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Abstract: Encapsulating Cs4PbBr6 quantum dots in silicon nano-sheets not only stabilizes the halide 23 

perovskite, but also takes advantage of the nanosheet for a compatible integration with the tradi- 24 

tional silicon semiconductor. Here we report the preparation of un-passivated Cs4PbBr6 ellipsoidal 25 

nanocrystals and pseudo-spherical quantum dots in silicon nano-sheets and their enhanced photo- 26 

luminescence (PL). For the sample with low concentrations of quantum dots in silicon nano-sheets, 27 

the emission from Cs4PbBr6 pseudo-spherical quantum dots is quenched and is dominated with Pb2+ 28 

ion/silicene emission, which is very stable during the whole measurement period. For the high con- 29 

centration of Cs4PbBr6 ellipsoidal nanocrystals in silicon nano-sheets, we have observed Förster res- 30 

onance energy transfer with up to 87 % efficiency through an oscillation of two PL peaks during on 31 

and off of UV excitation, recorded video and PL lifetime measurements. In an area of non-uniform 32 

sample containing both ellipsoidal nanocrystals and pseudo-spherical quantum dots where Pb2+ 33 

ion/silicene emission, broadband emission from quantum dots, bandgap edge emission (515 nm) 34 

appear, the 515 nm peak intensity increases 5 times during 30 minutes of UV excitation, probably 35 

due to a photon recycling effect. This irradiated sample has been stable for one year of ambient 36 

storage. Cs4PbBr6 quantum dots encapsulated in silicon nano-sheets can lead to applications of hal- 37 

ide perovskite light emitting diodes (PeLEDs) and integration with traditional semiconductor ma- 38 

terials. 39 
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Solution-processing halide perovskites, such as APbX3 (A=Cs, MA, FA, and PEA (FA, 45 

formamidinium; MA, methylammonium; PEA, phenylethylammonium); X = Cl, Br, and 46 

I) are very attractive due to their low-cost production and potential commercial applica- 47 

tion in pure color LED and photovoltaic devices [1–4]. A solar-cell efficiency up to 26.1% 48 

has been reported since their discovery  [5]. The thermal stability and photo-stability of 49 

halide perovskites pose challenges for their commercial applications. Therefore, surface 50 

passivation and encapsulation of halide perovskites in nanotubes or polymers is necessary 51 

in order to improve their stability [2,6–15]. Sargent and Grätzel’s groups have recently 52 

applied fluorinated aniliniums for an interfacial passivation for triple cation 53 

Cs0.05MA0.05FA0.9Pb (I0.95Br0.05)3 perovskite films[16]. The accelerating aging tests of halide 54 

perovskites under high temperatures and high humidity have reported a power-conver- 55 

sion efficiency of 24.09% and a 1560-hour T85 at maximum power point under 1-sun illu- 56 

mination operating at 85°C and 50% relative humidity [16]. For perovskite light emitting 57 

diode (PeLED) applications, the quantum efficiency of bicomponent perovskite nanocom- 58 

posite can reach near 100% [17] based on the Förster resonance energy transfer (FRET) 59 

from the core CsPbBr3 to the shell of CsPbI3. FRET[18,19] has further been reported be- 60 

tween CsPbBr3 and CsPbCl3,[20] between (PEA)2PbI4 and MAPbBr3 [21], and between 2D 61 

perovskites.[22]   62 

Cs4PbBr6 is a zero-dimensional perovskite that can be easily prepared as quantum 63 

dots. Quantum dots of Cs4PbBr6 have been stabilized in glass where the photolumines- 64 

cence (PL) of perovskites has been shifted from 519 to 503 nm. [23] The superior thermal 65 

stability[24] and photostability[25] have been reported in CsPbBr3-in-Cs4PbBr6 quantum 66 

dots. Highly emissive blue (470 nm) quantum dots have resulted in a high photolumines- 67 

cence quantum yield of >90% in CsPbBr3 + Cs4PbBr6 material system [24]. Silicon nano- 68 

sheets are 2D layers of silicon with a tunable band gap. CsPbBr3 isolated in silicene has 69 

been realized for PeLED applications. [26]. On the other hand, Cs4PbBr6 can have a very 70 

high photoluminescence quantum yield (PLQY) which can be 2 orders of magnitude 71 

