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ABSTRACT: 

Lead-free double perovskite nanocrystals (NCs) have emerged as a new category of 

materials that hold the potential for overcoming the instability and toxicity issues of 

lead-based counterparts. Doping chemistry represents a unique avenue towards tuning 

and optimizing the intrinsic optical and electronic properties of semiconductor 

materials. In this study, we report the first example of doping Yb3+ ions into lead-free 

double perovskite Cs2AgBiX6 (X = Cl-, Br-) NCs via a hot injection method. The 

doping of Yb3+ endows the double perovskite NCs with a newly emerged near-

infrared emission band (sensitized from the NC hosts) in addition to their intrinsic 

trap-related visible photoluminescence (PL). By controlling the Yb3+ doping 

concentration, the dual emission profiles and photon-relaxation dynamics of the 

double perovskite NCs can be systematically tuned. Furthermore, we have 

successfully inserted divalent Mn2+ ions in Cs2AgBiCl6 NCs and observed emergence 

of dopant emission. Our work illustrates an effective and facile route towards 

modifying and optimizing optical properties of double perovskite Cs2AgBiX6 (X = Cl-

, Br-) NCs with an indirect bandgap nature, which can broaden a range of their 

potential applications in optoelectronic devices. 

 

KEYWORDS: 

Lead-free double perovskite, Yb-doping, Mn-doping, indirect bandgap, dual emission, 

optical property  
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Introduction: 

Lead halide perovskites have attracted extensive research interest due to their 

outstanding optoelectronic properties which render them as intriguing and promising 

semiconductor materials for a broad range of applications including photovoltaic 

devices, X-ray detection and conversion, solid-state lighting and displays.1-11 

Nevertheless, these intrinsic superior properties have yet to be fully realized in 

practical applications mainly due to the obstacles from the proverbial toxicity of Pb 

inclusion and poor materials stability. 12-15 Recent studies have suggested that 

substitution of two divalent Pb2+ ions with a pair of monovalent and trivalent metal 

ions in conventional lead-halide perovskites to form so-called double perovskite 

materials is an available option to alleviate both the toxicity and stability issues while 

maintaining three-dimensional (3D) perovskite structure and charge neutrality.16-19 A 

significant amount of recent effort has been devoted to exploration of new synthetic 

methodologies and understanding of optoelectronic properties of various double 

perovskite materials.20-24 In particular, the double perovskite Cs2AgBiX6 (X = Cl-, Br-) 

NCs have gained an increased amount of attention attributable to their long photo-

generated carrier recombination lifetime, low carrier effective mass, and improved 

photo-, moisture- and thermal-stabilities.25-28 These combined merits signify them as 

promising alternatives to conventional lead-halide perovskites for future 

optoelectronic applications.29-32  

Beyond conventional synthesis, doping ‘impurities’ in perovskite NCs is a unique 
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strategy towards expanding the compositional space of perovskite materials, 

oftentimes altering their optical and electronic properties in the ways inaccessible to 

their undoped counterparts.33,34 In this regard, rare earth and transition metal elements 

represent two important categories of elements that can be successfully doped into 

perovskite structures.35-38 Among them, Mn2+ and Yb3+ ions as dopant materials can 

induce additional dopant-related emission bands, resulting in a dual emission 

property.39-41 Especially, it has been shown that the 2F5/2 → 2F7/2 f-f transition of Yb3+ 

in an octahedral symmetry environment can offer a near infrared (NIR) emission 

(~1000 nm) with quantum cutting effect, permitted by the suitable energy offset 

between the incident and emitted photons.42 The quantum cutting process may allow 

the Yb-related NIR photoluminescence quantum yields (PL-QYs) to exceed unity, 

making them extremely attractive for a spectrum of applications, e.g., biological 

imaging and solar energy harvesting and conversion.43 Despite these superior 

properties, doping in lead-free double perovskite systems remains largely unexplored. 

To the best of our knowledge, only two successful examples have been reported 

showing the incorporation of Yb3+ and Mn2+ ions in direct bandgap double perovskite 

Cs2AgInCl6 NCs.44,45 Doping Yb3+ and Mn2+ ions in indirect bandgap double 

perovskite NCs has not yet been demonstrated. 

