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Abstract: 

Lead halide perovskites (LHPs) is the class of semiconductor which shows enormous 

promise for photovoltaics (PVs) and light emitting diodes (LEDs) as they have excellent 

and easily tuneable optical properties. Having all those remarkable properties, they still 

suffer from lead toxicity and stability in ambient conditions. Due to which, their commercial 

use is difficult. An enormous amount of research has been going on by different research 

groups in search of lead free halide perovskite. They have come up with lead free double 

perovskites (DPs), and Cs2AgInCl6 DP is one of them. It has a direct band gap, and are 

stable and environmentally benign material with 3D perovskite structure. However, the 

band gap of these material is large (~ 3.3 eV) and so not desirable for optoelectronic 

applications. One way to achieve typical functionality is by doping optically active metal 

ions in the lattice of DPs. In this thesis, we show the synthesis and characterization of 

Ytterbium (Yb) doped Cs2AgInCl6 DPs. Doping of Yb metal ion provides the optical 

functionality in near infrared region (NIR).  We have achieved the doping of Yb in 

microcrystals as well as colloidal nanocrystals of Cs2AgInCl6 DPs. Our Yb-doped 

Cs2AgInCl6 DPs show narrow NIR emission (~994 nm, 1.24 eV) by converting UV light 

absorbed by the host. These Yb-doped Cs2AgInCl6 DPs have millisecond range lifetime 

corresponding to 2F5/2 → 2F7/2 transition of Yb3+ f electrons. One of the unique feature of 

these Yb-doped Cs2AgInCl6 DPs is that they do not suffer from self-absorption. Due to 

that they can emit pure NIR light and can be used in NIR light emitting diodes.  

 

 

 

 

 

Major part of the work presented here has been submitted for research publication with 

following details. Mahor, Y.; Mir, W. J.; Nag, A. “Synthesis and Near Infrared Emission of 

Yb Doped Cs2AgInCl6 Double Perovskite Microcrystals and Nanocrystals”, 2019, 

submitted.  
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INTRODUCTION 

Lead halide perovskite (LHPs) of general formula APbX3 (where A = CH3NH3
+, CH5N2

+; 

X = Cl-, Br-, I-) have attracted enormous attention in the recent years as they show 

outstanding optoelectronic and optical properties.1-3 Owning all these properties, LHPs 

are employed in various devices like solar cell, light emitting diodes (LEDs) and 

photodetectors.4-13 Despite all the excellent properties LHPs suffer from thermal and 

moisture instability and lead toxicity.14-16 A good amount of research has been involved 

in resolving these issues without sacrificing the key features of LHPs. Thermal stability 

are significantly improved by going from hybrid organic LHPs to all inorganic LHPs (A 

cation= Cs+). However, there is another major issue to tackle, which is lead toxicity. For 

commercialization of electronic devices, toxic metals used in the devices should be within 

the non-hazardous limit. Encapsulation of LHPs in devices may solve the toxicity issue 

but that also increases the production cost as well as long term problem of lead toxicity 

still remains.  

Researchers are trying to replace the B-site cation (Pb2+) with homovalent cations such 

as Sn2+ and Ge2+ to mimic the properties of LHPs.17-20 However, these homovalent 

cations easily goes to the more stable oxidation state (+4). This interrupt the 3D 

framework of the perovskite structure by making cation vacancy. Similarly, replacing Pb2+ 

with other cations like Sb3+, Tl+ and Bi3+ also led to break down of 3D network of the 

perovskite structure.21-23 Therefore, they show poor optoelectronic properties. In recent 

year, research groups are trying to come up with alternative class of materials called 

metal halide double perovskite (DPs). DPs have the general formula of A2BIBIIIX6 (A= Cs+, 

BI = Cu+, Na+, Ag+, In+ and BIII = Bi3+, In3+, Sb3+, Ga3+).24-30 In designing  of DPs, two of 

Pb2+ ions in A2Pb2X6 unit have been replaced with one monovalent metal ion (M+) and 

trivalent metal ion (M3+). This combination of metal ions maintains the charge neutrality 

to get 3D halide double perovskite structure as represented in figure 1. Cs2AgBiCl6 and 

Cs2AgBiBr6 have band gap values of 2.77 eV and 2.19 eV respectively,31, 32 has been 

extensively studied.  
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Figure 1: Transformation of lead halide perovskites to halide DPs by replacement of 

two Pb2+ cations with M3+ and M+ cations each.  (Taken from ref. 29 with permission, 

Copyright 2018, Royal society of Chemistry). 