higher than its 3D counterpart.[27] Furthermore, it is also desired to stabilize Cs4PbBr6 in 72 

silicene and use the silicene for integration with traditional semiconductors. FRET can also 73 

be incorporated to further improve PLQY for the PeLED application.[17]       74 

In this paper, nanomaterial systems of Cs4PbBr6 ellipsoidal nanocrystals and pseudo- 75 

spherical quantum dots in silicon nano-sheets have been prepared and their PL emission 76 

have been studied. For Cs4PbBr6 quantum dots in silicon nano-sheets, a broadband emis- 77 

sion has been observed due to the surface trap states of Cs4PbBr6. It is replaced by a stable 78 

Pb2+ ion emission. For the Cs4PbBr6 nanocrystals in silicon nano-sheets, we have observed 79 

FRET up to 87 % efficiency. A three-month-old sample of Cs4PbBr6 nanocrystals in silicon 80 

nano-sheets have shown an enhanced emission by 5 times during 30 mins of UV laser 81 

irradiation. 82 

2. Materials and Methods 83 

Preparation of Cs4PbBr6 nanocrystals: 71.2 mg CsBr and 24.8 mg PbBr2 were dissolved 84 

in 0.6 mL DMSO at 80 °C in a vial. The mixture was cooled down slowly while putting it 85 

in the methanol chamber. Green Cs4PbBr6 crystals are obtained at the bottom of the vial. 86 

Preparation of Cs4PbBr6 nanocrystals and quantum dots in silicon nano-sheets: 45 mg 87 

of Cs4PbBr6 crystals were dissolved in 0.1 mL of DMSO and mixed with a given amount 88 

of silicon nano-sheets. In low concentration of Cs4PbBr6 in silicon nano-sheets, the pre- 89 

pared Cs4PbBr6 solution was diluted by 10 times. The silicon nano-sheets were prepared 90 

following the method described in the reference [28]. In brief, the silicon nano-sheets were 91 

obtained by removing calcium ions from CaSi2 in concentrated HCl. As examined by TEM, 92 

different concentration of the Cs4PbBr6 in silicon nano-sheets results in different crystal 93 

sizes and shape. Cs₄PbBr₆ crystals in silicon nano-sheets smaller than 10 nm form a 94 

pseudo-spherical shape. We call them Cs₄PbBr₆ quantum dots thereafter. Cs₄PbBr₆ crys- 95 

tals in silicon nano-sheets larger than 10 nm form an ellipsoid shape with an elongation 96 

in the silicon nano-sheet plane. We call them Cs₄PbBr₆ nanocrystals thereafter.  97 
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The material characterizations and crystal structures of Cs4PbBr6 crystals, silicon 98 

nano-sheets and Cs4PbBr6 nanocrystals in silicon nano-sheets were analyzed using Rigaku 99 

Miniflex 600 X-ray diffraction (XRD) with CuKα radiation ( = 0.15405 nm). 100 

Structural characterization was carried out with transmission electron microscopy 101 

(TEM) and energy-dispersive X-ray (EDX) in JEOL JEM-2100 at 200 kV. A carbon-coated 102 

200-mesh copper grid was used for the preparation of TEM sample. The solution of 103 

Cs4PbBr6 nanocrystals in silicon nano-sheets was drop-casted on the copper grid and dried 104 

in vacuum. 105 

The PL of Cs4PbBr6 crystals and Cs4PbBr6 nanocrystals in silicon nano-sheets was ex- 106 

cited by the 375 nm UV laser (CrystaLaser). The PL of Cs4PbBr6 quantum dots in silicon 107 

nano-sheets and pure silicon nano-sheets was excited by He-Cd 325 nm laser (Kimmon). 108 

The PL spectra was analyzed by a BaySpec SuperGamut fiber-coupled UV-NIR spectrom- 109 

eter. 110 

  111 

Fluorescence lifetime imaging (FLIM), PL decay lines, and lifetime histograms were 112 

obtained using a MicroTime 200 time-resolved confocal fluorescence microscope. The 113 

measurement was recorded by a PicoQuant PicoHarp 300 time-correlated single-photon- 114 

counting. Data acquisition was performed using a software SymPho Time 64. A Picoquant 115 