In this work, we report the first example of Yb3+ and Mn2+ doped lead-free double 

perovskite Cs2AgBiX6 (X = Cl-, Br-) NCs with high crystallinity and morphological 

uniformity. For the Yb3+ doping case, we demonstrate that the Yb3+ ion can be doped 
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in both Cs2AgBiCl6 and Cs2AgBiBr6 NCs (Scheme 1). The doping concentration can 

be systematically controlled by adjusting the Yb-precursor amount during the 

synthesis. Optically, we show that a new NIR emission band centered at 1000 nm 

emerged resulting in a dual emission feature. The NIR emission peak has proved to be 

originated from an energy transfer process from the Cs2AgBiX6 (X = Cl-, Br-) NCs to 

the Yb-dopants, resulting in emission through the Yb3+ 2F5/2 → 2F7/2 f-f transition. 

Different PL intensity evolution trends for Yb-doped double perovskite NCs with 

different halides (i.e., Cl and Br) suggest that the energy transfer mechanisms are 

likely different for Cl and Br cases. Furthermore, we show that divalent Mn2+ ion can 

only be inserted into double perovskite Cs2AgBiCl6 NCs but not in Cs2AgBiBr6 NCs. 

Our study presented here demonstrates the feasibility of doping Yb3+ and Mn2+ 

cations into lead-free double perovskite Cs2AgBiX6 (X = Cl-, Br-) NCs, providing a 

unique system to exploit tunable dual emission and study the host-dopant interaction. 

We anticipate that our results can provide insights in delineating application-driven 

design rules for future lead-free double perovskite materials with expandable 

compositional space and tunable optoelectronic properties beyond the direct bandgap 

 

Scheme 1: Schematic illustration of the synthesis of Yb-doped double perovskite 

Cs2AgBiX6 (X = Cl-, Br-) NCs. 
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materials. 

Results and Discussion: 

Yb-doped lead-free double perovskite Cs2AgBiX6 (X = Cl-, Br-) NCs were 

prepared using a modified hot-injection method via introducing Yb(C2H3O2)3•4H2O 

into the reaction mixture (see SI for details).46 In a typical synthesis, all metal (Cs, Ag, 

Bi, Yb) carboxylate precursors were first dissolved in 1-octadecene (ODE) together 

with oleic acid (OA) and oleylamine (OLA) as co-ligands. After vacuuming at 120 °C 

for 30 mins, chlorotrimethylsilane (TMS-Cl) or bromotrimethylsilane (TMS-Br) was 

swiftly injected into the heated metal salt solution at 145 °C to initiate nucleation and 

growth of NCs. The Yb-doped double perovskite NCs were immediately formed in 

seconds, and then collected from the cooled-down growth solution by centrifugation. 

Yb-doped Cs2AgBiX6 (X=Cl-, Br-) NCs with various doping concentrations can be 

achieved by adjusting the feeding amount of the Yb-precursor (see SI for details). By 

inductively coupled plasma atomic emission spectroscopy (ICP-AES), the actual 

doping concentrations of Yb3+ ions ([Yb]/([Bi]+[Ag]+[Yb])) in lead-free double 

perovskite Cs2AgBiCl6 (Cs2AgBiBr6) NCs were determined to be from 0.6 % (0.5 %) 

to 5.5 % (5.0 %) (Tables S1-3). 

The electronic configuration of the Yb3+ ion, i.e., [Xe]4f13 endows it with an 

intricate optical property by producing a set of electronic energy levels that are 

sensitive to the local chemical environment of the Yb3+ ion.47 Figure 1 presents 

representative room-temperature absorption, PL, PL excitation (PLE) spectra, and 
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transmission electron microscopy (TEM) images of double perovskite Cs2AgBiX6 (X 

= Cl-, Br-) NCs with the Yb3+ doping concentrations of 3.1 % (X = Cl-) and 2.9 % (X 

