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EXPERIMENTAL

Materials

Ytterbium(III) acetate tetrahydrate (Yb(OAc)3-4H20, 99.9%), cesium acetate
(CsOAc, 99.9%), lead(II) acetate trihydrate (Pb(OAc)2-3H20, 99.9%), oleic acid (OA,
85% ), oleylamine (OAm, 80%-90%), chlorotrimethylsilane (TMS-CI, >99.0%), and
anhydrous copper(II) chloride (CuClz, 98% ) were purchased from Sigma-Aldrich. 1-
Octadecene (ODE, 90%), anhydrous cadmium chloride (CdClz, 99.99%), and
anhydrous nickel(II) chloride (NiClz, 99%) were obtained from Alfa Aesar.
Anhydrous ethanol (99.7%) and n-hexane (99.7%) were supplied by Beijing Chemical
Works. Zinc chloride (ZnClz, >98%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. Polydimethylsiloxane (Sylgard 184, PDMS) was purchased from

Dow Chemical. All reagents were used as received without further purification.

Characterization and Measurement

The crystal structure of the nanocrystals (NCs) was characterized by X-ray diffraction
(XRD) on a D/max-2500 diffractometer (Rigaku, Japan) with Cu Ka radiation (A =
0.154 nm). The XRD patterns presented in the main text were collected from NC
films prepared by drop-casting a hexane dispersion of the purified NCs onto a flat
sample holder, followed by drying under ambient conditions. For Rietveld refinement,
XRD data were collected from dried powders of the purified NCs to minimize the
influence of preferred orientation. The morphology and size of untreated and CdCl,-
treated Yb:CsPbCl; NCs were characterized by transmission electron microscopy
(TEM) using a JEM-2100 instrument (JEOL, Japan). X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo Scientific Escalab 250xi (Thermo
Fisher Scientific, USA) to analyze the surface elemental composition of the as-

prepared perovskite NCs.

The absorption spectra were recorded using a UV-3600 spectrophotometer

(Shimadzu, Japan). Steady-state photoluminescence (PL), photoluminescence
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quantum yield (PLQY), PL decay curves, and temperature-dependent PL
measurements were carried out on a Fluorolog-3 fluorescence spectrometer (Horiba
Jobin Yvon, France) equipped with an integrating sphere, a time-correlated single-
photon counting (TCSPC) module, and a vacuum cryostat (Janis VPF-500, Janis
Research, USA). The UV light source used for illumination was a ZF-7 UV lamp
(Anhui Ninghuai Instrument Co., Ltd., China) with a power of 6 mW and a
wavelength of 365 nm. Femtosecond transient absorption (fs-TAS) measurements
were performed using a Ti:sapphire laser (Astrella, Coherent, USA; 1 kHz, 800 nm)
paired with a TA-100 spectrometer (Time-Tech Spectra Co., Ltd., China). A 365 nm
tunable pump and sapphire-generated white-light probe were used. Pump-probe
delays were tuned via an optical delay line, and AA signals were extracted by
comparing probe spectra with and without pump light. Samples moved at 10 cm/min
during measurement to prevent photodamage, and their absorption spectra remained

unchanged pre- and post-test.

The photovoltaic cell was attached to one side of the luminescent solar concentrator
(LSC), while the rest of the solar cell and the other three sides of the LSC were
covered with black tape. The J-V curves of the LSC-PV system and the bare PV cell
were measured using a source meter (Model 2400, Keithley, USA) under 100
mW/cm? AM 1.5G illumination from a solar simulator (7IS0503A, Beijing Saifan

Optoelectronic Instrument Co., Ltd., China).

Calculation of the Average Exciton Number
Under pulsed excitation, the number of excitons initially generated in an individual

NC is assumed to follow a Poisson distribution. The probability P; that an NC

contains i excitons is given by!!-*!

i

P= exp(-<N>) (1)

i!
where 1 is the number of excitons generated in an individual NC and <N> is the

average number of excitons generated per NC per pulse. Accordingly, the probability
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that an NC contains at least one exciton is
1-Py=1-exp(-<N>) 2
Assuming that the ground-state bleach (GSB) amplitude is proportional to the fraction
of photoexcited NCs, its dependence on the pump photon fluence can be described as
follows!!?):
-AAx1-exp(-<N>) 3)

where —AA is the measured GSB amplitude. The average exciton number is related to

the pump photon fluence by
N>=oj, (4)

where o is the absorption cross section of a single NC at the pump wavelength and j,
is the incident pump photon fluence, expressed in photons cm™ pulse™!. When the

pump fluence F is expressed in J cm™ pulse™!, j, can be calculated using

j _ F :F}"photon
P Ephoton he

Q)

where Apump is the pump wavelength, h is Planck’s constant, and c is the speed of light.
By fitting the pump-fluence-dependent GSB amplitudes using Equation S3, the
absorption cross sections were determined, from which the average exciton numbers

under the TA measurement conditions were calculated.