405 nm picosecond laser was used with a repetition rate of 40 MHz. A cut-off filter of 435 116 

nm was used before the detectors. Neutral density filters were used to reduce the photo 117 

counts below 106. A 20× objective lens (numerical aperture NA=0.4) was used in the con- 118 

focal microscope. For the FRET measurements, filters of 490±5 nm (i.e. 485-495 nm) and 119 

530±20 nm (i.e. 510-550 nm) were placed in front of the detectors. The intensity FRET was 120 

calculated using thesoftware in the SymPho Time 64.  121 

3. Results 122 

3.1. Material and Structural Characteristics  123 

The prepared solutions of silicon nano-sheets and Cs4PbBr6 nanocrystals encapsu- 124 

lated in silicon nano-sheets were drop-casted onto a Si wafer and dried. Figure 1 shows 125 

the X-ray diffraction (XRD) of silicon nano-sheet, Cs4PbBr6 nanocrystals encapsulated in 126 

silicon nano-sheets and bulk Cs4PbBr6 crystals. The XRD peaks at 33.1° in Fig. 1a and 1b 127 

belong to Si wafer as confirmed in the supporting information in reference[26]. Silicon 128 

nano-sheets have XRD peaks at 17.4°, 28.6°, 37.8°, 44.0°, 47.5°, 49.2° and 56.5° (Fig. 1a). 129 

[26]. These peaks appear in the XRD of Cs4PbBr6 nanocrystals (high concentration) encap- 130 

sulated in silicon nano-sheets in Fig. 1b, as labeled by yellow squares. The XRD peaks 131 

from Cs4PbBr6 nanocrystals in Fig. 1b are located at 12.6°, 12.9°, 20.1°, 22.4°, 25.4°, 27.5°, 132 

28.6°, and 30.3°, and are assigned to the low diffraction orders of (012), (110), (113), (300), 133 

(024), (131), (214), and (223) planes, respectively. Fig. 1c shows the XRD pattern of bulk 134 

Cs4PbBr6 for comparison. The XRD pattern in Fig. 1c can be fitted to the hexagonal phase 135 

of Cs4PbBr6 with a=13.73 Å, b=13.73 Å, c=13.73 Å, α=90.0°, β=90.0°, and γ=120.0° (XRD 136 

database Card No.: 1538416). The XRD pattern of Cs4PbBr6 quantum dots encapsulated in 137 

silicon nano-sheets shows peaks from silicon nano-sheets only due to the low concentra- 138 

tion. However, its presence is confirmed by TEM (vide infra). 139 
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Figure 1. XRD patterns of silicon nano-sheets on Si wafer (a), Cs4PbBr6 nanocrystals encapsulated in 141 
silicon nano-sheets (b) and bulk Cs4PbBr6 (c). The XRD peaks from Si wafer substrate are labelled 142 
by dashed arrows. The XRD peaks from silicon nano-sheets are labelled by squares in (b). 143 

Figure 2a shows a zoom-in (enlarged view) of a TEM image of Cs4PbBr6 ellipsoida 144 

nanocrystals encapsulated in silicon nano-sheets. The dashed arrow in the figure indicates 145 

the location of one of Cs4PbBr6 nanocrystals (dark regions). All Cs4PbBr6 nanocrystals are 146 

elongated with the same orientation as indicated by a dashed blue line, assuming in the 147 

same plane of a given silicon nano-sheet. From Figure 2a, we can observe that the nano- 148 

crystal size is not uniform; the elongated nanocrystals have a larger size in the middle 149 

than these at both sides of the elongation. The stretching of the nanocrystals and different 150 

sizes along the long nanocrystals will be modeled for the explanation of multiple peaks in 151 

PL measurements. 152 

 153 

Figure 2: (a) Zoom-in TEM image of Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets; (b) 154 
TEM image of one piece of sample of Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets for 155 
TEM-EDX.  TEM-EDX map of Si (c), Pb (d), Br (e) and Cs (f). Cs4PbBr6 nanocrystals are pointed out 156 
by dashed arrows in (a) and (b). The same scale bar is used for (b-f). The white arrows in (d, e, f) are 157 
for a region with a strong intensity. The dashed lines in (a) and (b) indicate the nano-sheet orienta- 158 
tion.    159 

Figure 2b shows a TEM of one piece of sample for TEM-EDX study. The scale bars in 160 