= Br-). Both samples exhibit a sharp absorption feature with the first electronic 

transition peak at 366 nm (3.40 eV) and 427 nm (2.91 eV) for Yb-doped Cs2AgBiCl6 

and Cs2AgBiBr6 NCs, respectively (Figures 1A and C). The absorption spectra of 

doped NCs show similar peak positions and line-shapes to the undoped ones (Figures 

S1 and S2), consistent with the fact that the 6s-6p transition of the Bi3+ ions plays the 

dominating role in the first electronic transition of the double perovskite Cs2AgBiX6 

 

Figure 1: Optical and morphological data for Yb-doped double perovskite Cs2AgBiX6 

(X=Cl-, Br-) NCs. The absorption (Abs.), PL and PLE spectra of Yb-doped Cs2AgBiCl6 

NCs (Yb-doping concentration of 3.1%, A), and Cs2AgBiBr6 NCs (Yb-doping 

concentration of 2.9%, C). TEM images and SA-ED patterns (inset) of the corresponding 

Yb-doped Cs2AgBiCl6 NCs (B), and Cs2AgBiBr6 NCs (D). Inset: scale bar = 0.2 nm−1. 
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NCs.25 Our results indicate minimal electronic structure perturbations as a result of 

incorporation of guest Yb3+ ions (lack of 6p electrons) in the host double perovskite 

NCs, which also agreed well with previous observations for the Yb-doped CsPbCl3 

NCs.48  

Undoped double perovskite Cs2AgBiX6 (X = Cl-, Br-) NCs exhibit PL features with 

a broad weak emission peak (PL QY of ~ 0.3%, and full width at half maximum, 

FWHM of ~ 800 meV) centered around 680 nm (1.83 eV) (Figure S1 and S2). In 

addition, undoped samples show no any emission presence in 900-1200 nm 

wavelength range (Figure S3). The photo-recombination lifetimes determined by 

time-resolved PL spectroscopy are 33.4 ns and 5.7 ns for Cs2AgBiCl6 and 

Cs2AgBiBr6 NCs, respectively (Figure S4 and S5，Table S4 and S6). Unlike regular 

perovskite NCs, such as CsPbX3 systems, the PL peaks for Cs2AgBiCl6 and 

Cs2AgBiBr6 double perovskite NCs are more likely generated from the intra-band trap 

state related exciton recombination processes.25,49 The weak PL intensity is due to 

non-radiative pathways dominating the recombination mechanism of the photo-

generated carriers (exciton).29,50 The ultrafast charge carrier trapping process can be 

responsible to the low PL QY in addition to the indirect bandgap of the materials.19,25 

Upon Yb3+ ion doping, while maintaining the visible trap-state emission, an additional 

narrow emission peak centered at 1000 nm (1.24 eV) emerged, resulting in a dual 

emission profile for both types of double perovskite NCs (i.e., Cs2AgBiCl6 and 

Cs2AgBiBr6 NCs). This newly emerged NIR emission is a characteristic 2F5/2 → 2F7/2 
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f-f transition of a Yb3+ ion in an octahedral coordination environment,35 and 

unambiguously demonstrates the successful doping of Yb3+ ions by most likely 

replacing the native Bi3+ ions. A slight redshift (~ 12.5-15.0 meV) of the Yb-emission 

peak as compared to that of the Yb-doped CsPbCl3 NCs may be caused by photon 

energy loss by the lattice defects and strains originated from largely unbalanced sizes 

of neighboring octahedral units (AgX6 vs YbX6) in double perovskite lattices.42,43,48 

The PLE spectra collected by monitoring the PL at 680 nm and 1000 nm closely 

follow the corresponding absorption profiles, implying that the Yb3+ emission is 

sensitized by the Cs2AgBiX6 (X = Cl-, Br-) NC host through an energy transfer 

process.44,51,52 

As revealed by TEM images (Figures 1B and D, and Figure S6), the Yb3+ doped 

double perovskite NCs show a cubic shape with an average edge length of ~8.0 ± 0.6 