These Bi-based DPs have wide bandgaps, and therefore not recommended for thin film 

solar cell and LEDs. In additions Cs2AgBiBr6 has indirect band gap with poor absorption 

coefficient. In difference Cs2AgInCl6 halide DPs has direct band gap and stable in ambient 

conditions.24-26, 30 The flat valence band maximum (VBM) is composed of Ag 4d and Cl 

3p and conduction band minimum (CBM) is originating from delocalized In 5s states.33 

But the optical band gap of Cs2AgInCl6 DP is wide band gap (~3.3 eV) 25 in UV-region 

therefore does not show absorption and emission in the Vis-NIR region making it 

optoelectronically inactive in this popular region. Recent reports by Nandha et al 34  and 

Locardi et al 35 modulated optical properties of bulk and nanocrystals Cs2AgInCl6 

respectively, by doping Mn2+
 that emit orange coloured light. In this work, we have 

introduced the optical functionality in the NIR region by doping Yb3+ ions in the Cs2AgInCl6 

DP.  

Attempts has been done earlier for doping of Yb3+ ions in II-VI (CdSe, CdTe etc) and III-

V (InP, GaAs etc) semiconductors.36-38 Doping of trivalent lanthanide (as Yb3+) is not 

achieved in the lattice of the those crystals as trivalent lanthanide (Ln3+ and Yb3+) tends 
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to prefer octahedral coordination over tetrahedral coordination of II-VI and III-V 

semiconductors. In last few year Yb doping in LHPs has gain a huge attention as these 

LHPs offer octahedral coordination sites for Ln3+.39-42 Just like APbX3, DPs also have 

those octahedral sites. We opted for Yb3+ over other lanthanide metal ions because Yb3+ 

metal ion involves only two energy states (2F5/2 and 2F7/2). These two f states are 

separated by energy gap of 1.24 eV (~992 nm) falling  into narrow NIR region.43 This 

simplest f-electronic structure of Yb3+ minimizes non-radiative energy losses compared 

to other Ln3+ which typically have more than two valence f-electronic states.   

This thesis is divided into two chapters. In first chapter, we will discussed the synthesis 

and characterization of microcrystals of Yb-Doped Cs2AgInCl6. In chapter 2, we will 

discuss the synthesis and characterization of nanocrystals of Yb-Doped Cs2AgInCl6. 
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Chapter 1: Yb-doped Cs2AgInCl6 Microcrystals 

1.1 METHODS 

1.1.1 Chemicals:  

Hydrochloric acid (HCl, 37 wt %), cesium chloride (CsCl, 99.9%), indium (III) chloride 

(InCl3, anhydrous powder, ≥99.999%), silver chloride (AgCl, 99.999%), are purchased 

from Sigma Aldrich Chemicals. Ytterbium chloride (YbCl3, Ultra dry, ≥ 99%) is purchased 

from Alfa Aesar. All the precursors were used without any further purification. 

1.1.2 Synthesis of Yb-doped Cs2AgInCl6 Microcrystals: 

 

Figure 2: Schematic presentation Yb-doped Cs2AgInCl6 microcrystals  

Synthesis of Yb-doped Cs2AgInCl6 microcrystals is developed based on the reported 

synthesis of undoped Cs2AgInCl6 microcrystals.34 The reaction (figure 2) is carried out in 

a vial under ambient atmosphere involving acid precipitation of the product at ~75 °C. 

Typically, 0.5 mmol AgCl, 0.5 mmol InCl3, different amounts (0.1 mmol, 0.2 mmol, 0.5 

mmol and 1 mmol) of YbCl3 and 4 mL HCl are taken in a 20 mL glass vial. The reaction 

mixture is kept for heating at 75 °C over a heating plate under vigorous stirring. After 20 

minutes of heating, the reaction is initiated by adding 1 mmol CsCl. An immediate pale 

white precipitate appears and the reaction mixture is left on a heating plate for another 20 

minutes under continuous stirring for completion of the reaction. The precipitate is filtered 

out and washed with ethanol three times, dried in oven (~110 °C) for 10 minutes and final 

powder is stored in a vial for further characterization.  
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1.1.3 Characterizations: 

1.1.3.1 Inductively coupled plasma- atomic emission spectroscopy (ICP-AES): 

This technique is involved in determining the elemental composition of the sample. In 

ICP-AES, the sample is excited by high electron density and high temperature argon 

plasma. When this excited sample is relaxed in there low energy states they emit element 

specific electromagnetic radiation (wavelengths). All emitted wavelengths from different 

elements simultaneously collected by the detector. Based on the intensity of different 

wavelengths and calibrated plot content of the element is determined. 