(b-f) are the same. The dashed blue line indicates the nano-sheets orientation. One of the 161 

dark regions is indicated by an arrow. These nanocrystals in dark regions are in the same 162 

orientation. Over 10 of them are revealed on the surface of the TEM. Inside the bulk sam- 163 

ple, TEM-EDX maps can reveal more information. The distribution of elements associated 164 

with the Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets perovskites (i.e. Si, Pb, 165 
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Br, and Cs) is shown in Fig. 2(c, d, e, f), respectively. The elements of Si, Pb, Br, and Cs 166 

cover the whole piece of sample in Fig. 2b, as judged by the map shape. It is reasonable 167 

that the map intensity of Si in Fig. 2c is uniform due to the role of a host. The map intensity 168 

of Pb, Br and Cs is not uniform. Especially in Fig. 2e, it is very clear to see that the strong 169 

intensity regions (indicated by dashed white arrows for example) correspond to the dark 170 

regions in Fig. 2b.   171 

 172 

Figure 3: (a) TEM image of Cs4PbBr6 quantum dots encapsulated in silicon nano-sheets; (b) Size 173 
distribution of Cs4PbBr6 quantum dots encapsulated in silicon nano-sheets. (c) High resolution TEM 174 
(HRTEM) of Cs4PbBr6 quantum dots and the corresponding FFT. TEM of one piece of the sample 175 
(d) and its TEM-EDX map of Si (e) and Br (f). The same scale bar is used for (d-f).  176 

Diffraction peaks from Cs4PbBr6 quantum dots did not show up in XRD pattern due 177 

to their low concentration (diluted by 10 times). TEM was able to observe the quantum 178 

dots.   Figure 3a shows a typical TEM image of Cs4PbBr6 pseudo-spherical quantum dots 179 

encapsulated in silicon nano-sheets.  The size of quantum dots is not uniform. Figure 3b 180 

shows the size distribution of quantum dots in a range of 1 to 16 nm. The mean size is 4.67 181 

nm. Figure 3c shows high-resolution TEM (HRTEM) of quantum dots and fast Fourier 182 

transform (FFT) patterns. A d-value of 0.31 nm was obtained, corresponding to the space 183 

between (214) plane of hexagonal Cs4PbBr6. Figure 3d shows a TEM image of one piece of 184 

the sample and its distribution of elements associated with the Cs4PbBr6 quantum dots 185 

encapsulated in silicon nano-sheets perovskites in Fig. 3(e, f) for Si and Br as an example, 186 

respectively. The elements of Si cover the whole sample in Fig. 3e while the map intensity 187 

of Br is not as dense as Si due to the low concentration of quantum dots.  188 

3.2. PL spectra and Förster resonance energy transfer 189 

Firstly, we measured the absorption of bulk Cs4PbBr6, Cs4PbBr6 nanocrystals and 190 

quantum dots in DMSO solution before they were mixed with silicon nano-sheets, where 191 

narrow peaks were observed at 295, 287 and 272 nm, respectively. We then measured PL 192 

for bulk Cs4PbBr6, its ellipsoidal nanocrystals and pseudo-spherical quantum dots encap- 193 

sulated in silicon nano-sheets.  Fig. 4b shows normalized PLs with a peak position at 520 194 

nm for bulk Cs4PbBr6, two peaks at 512 and 490 nm for Cs4PbBr6 nanocrystals and a broad 195 

peak centered at 480 nm for Cs4PbBr6 quantum dots. With a small crystal size, the PL peak 196 

is blue shifted, similar to what has been observed in CsPbBr3 in silicene and bulk CsPbBr3. 197 