nm for Yb-doped Cs2AgBiCl6 NCs, and ~7.9 ± 0.7 nm for Yb-doped Cs2AgBiBr6 

NCs. In both cases, the NC size decreased slightly as compared to their undoped 

counterparts (8.5  0.5 nm and 8.4  0.7 nm for Cs2AgBiCl6 and Cs2AgBiBr6 NCs, 

respectively, Figures S7 and S8). The slight reduction in size can be somewhat 

attributed to the lattice contraction of double perovskite NCs due to the replacement 

of Bi3+ ions (1.03 Å) by smaller Yb3+ ions (0.86 Å),53 which is also reflected by the 

powder X-ray diffraction (XRD) results shown in Figure 2. Due to the high 

morphological uniformity of both samples, the lead-free double perovskite NCs can 

self-assemble into ordered monolayer lattices with localized selected-area electron 
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diffraction (SA-ED) signals (insets in Figure 1B and D). High resolution (HR) TEM 

images show that both the Yb-doped Cs2AgBiCl6 and Cs2AgBiBr6 NCs possess 

legible crystal lattices with interplanar distances of 0.27 nm and 0.28 nm, respectively 

(Figure S9). These lattice fringes match well to the (400) inter-plane distances of the 

corresponding double perovskite crystal phase, indicating the crystal structural 

 

Figure 2: Structure and morphology of Yb-doped double perovskite Cs2AgBiX6 (X=Cl-, 

Br-) NCs. (A, C) Powder XRD patterns of Yb-doped Cs2AgBiCl6 NCs and Cs2AgBiBr6 

NCs with different Yb3+ doping concentrations. (B, D) Zoomed-in XRD patterns for clear 

visualizations of the (400) diffraction peak. Standard diffraction patterns of Cs2AgBiX6 

(X=Cl-, Br-) are provided for comparison (bottom black sticks). (E-H) TEM images of Yb-

doped Cs2AgBiCl6 NCs with Yb3+ doping concentrations of 0.6 % (E), 1.2 % (F), 1.8 % 

(G), 5.5 % (H). (I-L) TEM images of Yb-doped Cs2AgBiBr6 NCs with Yb3+ doping 

concentrations of 0.5 % (I), 1.0 % (J), 1.9 % (K), 5.0 % (L). 
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integrity after Yb3+ ion doping.  

The crystal phase of the double perovskite NCs were confirmed by XRD 

characterizations. The XRD patterns of Cs2AgBiX6 (X=Cl-, Br-) NCs without Yb-

doping could be well indexed to a standard cubic double perovskite structure with a 

Fm3̅m space group and calculated lattice constants of 10.80 Å and 11.27 Å for 

Cs2AgBiCl6 and Cs2AgBiBr6 NCs, respectively (Figure 2A and C, Figures S10 and 

S16).54 Upon doping Yb3+ ions, the XRD patterns showed identical crystal structure to 

that of the undoped NCs, as depicted in Figure 2A and C. Careful examination of the 

XRD patterns revealed that all the Bragg diffraction peaks monotonically shifted 

toward higher diffraction angles when increasing the Yb-dopant concentration (Figure 

2, Figures S10-21 and Tables S8-19). For example, when monitoring the (400) peak, 

angle shifted 0.20° and 0.14° as compared to the undoped samples were observed 

when increasing the Yb concentration to 5.5% and 5.0% for Cs2AgBiCl6 and 

Cs2AgBiBr6 NCs, respectively (Figure 2B and D). These diffraction peak shifts, i.e., 

the lattice contractions, can be explained by the partial substitution of the larger Bi3+ 

ion (1.03 Å) with the smaller Yb3+ ion (0.86 Å).53 It is worth noting that, as compared 

to the undoped ones, the crystal structure of the double perovskite NCs does not show 

any appreciable changes after Yb3+ doping, even at the highest doping concentration 

studied in this work (Figure 2A-D). This high crystal phase stability can be explained 

by the same valence (3+) of the Yb-dopant ions and the Bi-host ions, as well as the 

acceptable ionic radius difference. Both factors allowed the Yb3+ ions to be immersed 
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into the double perovskite Cs2AgBiX6 (X=Cl-, Br-) lattice while retaining their crystal 

structure. Identical cubic shape with minimal variations in size for the undoped and 

Yb-doped double perovskite NCs further confirmed the invariant nucleation and 

growth processes of the Yb-doped NCs. 