To determine the doping percentage ICP-AES analysis has been carried out using 

ARCOS simultaneous ICP spectrometer, SPECTRO Analytical Instruments GmbH, 

Germany. All the samples were prepared in 2% HNO3. The concentration of each sample 

was kept ~10 ppm. In the case of the dopant element, the contraction was maintained to 

100 ppm and normalized to by the factor of 10.  

1.1.3.2 Field emission scanning electron microscopy (FESEM): 

FESEM technique provides information about size, shape and surface morphology and 

compositions of the compound. It has higher resolution and greater energy rang than 

convencinal SEM. In FESEM, Field emission gun is used as a electron source. Which 

provied the greater spatial resolution and low potiential. FESEM images are taken with 

Zeiss Ultra Plus Field Emission SEM instrument. Samples were mounted on individual 

substrate holders using carbon tape and dried under vacuum for about 20 min before 

recording images.  

1.1.3.2 X-ray diffraction (XRD): 

X-ray diffraction is the technique which provide the information about crystal structure, 

size of the crystals, composition of crystals and lattice parameters. It work on the principal 

of constructive interference of the X-ray from the periodic arrangements of particles in 

crystal. These constructive interference occur because of the Wulff–Bragg’s conditions.  

2d sinn
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Where d is interplaner distance in crystals, is angle of diffraction of X-ray and is 

wavelength of incident X-ray.  

XRD patterns was recorded using a Bruker D8 Advance X-ray diffraction (XRD) machine 

equipped with Cu Kα (1.54 Å) radiation. All samples are evenly spared on glass slide to 

record XRD pattern.  

1.1.3.3 Thermogravimetric analysis (TGA): 

Thermogravimetric analysis is the technique to determine the thermal decomposition of 

the compound and phase change on the crystalline material. Weight loss of the samples 

are measured as function of temperature and time. TGA data are recorded using Perkin 

Elmer STA 6000 for about 3 mg of powder samples. 

1.1.3.4 UV-Vis-NIR Diffused reflectance spectroscopy:   

Diffused reflectance spectroscopy helps to record reflectance on the materials. Light is 

easily transmitted with much scattering in liquid samples.  But in case of power samples 

light is tense to scatter in all the directions. Because of which be lost information. To 

convert reflectance in to absorbance using Kubelka-Munk function45 defined as.   

𝐹(𝑅)  =  (1 − 𝑅)2 / 2𝑅 =  𝑎/𝑆 

Where R is reflection, is absorbance coefficient and S is scattering coefficient. 

Diffused reflectance spectra of microcrystalline powders in UV-visible-NIR region are 

recorded using a SHIMADZU UV-3600 plus UV-Vis-NIR spectrophotometer.  

1.1.3.5 Steady-state PL spectroscopy and PL decay dynamics: 

Photoluminescence (PL) is the emission of light when excited electron relaxes from 

excited state to ground state by radiative emission of light. The emitted light have lower 

in energy compare to absorbed light. Samples has been excited by using steady state 

Xenon lamp and steady-state PL and PL excitation spectra was obtained. In case PL 

decay dynamics, excitation of the sample was done by using microsecond flash lamp. In 

decay dynamics time correlated single photon counting are measured. All the 
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measurements (steady-state PL, PLE and PL decay) was performed by using Edinburg 

FLS 980 (Edinburgh Instruments). 

To obtain the steady-state PL, PLE and PL decay spectra power sample was evenly 

spread on a quarts substrate.    

