (d) PL spectra excited by
350 nm, (e) time-evolution of absolute PLQY with an excitation of 350 nm, and (f) PL decay curves monitored at 525 nm with the excitation of 365 nm of MAPbBr;/PMMA-x
(x = 0, 10, 20, 30, and 40) dispersions. The inset of Fig. 1d is the photograph of MAPbBr;/PMMA-20 dispersions under daylight and UV light.
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Fig. 2. Simulated AEQE (top), AEQE, s (middle), and AEQE,; (bottom) of SHJ solar cell after coated by (a) MAPbBr; with thickness of 0.1~10 nm and PMMA with a thickness
of 40 nm; (b) MAPbBr; with a thickness of 0.1 nm and PMMA with thickness of 10~80 nm.

been reported previously [24]. The slight FF gains possibly thanks
to the better lateral conduction of carriers to electrodes [48], since
carriers generated by light emitted from LDS layer are mainly located
within ~1 pm depth of the silicon surface, contributing to the reduction
of the sheet resistance. SEM image in Fig. 3(b) and EDS elemental
mapping of lead (Pb, green) in Fig. 3(b’), bromine (Br, red) in Fig. 3(b")
and both of Br and Pb in Fig. S12 show that LDS layer is tightly
attached to the textured surface and MAPbBr; NPLs are uniformly
distributed in PMMA, but the characteristic angle of the pyramid shows
a slightly decrease. Considering that the surface morphology of LDS

film spun on the SHJ cell is mainly decided by the diffusion process
of the PMMA/toluene solvent, the decrease of the characteristic angle
is possibly from the contribution of PMMA. The cross-sectional SEM
image of SHJ cell covered by pure PMMA shown in Fig. S13 also
displays the obvious decrease in the characteristic angle. To further
explore the effect of uniformly covered LDS layer on the characteristic
parameters, we show in Fig. 3(c) the EQE and reflectance (R) spectra of
SHJ before (black) and after (red) coated with LDS layer. As observed,
the application of LDS layer on SHJ solar cell produces an improvement
of AR but weak enhancement of EQE only in the wavelength region
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Fig. 3. (a) J-V Curve, (b) Cross-sectional SEM and EDS mapping images, presenting the interface distribution of (b’)lead (Pb, green) and (b”)Bromine (Br, red), (c) EQE and
reflectance spectra of commercial SHJ cell before (black) and after (red) coated LDS on the surface. The inset of Fig. 2(a) is their corresponding V,., J,., FF, and PCE. (d) PCE of
series of SHJ before and after coated with LDS (red squares) and PMMA (blue triangles) (e) variation of EQE (4EQE, top), R (4R, middle), and IQE (4IQE, bottom) after coated

with PMMA (blue line) and LDS (red line) layers.

of 300~410 nm. According to theoretical simulation, the decrease of
R is from the contribution of PMMA matrix, whose refractive index
(nppyma = 148 ~ 1.55) lies between that of air (n,, ~ 1) and ITO
(npo = 1.8 ~ 2.1) [49]. Control experiments with only PMMA (without
MAPbDBr; NPLs) coated on the surface of SHJ solar cell shown in Fig.
S14 exhibit similar variation trends of R to those in Fig. 3(c). Fig.
S14 clearly demonstrates the overall reduction of R with the increas-
ing PMMA concentration, further supporting the theoretical important
role of PMMA matrix in anti-reflection. Notably, the enhancement
of reflectance in the longwave region (500~800 nm in Fig. S15) is
possibly from the enlargement of top angle of pyramid structure [20].
To further investigate the effect of energy down-shift of LDS layers,
we also carried out the control experiments with pure PMMA covered
on SHJ solar cells. Fig. 3(d) and Table S1 show the PCE of series of
SHJ cells before and after covered with pure PMMA (blue triangle)
and MAPbBr;/PMMA-20 layer (red square). They demonstrated that
the coating of pure PMMA layer leads to a PCE gain of ~0.1% absolute,
but the application of MAPbBr3/PMMA-20 dispersions realize a higher
PCE gain, with a highest value reaching 0.36%, from initial 17.72% to
18.08%. The higher gain brought by LDS layer implies the existence of
energy down-shifting role in the SHJ with LDS coating layer. Fig. 3(e)
and Fig. S16 give the variation of EQE, R, and IQE spectra of SHJ solar
cell after coated with pure PMMA (blue) and MAPbBr3;/PMMA-20 (red)
thin film respectively. 4 in this figure means the spectra difference
of SHJ solar cell between after and before film coated, and IQE is
calculated from
EQE(1)

1-RA)-T)
where R(A) is the reflectance and T'(A) is transmittance (assumed to be
zero due to the highly reflective back contact). Obviously, as shown in
the top and middle in Fig. 3(e), in the range of 450~1100 nm, AEQE
and AR give similar gain tendency for both pure PMMA and LDS coated
samples, illustrating the variation of reflectance is mainly caused by
PMMA matrix. Notably, although PMMA has a better AR role in the
range of 300~450 nm, the addition of MAPbBr;/PMMA-20 LDS layer
still brings a higher gain of EQE, which is probably from the contribu-
tion of LDS effect. Hence, we also compare the variation of IQE spectra

IQE(A) = )

in bottom of Fig. 3(e), since it excludes the influence of reflection and
depends on competitive result between parasitic absorption losses and
down-shifting effects [50,51]. Clearly, AIQE of pure PMMA covered
SHJ solar cell is almost equal to zero, but AIQE of LDS layer covered
samples shows a maximum increase of 2% in the 300~450 nm range.
However, as shown in Fig. S17, more thicker hybrid films on SHJ cell,
e.g. spin coating LDS layer for 2 times, causes the decrease of PCE,
which is possibly from the increase of reabsorption loss and reflectance
loss caused by the thicker NPLs thin film.