Further, we have closely monitored the optical property variations of the Yb-doped 

double perovskite NCs at different doping levels. No obvious changes in absorption 

spectra were observed for the NCs with different Yb3+ doping concentrations (Figure 

S22 and S23), implying the electronic band structures of Cs2AgBiX6 (X=Cl-, Br-) NCs 

were not largely affected through doping.55 However, different variation trends for the 

PL profiles were recorded for Yb-doped Cs2AgBiCl6 and Cs2AgBiBr6 NCs. In the 

Cs2AgBiCl6 case, the visible emission weakened distinctly (~ 33 % drop in intensity) 

after incorporating 0.6% Yb3+ ions (Figure 3A and C). Whereas, as increasing the 

Yb3+ doping concentration from 0.6% to 3.1%, both the trap-state- and Yb-PL 

 

Figure 3: Normalized trap-state- and Yb-PL spectra of Yb-doped double perovskite 

Cs2AgBiX6 (X=Cl-, Br-) NCs with different doping concentrations. Yb-doped Cs2AgBiCl6 

(A, B) and Cs2AgBiBr6 (E, F) NCs. Absorbance-normalized PL intensities as a function of 

Yb3+ doping concentration for Cs2AgBiCl6 (C) and Cs2AgBiBr6 (G) NCs. PL decay profile 

plotted as a function of Yb3+ concentration for Cs2AgBiCl6 (D) and Cs2AgBiBr6 (H) NCs. 
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intensities gradually increased by 49% and 132%, respectively (Figure 3A-C). In 

parallel, time-resolved PL spectroscopy measurements on both emission bands 

showed the same lifetime prolongation trend (from 20.0 ns to 26.0 ns, and 0.97 ms to 

1.44 ms for visible and NIR emission bands, respectively) (Figure 3D, Figure S4, 

Table S4-5). The simultaneous increase of both PL (trap-state- and Yb-PL) intensities 

indicates the suppression of non-radiative photo-relaxation channels in favor of 

radiative pathways. Detailed photon relaxation dynamics however need further 

investigation. The slow carrier dynamics of the NIR emission (at ms level) is 

consistent with the parity forbidden transition (2F5/2→2F7/2 f-f transition) of the Yb-PL, 

in line with previous observations for Yb-doped CsPbCl3 NCs.48,56 Further increasing 

Yb3+ concentration to 5.5 %, however reduced intensity and shortened the lifetime for 

both visible and NIR emission bands (Figure 3A-D, Figure S4). This result is in 

accordance with the reported PL quenching effect induced by inter-dopant coupling at 

a high doping concentration.57,58  

In contrast to the matching trends for the intensity evolutions of both trap-state- and 

Yb-PL in Cs2AgBiCl6 NCs, opposite intensity progression trends were observed when 

doping Yb3+ in Cs2AgBiBr6 NCs. Specifically, upon doping 0.5% Yb3+ ions, a 

dramatic enhancement (~ 37% increase in intensity) of the visible PL as compared to 

that of the undoped sample was observed (Figure 3E and G). This is likely due to the 

suppression of non-radiative channels (e.g., surface and crystalline defects), thus 

hindrance of non-emissive energy loss, leading to an enhanced visible emission peak. 
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This dopant-induced PL intensity enhancement was also observed in other perovskite 

doping systems.33,44,59 The prolonged PL lifetime of the visible emission supports a 

partial removal of non-radiative photo-relaxation pathways (Figure 3H, Figure S5A, 

Table S6). When increasing the doping concentration from 0.5% to 5.0%, the visible 

emission intensity monotonically decreased to 31% of its highest intensity value 

(Figure 3E and G), and the corresponding photo-relaxation lifetime reduced from 7.8 

ns to 5.1 ns (Figure 3H, Figure S5A, Table S6). Meanwhile, like the Cs2AgBiCl6 NC 

sample, the Yb-PL gradually increased until it reached its maximal intensity at the 

doping concentration of 2.9% and dropped to ~ 74% of the maximal intensity by 

further increasing the doping concentration to 5.0%. This Yb-PL intensity evolution 

trend was again coherent with Yb-PL lifetime changes (Figure 3H, Figure S5B, Table 