1.2 RESULTS AND DISCUSSION: 

1.2.1 Structure and Morphology of Yb-doped Cs2AgInCl6 Microcrystals 

ICP-AES was employed to obtain Yb concentration in the final product and data are 

summarized in Table 1. In spite of using large amount of Yb, 9% to 50% of the total cation 

precursors ([Yb] / ([Ag] + [In] + [Yb])), the amount Yb in the product (Yb-doped Cs2AgInCl6 

microcrystals) are found to be only in the range of 0.06% to 1.58%.  These results suggest 

poor Yb-doping tendency in Cs2AgInCl6 microcrystals within our reaction conditions. 

Hereafter, we mention the Yb concentration obtained from ICP-AES analysis of the 

product throughout the chapter. 

Table 1: Comparison of Yb concentration added in the reaction mixture with that found in 

the product. % is Yb is calculated following the equation {[Yb]/ ([Ag] + [In] + [Yb])}  100. 
 

Yb-doped Cs2AgInCl6 microcrystals 

%Yb  precursor taken %Yb in product 

9 0.06 

16 0.25 

33 0.96 

50 1.58 
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Figure 3: Morphology of x% Yb-doped Cs2AgInCl6 DP microcrystals. FESEM images 
of 0% (a1-a2), 0.06% (b1-b2), 0.25% (c1-c2), 0.96% (d1-d2), and 1.58% Yb (e1-e2) 
doped Cs2AgInCl6 microcrystals showing multifaceted growth. 

FESEM images in Figure 3 show micrometre sized crystals with multifaceted growth of 

undoped and Yb-doped Cs2AgInCl6. The size (~mand morphology remains similar 

for all samples with various Yb dopant percentages in the range of 0.06 to 1.58% Yb. To 

confirm the crystalline nature, we collected powder XRD patterns with varying Yb 

concentrations of samples as shown in Figure 4c. XRD pattern of the undoped sample 

match with prior report for cubic phase (elpasolite structure) of Cs2AgInCl6 DP.24 Ag and 

In both occupy octahedral voids in alternating pattern forming 3D arrangement of AgCl6 

and InCl6, and Cs+ is at cuboctahedral site (see Figure 4a & 4b). With increase in Yb 

doping concentrations, no additional impurity peak appears and the XRD patterns of all 

the samples are similar. These results confirm that the addition of Yb precursors in the 

reaction mixture do not produce any crystalline impurity phase. XRD peaks (see Figure 

2(d) for 2 ~24.2o) do not exhibit systematic shift in 2 values with Yb doping, probably 

because of the small (~1%) dopant concentrations. Yb3+ with ionic radii 0.86 Å may 

replace In3+ (0.8 Å), or Ag+ (1.15 Å) or both partially.44 Yb3+ replacing In3+ is an isovalent 

substitution and both have nearly similar radii unlike Ag+, but, Ag+ substitution may also 

occur with the formation of charged defects. Our present XRD studies are not sufficient 

to conclude whether Yb incorporation is taking place at In3+ site or Ag+ site or at both 

sites. 

(a1)

(a2)

(b1)

(b2)

(c1)

(c2)

(d1)

(d2)

(e1)

(e2)



18 
 

 

 

Figure 4: Structure of x% Yb-doped Cs2AgInCl6 DP microcrystals. (a) & (b) 
Schematics of Undoped and Yb-doped Cs2AgInCl6 DP with corner shared octahedra to 
form 3D perovskite structure similar to APbX3 perovskite respectively. (c) XRD patterns 
of x% Yb-doped Cs2AgInCl6 DP microcrystals with x varying from 0% to 1.58%. (d) XRD 
patterns of x% (x = 0 to 1.58%) Yb-doped Cs2AgInCl6 microcrystals zoomed at the peak 

2~24.2o. No systematic shift in XRD peaks with Yb-content is observed. For comparison 
purpose all XRD are shifted vertically upward.   
 
1.2.2 Optical properties of Yb-doped Cs2AgInCl6 Microcrystals: 

For confirmation of Yb3+ incorporation in Cs2AgInCl6 microcrystal is taking place, optical 

properties of these microcrystals are then explored. Figure 5a shows optical absorption 

spectra for all the samples obtained after Kubelka–Munk transformation44 of diffused 

reflectance spectra of the powder samples. A strong absorption onset at ~360 nm is 

observed for all samples corresponding to the direct band gap of Cs2AgInCl6. Below this 

band gap energy, a weak absorption tail is observed up to 550 nm. These observations 

are similar to prior reports of undoped Cs2AgInCl6 DP, where, defects in crystal gave rise 