LSC efficiency calculation

The calculation and extrapolation of internal optical efficiency (nint) and external
optical efficiency (next) followed the protocols reported in previous literaturel-!.
Internal optical efficiency refers to the proportion of photons collected from the LSC
edges relative to the total number of photons absorbed by the LSC from incident light
is calculated from PLQY of the LSC (npL,Lsc) and edge-emission efficiency (nedge) by

the following equation!**9!:

T]int:nPL,LSCXnedge (6)
The PLQY of the LSC were measured using an integrating sphere system. The LSC

edges were covered with black tape to measure the surface emission signal, while the
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edge emission signal was calculated by subtracting the surface emission from the total
emission. The edge-emission efficiency is determined as the proportion of edge

emission relative to the total emission.

External optical efficiency corresponds to the proportion of photons emitted from the
LSC edges relative to all incident photons, and can be obtained using the formula

below*-!:

next=nint><nabs (7)
Where nabs is the absorption ratio of the LSC device, calculated from the absorption

spectrum of LSC and the photon flux spectrum of AM 1.5G.

LSC efficiency extrapolation
The internal optical efficiency (nint) of the LSC can be expressed as follows):
nPL ><rltrap

) 1+BS,L (1-ntrap)

Where, npL is the PLQY of the NCs. nuap refers to the light trapping efficiency, as

(8)

T]int

defined in the equation below:

r]trap: v (1—11'2) (9)

n is the LSC’s refractive index. The geometric correction factor B is calculated based

on the following equation:

1

B=1.4+0.5 (11;—0)2 (10)

Ss is the scattering coefficient at the PL wavelength, and L is the edge length of
LSCBA,

= (11)

Where G is the geometric gain of the LSC, d is the thickness of the LSC.
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Calculation of photovoltaic performance parameters
The photovoltaic performance parameters were calculated according to the following

equationst®l:

PmaX
FF=— 12
VocXIsc (12)
VoexJee XFF
PCE=-0C"S¢" ~ (13)
Pin

FF stands for Fill Factor, and PCE stands for Power Conversion Efficiency. Where V.
stands for the open-circuit voltage, Isc denotes the short-circuit current, Jsc represents
the short-circuit current density, Pmax refers to the maximum output power, and Pi, is

the incident power density of the solar simulator fixed at 100 mW/cm?.
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Supplementary Figure 1. Rietveld refinement profiles of the XRD patterns of Yb*'-
doped CsPbCl; NC powder before and after CdCI> post-treatment.
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Supplementary Figure 2. The particle-size distribution diagrams of Yb**-doped

CsPbCl; NCs before (A) and after (B) CdCl, post-treatment.
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Supplementary Figure 3. TA of the untreated (A) and CdCl-treated (B) NCs

recorded at varied pump fluences. Variations in transient absorption amplitudes of the

untreated (C) and CdCl,-treated (D) NCs as a function of pump photon fluence.
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Supplementary Figure 4. Dependence of the host exciton lifetime and energy-

transfer efficiency of Yb**-doped CsPbCls NCs on the amount of CdCl..
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Supplementary Figure 5. Absorption and PL Spectra of Yb:CsPbCls NCs treated
with different amounts of ZnCl> (A), NiClz (B), and CuCl; (C) ethanol solutions.
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Supplementary Figure 6. PLQY's of the host excitonic emission, Yb*" near-infrared
emission, and total emission, together with the exciton-to-Yb** energy transfer
efficiencies (ner), for Yb:CsPbCl3 NCs treated with different amounts of ZnCl, (A),
NiCl (B), and CuCl; (C) ethanol solutions

B
A1o° 10°— - c1o°
2ZnCly ‘ NiCly CuCly
@ opL \ @ opL @ opL
@ 20pL \1 @ 20pL Q@ 5L
o 40 pL = Ly 10 uL
= = =
& 60 pL © S 15 uL
=z 100 pL = 5 20;pL
[7] [ [}
c i—4 c
3] 2 2
£ £ = ™
| 3 - = Y
o o o >
" ¥\?\1
102 ¢ " 102 % 102 }
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Time (ns) Time (ns) Time (ns)

Supplementary Figure 7. Time-resolved PL decay curves of the host exciton
emission for NCs treated with different amounts of ZnCl, (A), NiCl (B), and CuCl»