S7). These opposite intensity progression trends between the visible and NIR bands 

suggest a possible competing energy transfer mechanism from the conduction band of 

Cs2AgBiBr6 NC host to either the intra-band trap state or the Yb3+ ion center (2F5/2 

electronic state).48 

Beyond rare earth element doping, transition metals have proved to be capable of 

incorporating into perovskite structures, and consequently altering the optical, 

magnetic, and electronic properties of perovskites.60-64 Very recently, Manna et al. 

demonstrated the first example of Mn2+ ions doped into direct bandgap double 

perovskite Cs2AgInCl6 NCs, showing that the Mn-emission PL QY of as high as 

~16%.44 To demonstrate the feasibility of doping Mn2+ ions in indirect bandgap 
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double perovskite Cs2AgBiX6 NCs, we have synthesized Mn2+ ion doped Cs2AgBiCl6 

NCs. Upon Mn2+ doping, the NC absorption profile remains nearly the same as the 

undoped sample with the first electronic transition peak centered at 366 nm (3.40 eV, 

Figure 4A). However, unlike the absorption, the PL spectral line-shape changed 

dramatically and can be fitted into two components (Figure 4B). The first component 

is a broad emission band (FWHM of ~ 820 meV) nearly identical to the emission 

profile of the undoped sample, which can be assigned to the NC intrinsic trap-state 

 

Figure 4: Characterizations of Mn-doped double perovskite Cs2AgBiCl6 NCs. (A, B) The 

absorption (Abs.), PLE and PL spectra of Mn-doped Cs2AgBiCl6 NCs. Inset: schematic of 

Mn-doped double perovskite Cs2AgBiCl6 NCs. (C) TEM image and SA-ED pattern (inset) 

of Mn-doped Cs2AgBiCl6 NCs with a Mn-doping concentration of 0.7%. Inset: scale bar = 

0.2 nm−1. (D) XRD patterns of Mn-doped (top) and undoped (bottom) Cs2AgBiCl6 NCs. 

Black sticks show the standard diffraction pattern of Cs2AgBiCl6 double perovskite. (E) 

EPR spectrum of the corresponding Mn-doped double perovskite Cs2AgBiCl6 NCs. 
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emission as we discussed above. However, the newly emerged secondary PL 

component with a relatively sharp peak profile centered at 600 nm (FWHM of ~ 300 

meV) can be attributed to the 4T1g → 6A1g d−d emission of Mn2+ ion centers.65-67 A PL 

lifetime of 0.60 ms was obtained when measuring at 600 nm, agreed well with the 

assigned spin-forbidden transition of the Mn2+ ion centers. This result unambiguously 

proved that the Mn2+ ions have been successfully doped in the Cs2AgBiCl6 host NCs. 

The sample showed a low PL QY of less than 1%, consistent with the indirect 

bandgap nature of the host double perovskite Cs2AgBiCl6 NCs.46 TEM measurement 

demonstrates that the Mn-doped Cs2AgBiCl6 NCs maintain good uniformity and a 

cubic particle shape with an average edge length of 8.5 ± 0.6 nm (Figure 4C and 

Figure S25A). The HR-TEM image displays a lattice fringe of 0.27 nm, 

corresponding to (400) plane of the double perovskite Cs2AgBiCl6 NCs (Figure 

S25B). No measurable shift in peak position can be observed from XRD patterns of 

Mn-doped and undoped Cs2AgBiCl6 NCs, which is likely due to the low doping 

concentration of Mn2+ ions in the Cs2AgBiCl6 NCs (0.7% determined by ICP-AES, 

Figure 4D, Figure S26 and Table S20). All these observations suggest that the 

crystallinity and morphology of Cs2AgBiCl6 NCs remained after doping with Mn2+ 

ions. Electron paramagnetic resonance (EPR) spectrum shows a well-defined six 

hyperfine splitting pattern due to the electron-nuclear spin coupling with a 

characteristic g-factor of 2.009 and a hyperfine coupling constant of 86.0 Gaussian 