to weakly absorbing tail below the optical band gap energy. However, Yb-doping does 

not shift sharp absorption onset ~360 nm which is not surprising since Yb concentration 

is present in small amounts in the range of 0.06 to 1.58%.  
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Figure 5: Optical properties of x% Yb-doped Cs2AgInCl6 DP microcrystals. (a) 
Absorption spectra (α/S) obtained through Kubelka–Munk transformation of diffused 
reflectance spectra, α is the absorption coefficient and S is the scattering coefficient. (b) 
PL spectra obtained after excitation at 300 nm. (c) PLE spectra collected for Yb-emission 
(~996 nm). (d) PL decay dynamics collected after excitation with microsecond flash lamp 
at 300 nm. 

PL spectra in Figure 5b shows that the undoped (0% Yb) Cs2AgInCl6 microcrystals do not 

exhibit NIR emission but all the Yb doped samples shows NIR emission with peak at ~994 

nm. Increasing the dopant concentration from 0.06% to 1.58% Yb systematically 

increases the intensity of this NIR emission. Figure 5a shows no new absorption channel 

corresponding to this NIR emission. To examine the origin of this NIR emission, PLE 

spectra corresponding to 994 nm emission for all Yb-doped samples are shown in Figure 

5c.  Clearly, the PLE spectra resemble with the absorption spectra of the host. Therefore, 
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the NIR Yb-emission at ~994 nm originates through excitation the host by absorption of 

light. The excited hosts transfer its energy to Yb dopants exciting the f-electrons in the 

dopant. The excited dopants undergoes f-f de-excitation from 2F5/2 → 2F7/2 emitting NIR 

light ~994 nm.46 There is no absorption channel in the system that overlaps with NIR Yb-

emission. Therefore, the Yb-emission from Yb-doped Cs2AgInCl6 DPs is free from self-

absorption or Forster resonance energy transfer losses. Therefore, one would expect 

minimum loss of Yb-emission in thin films unlike excitonic or band edge emission. Overall, 

the Yb doping introduced a new emission channel in NIR region unlike undoped 

Cs2AgInCl6 which is optically inactive in this region.  

PL decay dynamics in Figure 5d reveals a long lifetime of 2.7 ms for Yb-emission similar 

to prior reports of Yb-doped CsPbCl3 nanocrystals. All the samples show single 

exponential decay when excited with microsecond flash lamp. The decay profile remains 

very similar for all the dopant concentrations within the range of 0.06% to 1.58% Yb. This 

millisecond scale long lifetime is a characteristic of Yb3+ incorporated in the lattice. Note 

that surface doped Yb in tetrahedral CdSe nanocrystals show a shorter lifetime in the 

range of 27 s.37  

1.2.3 Stability of Yb-doped Cs2AgInCl6 Microcrystals: 

 
Figure 6: (a) XRD patterns. (b) TGA data for x% Yb-doped Cs2AgInCl6 microcrystals with 
different Yb-content. 
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Figure 7: (a-b) PL spectra of Yb-doped Cs2AgInCl6 microcrystals recorded at different 
time intervals from the day of synthesis. Samples are stored in ambient conditions (~24 
°C, and 30% relative humidity). 

In addition to above NIR optical properties, long term stability of perovskite structure and 

optical properties is important for real life applications. As seen in figure 6a even after 

storing for 90 days in ambient lab condition, the XRD pattern for different Yb doped 

content don’t change suggesting very good stability. We then studied the thermal stability 

of the samples using thermogravimetric analysis as shown in figure 6b. Both the undoped 

and Yb-doped Cs2AgInCl6 microcrystals do not show any weight loss till ~515 °C 

suggesting their thermal stability.  However, we do seen a decrease in PL intensity of NIR 

Yb-emission, it decreases by ~3 times after 3 months compared to fresh sample on day 

1, (Figure 7a and 7b). This long term stability of Yb-doped Cs2AgInCl6 DP microcrystals 

is notable for exploring optoelectronic devices in future. 

1.3 CONCLUSIONS 

Microcrystals of Yb-doped Cs2AgInCl6 are prepared. ICP-AES analysis shows only a 

small fraction of the added Yb concentration is present in product Cs2AgInCl6 

microcrystals (0.06% to 1.58% Yb). XRD patterns suggest phase purity for all the 

samples. All the Yb-doped samples exhibit distinct NIR emission with peak at ~994 nm. 