The broad peak of Cs4PbBr6 quantum dots in Fig. 4b can be due to the un-passivated sur- 198 

faces and its surface state. Similar to other results[29], Cs4PbBr6 had a very small spectral 199 

overlap of absorption and PL emission with Stokes shift up to 1.82 eV. Defect states due 200 

to Br-poor vacancy or local deformation of [PbBr6]4- octahedra were used to explain the 201 

large Stokes shift. [29–32] Although a shift of narrow peak with the crystal size has been 202 

observed in Fig. 4a, such a large Stokes shift poses a complexity in explaining the FRET 203 

below in Cs4PbBr6 in silicon nano-sheets.  204 
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The PL in Fig. 4b for Cs4PbBr6 nanocrystals in silicon nano-sheets was measured after 205 

several minutes of UV exposure. In the short period of UV 375 nm laser exposure, the 206 

peak at 512 nm is very weak initially, then increases its intensity from 0 to 28 seconds, and 207 

finally its intensity is higher than the peak at 490 nm, as shown in Fig. 4c. We also recorded 208 

a Video S1 “PL peak intensity oscillation”. We can see the increase of peak intensity at 512 209 

nm, turning off the UV laser during the 36-42 seconds, dropping of peak intensity, and 210 

increasing again after the UV laser is on. Figure 4d shows the peak intensity as a function 211 

of UV exposure times where we see an increase in intensity by more than 2 times for 512 212 

nm emission in 20 seconds.  213 

 214 

Figure 4: (a) Absorption of bulk Cs4PbBr6 (pink line), Cs4PbBr6 nanocrystals (yellow line) and quan- 215 
tum dots (blue line) in DMSO solution. (b) Normalized PL spectra of bulk Cs4PbBr6 (yellow line), 216 
Cs4PbBr6 nanocrystals (pink line) and quantum dots (blue line) encapsulated in silicon nano-sheets. 217 
(c) PL spectra of Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets at 0, 4, 10, 14, 21 and 28 218 
seconds after UV excitation laser is turned on. (d) PL intensity at two wavelength (512 nm in red 219 
and 490 nm in blue) as a function of UV exposure time.   220 

In order to understand both the intensity oscillation of the 512 nm emission peak and 221 

exchange of peak intensity of both PL lines in Cs4PbBr6 nanocrystals encapsulated in sili- 222 

con nano-sheets, we measured the lifetime of PL peaks and FRET in the next steps. Due 223 

to intensity change and shift of PL peak with UV laser exposure time, we measured the 224 

PL after the UV laser had been turned on for several minutes (typical time for PL lifetime 225 

imaging). We measured PL for 6 times of the irradiation hardening starting from yellow 226 

to dark blue as shown in Fig. 5a. The irradiation hardened Cs4PbBr6 nanocrystals have PL 227 

peaks at 490 and 512 nm. We used bandpass filters of 490±5 nm (i.e. 485-495 nm) and 228 

530±20 nm (i.e. 510-550 nm) and measured FLIM. After fitting and calculation, Fig. 5b and 229 

5c show the average lifetime histogram for PL peak at 490 and 512 nm, respectively. The 230 

lifetime events were controlled below 106 for measurement accuracy. As seen from Fig. 5b 231 

and 5c, the average lifetime is centered at 6.8 ns for 490 nm and 5.0 ns for 512 nm. Their 232 

PL decay lines are shown Fig. 5d. As nanocrystal size becomes smaller, PL peak usually 233 

blueshifts [33]. The PL of 490 nm comes from a smaller nanocrystal than that for 512 nm. 234 

The more surface localized charges [34] (also more surface trap states) in smaller nano- 235 

crystals increase the PL lifetime and also make the lifetime histogram curve broader in 236 

Fig. 5b than that in Fig. 5c. 237 
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 238 

Figure 5: (a) PL spectra measured after Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets 239 
have been exposed to UV 375 nm laser for several minutes. Six of them have been measured starting 240 
with “1” and ending with “6”. (b-c) Average PL lifetime histogram measured with bandpass filters 241 
of 490±5 nm (i.e. 485-495 nm) (b) and 530±20 nm (c). (d) PL intensity decay curves for 490 and 512 242 
nm. (e) Intensity and efficiency of FRET and (f) the FRET efficiency histogram for two red regions 243 
in (d) as indicated by dashed arrows.  (g) Occurred FRET events at different distances. (h) Sche- 244 
matic of elongated Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets. The circles are for eye 245 
guidance of different crystal sizes. The different sizes lead to different bandgaps for FRET. 246 

Using bandpass filters of 490±5 nm and 530±20 nm, we measured FLIM and calcu- 247 

lated FRET events and efficiency between 490 nm and 512 nm as shown in Fig. 5e. The 248 