(Figure 4E).65,68 This EPR spectrum with a characteristic sextet and the observed 
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coupling constant (i.e., 86.0 Gaussian) are signatures for represented Mn2+ ions 

positioned in an octahedral coordination environment,69 unambiguously confirming 

the successful insertion of Mn2+ ions into the double perovskite lattice.44 We 

attempted to dope Mn2+ ions into Cs2AgBiBr6 NCs under similar synthetic conditions 

to the Cs2AgBiCl6 case. However, neither optical data nor EPR measurements show 

evidence of successful Mn2+ ion incorporation.  

Figure 5: Optical, structural and morphological stabilities of the Yb- and Mn-doped 

double perovskite NCs. (A, E, I) Normalized absorption spectra (both the optical density 

and spectrum shape of the absorptions of NCs show nearly no change upon aging), (B, F, 

J) Normalized PL integrated intensity, (C, G, K) XRD patterns, and (D, H, L) TEM 

images of Yb-doped Cs2AgBiCl6 NCs (doping concentration of 3.1%), Yb-doped 

Cs2AgBiBr6 NCs (doping concentration of 2.9%) and Mn-doped Cs2AgBiCl6 NCs (doping 

concentration of 0.7%) at different storage time. TEM images show the NCs after 3-week 

storage under ambient conditions. 
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One of the advantages of double perovskites is their superior long-term stability as 

compared to the conventional lead-halide perovskites.16 To evaluate the stability of 

the Yb- and Mn-doped double perovskite NCs, we monitored the optical, structural 

and morphological evolutions of the Yb-doped Cs2AgBiX6 (X=Cl-, Br-) NCs (doping 

concentrations of 3.1% and 2.9% for Cl- and Br- samples, respectively) and Mn-doped 

Cs2AgBiCl6 NCs (doping concentration of 0.7%) during long-term storage under 

ambient conditions. We found that all three samples showed nearly no change in their 

absorption spectra, XRD patterns, and particle size and shape for at least 3 weeks 

(Figure 5). In addition, PL spectra with dual emission features remained for all three 

samples, and with slight PL intensity decrease (~25%) during the same period of 

storage time (Figure 5B, F and J, Figure S27-29). These observations indicate that 

both the trivalent Yb and divalent Mn doping could support the double perovskite 

framework of Cs2AgBiX6 (X=Cl-, Br-) with respectable NC stability at least 

comparable to their undoped counterparts.20,70 The high stability of these NCs makes 

them suitable for various applications, e.g., photocatalysts, optoelectronics and 

photovoltaics as environmentally friendly halide double perovskites.  

Conclusion: 

In summary, we have successfully synthesized highly uniformed double perovskite 

Cs2AgBiX6 (X=Cl-, Br-) NCs doped with Yb3+ ions through a hot injection method. A 

dual emission profile (trap-state and Yb3+ ion emissions) can be observed upon 

doping. The NIR Yb-PL at 1000 nm is originated from an energy transfer from 
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Cs2AgBiX6 (X=Cl-, Br-) hosts to the 2F5/2 state of Yb3+ ion. We showed that the Yb3+ 

doping concentration can be controllably tuned by changing the precursor feeding 

amount during the synthesis. While maintaining the double perovskite crystal 

structure, the lattice constant shrunk monotonically upon increasing the Yb-dopant 

concentration. Interestingly, we observed distinct PL intensity evolution trends for the 

Cs2AgBiCl6 and Cs2AgBiBr6 NCs. We demonstrated that our synthetic method can be 

extended to the synthesis of Mn2+ doped Cs2AgBiCl6 NCs. Finally, we showed that 

these Yb- and Mn-doped double perovskite NCs exhibited superior long-term stability 

under ambient conditions. Our studies presented here verify the feasibility of doping 

lead-free double perovskite NCs even with an indirect bandgap structure. This doping 

technique may further expand the compositional space and alter the optoelectronic 

properties of lead-free double perovskites for their future applications. 
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