Comparisons of optical absorption and PLE spectra show that both microcrystals hosts 

absorb the light, and subsequently transfers their energy non-radiatively to excite the Yb3+ 
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hosts. Then the de-excitation of f electrons (2F5/2 → 2F7/2 transition) of Yb3+ dopant results 

into the NIR light emission. The microcrystals exhibit a single-exponential decay of Yb-

emission with a long lifetime of 2.7 ms. These Yb-doped Cs2AgInCl6 microcrystals are 

stable in ambient conditions making them suitable for potential applications in designing 

NIR light emitting diodes, and sensors. 
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Chapter 2: Yb-doped Cs2AgInCl6 Nanocrystals 

2.1 METHODS 

2.1.1 Chemicals:  

Silver acetate (CH3CO2Ag, 99.99%), indium (III) acetate ((CH3CO2)3In, 99.99%), 

ytterbium nitrate pentahydrate (Yb(NO3)3.5H2O, 99.99%), cesium carbonate (Cs2CO3,  

99%), oleic acid (90%), oleylamine (70%), benzoyl chloride (98%) and dowtherm A 

(eutectic mixture of 26.5% diphenyl + 73.5% diphenyl oxide) are purchased from Sigma 

Aldrich Chemicals. All the precursors were used without any further purification. 

2.1.2 Synthesis:  

2.1.2.1 Cesium Oleate Preparation:  

0.5 M stock solution of cesium oleate is prepared following prior report.35 Typically, 

Cs2CO3 (1630 mg) and 20 mL of oleic acid are taken into a three-neck round bottom flask 

(RB). The reaction mixture is degassed at 100 °C for 30 minutes and the temperature is 

raised to 140 oC. Once clear solution of Cs-oleate forms, the solution is stored at room 

temperature and requires heating up to 100 °C before use. 

2.1.2.2 Synthesis of Yb-doped Cs2AgInCl6 Nanocrystals:  

Synthesis of Yb-doped Cs2AgInCl6 nanocrystals were carried out by modifying prior report 

of synthesis of undoped Cs2AgInCl6 nanocrystals.35 Typically, CH3CO2Ag (0.21 mmol, 30 

mg), (CH3CO2)3In (0.25 mmol, 183.5 mg), Yb(NO3)3.5H2O (0.5 mmol) and 4 mL dowtherm 

A are taken in a 50 mL RB. The RB along with the reaction mixture is mounted on a 

Schlenk line apparatus. The reaction mixture is degassed by using vacuum and N2 for 

about 20 minutes at 40 °C under continuous stirring. After degassing, 1 mL 0.5 M Cs-

oleate stock solution (preheated at 100 °C) and 0.5 mL oleylamine is injected under N2 

flow. The 2nd round of degassing is further carried for about 15 minutes. The reaction 

temperature is increased to 105 °C under N2 flow. At this set (105 °C) temperature, 250 

µL benzoyl chloride dissolved in 1.8 mL degassed dowtherm A is injected quickly and the 
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reaction is quenched within 5s by immersing the RB in an ice-bath. Cs2AgInCl6 

nanocrystals are then precipitated by centrifuging the crude mixture at 7000 rpm for 10 

minutes. The supernatant is discarded and the obtained pellet is dispersed in hexane.   

Similarly, synthesis of undoped Cs2AgInCl6 nanocrystals is carried out in the same way 

but without adding Yb(NO3)3.5H2O (0.5 mmol) precursor.  

2.1.3 Characterizations: 

2.1.3.1 Inductively coupled plasma- Mass spectroscopy (ICP-MS): 

This technique is involved in determining the elemental composition of the sample. In 

ICP-MS, the sample is ionized by high electron density and high temperature Argon 

plasma. Then the ionized sample goes to MS (mass spectrometer). MS separates 

elements based on the mass to charge ratio. Further, these ions are directed to electron 

multiplier tube detector which identifies them.  

To determine the doping percentage ICP-MS analysis has been carried out using iCAP 

TQ ICP-MS, The Thermo Scientific instrument. All the samples were prepared in 2% 

HNO3. The concentrations of sample were kept to 20 ppb, 50 ppb, and 100 ppb. Dopant 

percentage was averaged out over these concentrations for accuracy.  