Using MAPbBr;/PMMA-20 as LDS layer on SHJ has successfully im-
proved its performance, so that we further fabricate MAPbBr3;/PMMA-
20 LDS layer on PERC solar cell (~2 cm x 2 cm, with SisN, layer) to
study the applicability of LDS layers on different types of solar cells.
Fig. 4(a) displays J — V curves and the PV parameters (inset of the
figure) of commercial PERC before (black) and after (red) coated with
MAPbBr;/PMMA-20 LDS layer. The coating of LDS layer also leads
to the improvement of the current density. J. increases from 38.79
mA/cm? (before) to 39.87 mA/cm? (after), leading to an improve-
ment of 0.55% in PCE. As shown in Fig. S18, similar to results of
SHJ cell, more thicker hybrid films on PERC, e.g. spin coating LDS
layer for 2 and 3 times, causes the decrease of PCE. SEM and EDS
elemental mapping images in Fig. 4(b)-(b”) and in Fig. S19 display
that the uniformly distributed MAPbBr; NPLs are tightly attached to
the surface. As shown in Fig. 4(c), the introduction of LDS layer results
in the improvement of EQE and AR of PERC in the band region of
300~380 nm and 650~1100 nm, but weakening in the rest region
(380~650 nm). Control experiment with only MAPbBr; NPLs (without
PMMA) coated on the PERC surface in Fig. S20 displays the almost
unchanged R but decreased EQE at short wavelengths, illustrating the
antireflective and protective role of PMMA matrix for MAPbBr; NPLs
from deterioration in air atmosphere. Coating pure PMMA on PERC
also results in the decrease of reflectance, as shown in Figs. S21~S22.
However, as observed in Fig. 4(d), the coating of pure PMMA layer
(blue triangle) leads to a PCE gain of only ~0.2%, while the application
of MAPbBr;/PMMA-20 layer (red square) realizes a higher PCE gain,
with a highest value reaching 0.7%, from initial 17.15% to 17.85%. It is
worthy noting that compared to SHJ cells (see Fig. 3(e)), the coating of
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Fig. 4. (a) J-V Curve, (b) Cross-sectional SEM and EDS mapping images, presenting the interface distribution of (b’)lead (Pb, green) and (b”)Bromine (Br, red) and (c) EQE and
reflectance spectra of commercial PERC cell before and after coated LDS on the surface. The inset of Fig. 2(a) is their corresponding V,., J., FF and PCE. (d) PCE of series of
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PERC before and after coated with LDS (red squares) and PMMA (blue triangles) (e) variation of EQE (4EQE, top), R (4R, middle), and IQE (4IQE, bottom) after coated with

PMMA (blue) and LDS (red) layers.

pure PMMA (Fig. S23) and/or MAPbBr;/PMMA-20 LDS layer on PERC
gives rise to the obvious improvement of EQE (Fig. 4(e), top) and AR
(Fig. 4(e), middle). This difference is possibly from two facts. One is
that SHJ cell possesses better AR performance than PERC, which makes
it harder to obtain a higher gain of AR effect. The other is that EQE
of SHJ cell (see Fig. 3(c)) at 530 nm is 93.6%, less than that (97.2%)
of PERC (see Fig. 4(c)), leading to a weaker LDS effect. This variation
also results in that AIQE of LDS covered samples shows a maximum
4% increase in the 300~400 nm range, much more than that of SHJ,
but a slight decrease in 400~500 nm (~1% at 500 nm). The abnormal
reduction in 400~500 nm is possibly induced by the relative lower
PLQY (~80%) of MAPbBr;/PMMA-20 NPLs (Fig. S24) in that range,
which need to be further improved for enhancing the down-shifting
effect.

5. Conclusion

In this work, we report an absolute PCE enhancement of about
0.3% on SHJ solar cell and 0.7% on PERC by using MAPbBr;/PMMA
hybrid film as a LDS layer. The used MAPbBr;/PMMA NPLs solutions
for LDS layer have a PLQY of over 85% (excited by 350 nm) in air
atmosphere for more than 30 days, laying a foundation for the real-
ization of effective LDS effect. According to the theoretical simulation
and experimental studies, it is clear that PMMA plays the key role
in the protection of MAPbBr; NPLs from degradation and in the AR
of solar cell. Control experiments further demonstrate the separated
contribution of LDS and AR effect provided by MAPbBr3/PMMA hybrid
film. Thanks to this combined effect, the application of LDS layer on
mainstream Si commercial solar cell produces an obvious improvement
of PCE.
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