FRET efficiency E[19] is defined in Eq. 1: 249 

  250 

𝐸 =
1

(
𝑅
𝑅0

)
6

+ 1

          (1) 251 

 252 

Where Ro is the distance between Cs4PbBr6 donor (490 nm emission) and Cs4PbBr6 accep- 253 

tor (512 nm emission) with FRET efficiency of 50 %, and R is the distance between the 254 

donor and acceptor. Non-uniformity in FRET efficiency is clearly observed. Based on the 255 

scale bar, most of areas are covered by a green color with approximately 66 % efficiency 256 

with a distance of 0.89Ro as also calculated by Eq. (1). For the two red regions, we pro- 257 

cessed with “region of interest” and obtained a FRET efficiency histogram in Fig. 5f. Both 258 

red regions have a FRET efficiency of 86-87%, corresponding to a distance of 0.738 Ro as 259 

indicated by the red arrow in Fig. 5g, where the occurred FRET events over the map region 260 

is plotted with respect to R. Fig. 5h shows a schematic of proposed model of Cs4PbBr6 261 

nanocrystals encapsulated in silicon nano-sheets with an elongation in horizontal direc- 262 

tion, following the information that was obtained in TEM in Fig. 2a and 2b for Cs4PbBr6 263 

ellipsoidal nanocrystals in dark regions. The circles in Fig. 5h for eye guidance only. We 264 

have a schematic of wide (blue lines) and narrow (green lines) bandgaps for Cs4PbBr6 265 

nanocrystals above. FRET can occur between these wide and narrow bandgaps.    266 

3.3. Stability of un-passivated Cs4PbBr6 and enhanced PL emissions 267 

We present the stability of un-passivated Cs4PbBr6 quantum dots encapsulated in sil- 268 

icon nano-sheets, non-uniformity, Pb2+ ion emission and enhancement of 512 nm emission. 269 

Figure 6a shows PL spectra of Cs4PbBr6 quantum dots encapsulated in silicon nano-sheets 270 
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after continuous UV laser exposure of 0, 1, 2, 3, 4, 5, 10, 25, and 90 minutes. The broad 271 

peak centered at 483 nm drops in intensity very quickly within 5 seconds. The intensity of 272 

Pb2+ ion emission [31,32] at 410 nm increases quickly with increasing exposure. Fig. 6b 273 

shows the PL intensities as a function of UV laser exposure times for these two peaks. At 274 

12 minutes, the intensity of 483 nm peaks reaches almost zero while the Pb2+ ion emission 275 

reached the maximum at 12 minutes and is stable up to the end of measurement (90 276 

minutes), indicating that un-passivated Cs4PbBr6 quantum dots are not stable and isolated 277 

Pb2+ ion is formed and stable. After longer UV exposure time, Pb2+ ion emission becomes 278 

stronger.  Fig. 6c shows PL of Pb2+ ion emission after UV degradation of Cs4PbBr6 quan- 279 

tum dots for 5 hrs. The peak below 400 nm is emission tail of 375 nm laser after a band 280 

cutoff filter. To confirm that, we excited the PL of degraded Cs4PbBr6 quantum dots by 281 

UV 325 nm laser. Fig. 6d shows PL of degraded Cs4PbBr6 quantum dots with one peak 282 

only at 410 nm. We also show PL spectrum of pure silicene, excited by UV 325 nm laser 283 

for a comparison. The silicene (silicon nano-sheets) has no PL between 350-550 nm.  284 

 285 

Figure 6: (a) PL spectra of Cs4PbBr6 quantum dots encapsulated in silicon nano-sheets after different 286 
times of UV laser exposure of 0, 1, 2, 3, 4, 5, 10, 25, and 90 minutes; (b) PL intensities as a function of 287 
UV laser exposure times for 483 nm (red circles) and Pb2+ ion emission at 410 nm; (c) PL of Pb2+ ion 288 
emission after UV degradation of Cs4PbBr6 quantum dots for 5 hrs. (d) PL of degraded Cs4PbBr6 289 
quantum dots and pure silicene, excited by UV 325 nm laser.  290 

 291 

Figure 7: PL intensity of Pb2+ ion emission and laser tail intensity after a filter on day 1 (a), day 22 292 
(b). The laser intensity is stable and used as a reference for intensity ratio of Pb2+ ion emission at 293 
different days (c). 294 
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We further studied the stability of Pb2+ ion emission. We picked up a degraded 295 