(C) ethanol solutions.
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Supplementary Figure 8. Time-resolved PL decay curves of Yb*" emission for NCs
treated with different amounts of ZnCl> (A), NiCl, (B), and CuCl, (C) ethanol

solutions.
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Supplementary Figure 9. Fitted average lifetimes of Yb®" and excitonic emissions

for Yb*":CsPbCl; NCs treated with different amounts of ZnCl, (A), NiCl» (B), and

CuCl; (C) ethanol solutions.
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Supplementary Figure 10. XRD patterns of untreated and of CdCl.-, ZnCl,-, NiCls-,

and CuCl-treated Yb**:CsPbCls NCs. The inset shows the enlarged view of the (200)

diffraction peak region.
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Supplementary Figure 11. Absorbance (A) and transmittance (B) spectra of CdCl,-

treated NC-LSCs with different NC concentrations.
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Supplementary Figure 12. Absorption (A), transmittance (B), and PL (C) spectra of

untreated and CdCl,-treated NC-LSCs.
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Supplementary Figure 13. (A) P-V curves of the silicon photovoltaic cells integrated

with untreated and CdCl-treated NC-LSCs. J-V (B) and P-V (C) curves of integrated

photovoltaic cells based on CdCl: treated NC-LSCs with different NC concentrations.
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Supplementary Figure 14. J-V (A) and P-V (B) curves of the commercial silicon

solar cell without coupling a LSC.
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Supplementary Table 1. Yb** and Cd?* doping concentrations determined by

EDS for Yb3:CsPbCl; NCs treated with different amounts of CdCl2
CdCl,volumes (nL) 0 20 40 60 100

Yb elemental content %
Yb/(Yb+Cd+Pb)

Cd element content %
Cd/(Yb+Cd+Pb)

1.72%  1.76% 1.75%  1.73% 1.75%

-- 293% 4.26%  5.84% 8.57%

Supplementary Table 2. Fitting results of band-gap emission decay curves for

Yb3*:CsPbCls perovskite NCs post-treated with different amounts of CdCl2

CdCl; (uL) 71 (ns) Aq 72 (ns) Az Tave (DIS)
0 0.98 0.94 10.45 0.06 4.90
20 1.17 0.94 9.65 0.06 4.01
40 1.61 0.93 7.47 0.07 3.20
60 1.96 0.78 4.86 0.22 3.15
100 2.03 0.82 5.50 0.18 3.34

Supplementary Table 3. Fitting results of Yb3" emission decay curves for

Yb**:CsPbCls perovskite NCs post-treated with different amounts of CdCl2

CdCl; (uL) 71 (ms) A 72 (ms) As Tave (MS)
0 0.51 0.20 2.00 0.80 1.92
20 0.58 0.22 2.20 0.78 2.09
40 0.49 0.18 2.34 0.82 2.26
60 0.56 0.18 2.36 0.82 2.27

100 0.56 0.08 2.33 0.92 2.27
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Supplementary Table 4. Summary of performance parameters for previously

reported perovskite-based LSCs and the as-fabricated LSCs in this work

Area
LSC materials Nint (%) Next (%) PCE (%) Reference
(cm?)

Mn?*/Yb**:CsPbCl

76.2% 9.6% - G=3 [3]
3 NCs
Cs4PbBrs@PMMA

. 25.96% 17.90%  0.30% 2.5%x25 [4]
particles
CsPbBr; NCs -- 6.17% -- 2x2 [5]
CSPbBI‘s@SiOz
_ 44.07% 13.68%  -- - [7]

particles
CSzAgOANao,éInCl‘s

21.2% -- -- 10x10 [8]
NCs
Mn?":MAPbCI; Pe

- >8% -- -- [9]
NCs
Y3*/Mn?>":FAPbl3

- 17.8% -- 10x10 [10]
NCs
Mn?":FAPbl; NCs - 3.7% - G=12.5 [11]
CsPb(Brxlix)3 NCs  -- 2% - G=45 [12]
Mn:CsPbBr;

- - 5.28% -- [13]
nanoplatelets
Cs4PbBrg NCs -- 2.4% 1.8% 10x10 [14]
MAPDBBr; NCs 21.24% 3.37% -- -- [15]
Yb*":CsPbCls NCs  118.1% 3.7% -- 5%5 [16]
CdCl,-treated

121.6% 6.4% 11.08% 3x3 This work

Yb3":CsPbCl; NCs
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Supplementary Table 5. Photovoltaic parameters of the silicon photovoltaic cells

integrated with untreated and CdClz-treated NC-LSCs with different NC

concentrations

VOC
Devices ) Jse (mA/cm?) FF (%) G PCE (%)
silicon solar cell 0.58 32.5 51.26 - 9.70
untreated 0.60 wt. %  0.52 30.0 53.51 8.3 8.33
treated 0.30 wt. % 0.514 26.7 64.02 8.3 8.78
treated 0.40 wt. % 0.52 28.9 64.90 8.3 9.74
treated 0.60 wt. % 0.52 32.7 65.23 8.3 11.08
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