Cs4PbBr6 quantum dots and monitored the intensity stability of 410 nm peak (Pb2+ ion 296 

emission [31,32]) as shown in Figure 7a on day-1. The red circles in the figure indicate that 297 

the laser power is very stable. The intensity of Pb2+ ion emission changed slightly at the 298 

very beginning then stable. We measured the intensity of Pb2+ ion emission on day-3, 4, 10 299 

and 22 for 2 hours. Figure 7b plots the intensity of Pb2+ ion emission on day-22 as a repre- 300 

sentative example and Figure 7c shows the intensity ratio of Pb2+ ion emission over the 301 

laser tail power. Overall, the intrinsic Pb2+ ion emission is stable. 302 

With above understanding of stability of Pb2+ ions and instability of Cs4PbBr6 quan- 303 

tum dots, we further studied a region of sample where Cs4PbBr6 nanocrystals have three 304 

PL peaks at 515 nm, 475 nm and 410 nm as shown in Figure 8a. The shift of 490 nm in Fig. 305 

5a to 475 nm in Fig. 8a indicates smaller nanocrystal sizes in Fig. 8a than that in Fig. 5a. 306 

From both Fig. 8a and 8b, we can learn that the intensity of PL peak 515 nm is initially 307 

weaker than 475 nm, increases at the very beginning of UV 375 nm exposure, becomes 308 

stronger than 475 nm, then decreases in intensity with increasing exposure times. For 475 309 

nm, its intensity drops quickly at the very beginning of UV exposure and drops at a slower 310 

slope together with 515 nm in Fig. 8b. The dropping of intensity of both PL peaks can be 311 

caused by the instability of Cs4PbBr6 nanocrystals related to 475 nm.  312 

We waited for 3 months for the disappearance of 475 nm. As shown in Fig. 8c, the 3- 313 

month-old sample has a weak peak at 460 nm. However, the Pb2+ ion emission becomes 314 

relatively strong due to the degradation of Cs4PbBr6 nanocrystals. In such an aged sample, 315 

the intensity of PL 515 nm increases 5 times upon exposing the sample to UV 375 nm laser 316 

for 15 minutes and reaches the maximum after 30 minutes as shown in both Fig. 8c and 317 

8d. The Pb2+ ion emission at 417 nm was stable and the intensity of 460 nm varied slightly. 318 

The stable PL of Pb2+ ion emission can lead to a possibility of photon recycling (the process 319 

of photon re-absorption and internal re-emission from Pb2+ to 515 nm) for the enhance- 320 

ment of 515 nm. Future research can be performed on the passivation of Cs4PbBr6 nano- 321 

crystals then further encapsulated in silicon nano-sheets for photoelectric devices. 322 

 323 

Figure 8: (a) PL spectra in a region of sample where Cs4PbBr6 nanocrystals have three PL peaks at 324 
515 nm, 475 nm and weak 410 nm line (as indicated by an arrow) after 0, 2, 4, 10, 30, 50 80, and 120 325 
minutes of UV 375 nm laser exposure; (b) PL intensities of 515 nm and 475 nm as a function of times 326 
of UV 375 nm laser exposure. (c) PL spectra from 3-month-old sample after 0, 2, 3, 4, 5, 10, 20, and 327 
30 minutes of UV 375 nm laser exposure; (d) PL intensities of 515 nm, 460 nm, and 417 nm as a 328 
function of times of UV 375 nm laser exposure. 329 
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 After 12 months of ambient storage of Cs4PbBr6 nanocrystals in silicon nano-sheets, 330 

we were still able to observe the FRET as shown in Fig. 9. This time, the peak intensity at 331 

487 nm is stable during the measurement period from 0 to 120 mins. The peak intensity at 332 

515 nm is stronger than 487 nm peak. Its intensity increased from 6400 to 7600 in a short 333 

time, then stays almost constant. By comparison of two peak intensities in Fig. 9a and 9b, 334 

we can see that FRET plays a crucial role in PL enhancement of 515 nm for PeLED appli- 335 

cations. 336 

 337 

Figure 9: (a) PL spectra of 12-month old sample of Cs4PbBr6 nanocrystals encapsulated in silicon 338 
nano-sheets at 0 (blue line) and 120 minutes (red line) after UV excitation laser is turned on. (b) PL 339 
intensity at 515 nm as a function of UV exposure time. We did not conduct the fitting of peak inten- 340 
sity for 487 nm. The dashed red line is for eye-guidance only. 341 

4. Discussion 342 

Cs4PbBr6 was reported to be stable under alpha-particle excitation.[35] We first dis- 343 

cuss the UV irradiation effect on Cs4PbBr6 nanocrystals encapsulated in silicon nano- 344 

sheets. After 12 months, we rechecked XRD for the sample as shown in Fig. 10. As we can 345 

see from the figure, XRD peaks from silicon nano-sheet were still observed, indicating 346 

silicon nano-sheets were stable in 12 months. We can still observe the XRD peaks from 347 

Cs4PbBr6 nanocrystals at 12.6°, 12.9°, 22.4°, 25.4°, 27.5°, 28.6°, and 30.3° due to low diffrac- 348 

tion orders of (012), (110), (300), (024), (131), (214), and (223) planes, respectively. Diffrac- 349 

tion from the (113) plane is missing and XRD peaks are weaker from the aged sample than 350 

the fresh one, corresponding to the fact that the broad peak around 460 nm from the 351 

Cs4PbBr6 became weak and Pb2+ emission appeared after UV irradiation in Fig. 6 and Fig. 352 

8.    353 

 354 

 355 
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Figure 10. XRD patterns of Cs4PbBr6 nanocrystals encapsulated in silicon nano-sheets that are 12- 356 
month old. 357 

 358 

Figure 11: (a) Normalized PL spectra of CsPbBr3 with decreasing concentration in silicon nano-sheet. 359 
(b) PL spectra of CsPbBr3 quantum dots encapsulated in silicon nano-sheets after different times of 360 
UV laser exposure of 0, 1, 2, 4, and 35 minutes; (c) PL intensities as a function of UV laser exposure 361 
times for broad peak centered at 466 nm. 362 

We further discuss why the PL peak from Cs4PbBr6 quantum dots is broader than 363 

those from nano crystal or bulk material. Usually PL peak becomes narrower when the 364 

nanocrystal size becomes smaller due to the quantum discrete state. [33]  We assume that 365 

there are many surface trap states in the interface of silicon nano-sheets and un-passivated 366 

quantum dots, leading to a broad PL peak. To confirm the assumption, we compare our 367 

results from Cs4PbBr6 with those from CsPbBr3. We prepared CsPbBr3 encapsulated in sil- 368 

icon nano-sheets with decreasing concentration (the quantity of concentration was ig- 369 

nored) and measured their PL in Fig. 11a. Similarly, a broad peak was observed at the low 370 

concentration of CsPbBr3 in silicon nano-sheets. The intensity of the broad peak dropped 371 

quickly during the UV 375 nm laser irradiation as shown in Fig. 11b and 11c. The only 372 

difference between the Cs4PbBr6 and CsPbBr3 samples is that there is no Pb2+ ion emission 373 

in CsPbBr3 sample.  374 

5. Conclusions 375 

Silicon nano-sheets have been used to encapsulate Cs4PbBr6 nanocrystals for poten- 376 

tial integration with traditional semiconductors. For low concentration of un-passivated 377 

Cs4PbBr6 in silicon nano-sheets, pseudo-spherical quantum dots have been formed with a 378 

broad PL peak which is not stable upon an irradiation with a UV 375 nm laser. The Pb2+ 379 

ion emission has been stable upon the degradation of Cs4PbBr6 quantum dots. For high 380 

concentrations of un-passivated Cs4PbBr6 in silicon nano-sheets, ellipsoidal nanocrystals 381 

have been observed. Intensity oscillation of two PL peaks have been observed upon UV 382 

laser on and off and explained by FRET with an efficiency up to 86-87%. In a sample with 383 

three PL peaks at 515, 475 and 410 nm, the degraded (aged for 3 months) sample has 384 

shown stable Pb2+ ion/silicene emission, and enhanced intensity by 5 times for 515 nm, 385 

presumably due to photon recycling from Pb2+ ion/silicene emission to 515 nm. 386 

Supplementary Materials: The following supporting information can be downloaded at: 387 
www.mdpi.com/xxx/s1, Video S1: PL peak intensity oscillation. 388 
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