2.1.3.2 X-ray diffraction (XRD): 

Structural analysis are carried out using a Bruker D8 Advance X-ray diffraction (XRD) 

machine equipped with Cu Kα (1.54 Å) radiation. Samples of thin films of nanocrystals 

over a glass slide are used to measure XRD pattern. Thin files of nanocrystals have 

prepared by drop casting of concentrated dispersion of samples.    

2.1.3.3 Transmission electron microscopy (TEM) and high-resolution TEM 

(HRTEM): 

Transmission electron microscopy (TEM) images and high-resolution TEM (HRTEM) 

images are captured by using a UHR FEG-TEM, JEOL JEM 2100F field emission 
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transmission electron microscope at 200 kV. TEM samples are prepared by drop casting 

a dilute dispersion of samples on carbon coated Cu TEM grid. 

2.1.3.4 UV-Vis spectroscopy:  

UV-Vis spectroscopy technique has been applied to know the band gap of the samples. 

UV-Vis spectra is the result of the light absorbed by the sample when a beam of light 

passes through liquid sample. When a beam of light is shines on the sample, transition 

of electrons happens from lower energy level to higher energy level by absorbing light of 

corresponding energy.      

UV-visible absorption spectra of colloidal dispersion of nanocrystals are measured using 

Cary series UV Visible Spectrophotometers. 

2.1.3.5 Steady-state PL and PL decay dynamics: 

Photoluminescence (PL) is the emission of light when excited electron relaxes from 

excited state to ground state by radiative emission of light. The emitted light have lower 

in energy compare to absorbed light. Samples has been excited by using steady state 

Xenon lamp and steady-state PL and PL excitation spectra was obtained. In case PL 

decay dynamics, excitation of the sample was done by using microsecond flash lamp. In 

decay dynamics time correlated single photon counting are measured. All the 

measurements (steady-state PL, PLE and PL decay) was performed by using Edinburg 

FLS 980 (Edinburgh Instruments). 

2.2 RESULTS AND DISCUSSION: 

2.2.1 Structure and morphology of Yb-doped Cs2AgInCl6 Nanocrystals.  

ICP-MS analysis reveals that final product nanocrystals have a 6.2% Yb. Compared to 

the precursor concentration (50% Yb), here again a small percentage of Yb is present in 

product nanocrystals, similar to the case of Yb-doping in Cs2AgInCl6 microcrystals. TEM 

and HRTEM images of undoped and Yb-doped Cs2AgInCl6 nanocrystals are shown in 

figure 8a-d. The doped nanocrystals show cubic morphology with an average edge length 

of nanocubes around 11.3 ± 1.7 nm (Figure 9b), compared to average edge length 10.5 
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± 1.7 nm for undoped nanocubes (Figure 9a). HRTEM image in Figure 8d shows single 

crystalline nature of nanocube with an interplanar distance of 3.7 Å and 2.6 Å 

corresponding to (220) and (400) planes of cubic phase of Cs2AgInCl6 DP respectively. 

Figure 8b shows the HRTEM of undoped Cs2AgInCl6 nanocrystals which show the 

crystallinity of these nanocrystals. Similar interplanar distance was observed as in Yb-

doped Cs2AgInCl6 nanocrystals. 

 

Figure 8: TEM image of (a) Undoped nanocrystals and (c) Yb-doped nanocrystals. 

HRTEM image of (b) Undoped and (d) Yb-doped nanocubes of each kind showing 

crystalline nature and respective interplanar distances.  
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Figure 9: Size distribution histogram of (a) undoped Cs2AgInCl6 nanocrystals with 

average diameter of nanocube is 10.5 nm. (b) Yb-doped Cs2AgInCl6 nanocrystals with 

average diameter of nanocube is 11.3 nm. 

 

Figure 10: XRD patterns of undoped and Yb-doped nanocrystals in comparison with bulk 

Cs2AgInCl6 reference.  

Figure 10 shows XRD patterns of both undoped and Yb-doped Cs2AgInCl6 nanocrystals 

in comparison with reference XRD pattern of bulk Cs2AgInCl6. Both the samples show 
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XRD patterns consistent with cubic phase of Cs2AgInCl6 DP with no unwanted impurity 

peak. XRD patterns of the undoped and 6.2% Yb-doped samples are similar with no clear 

shift in peaks similar to undoped and doped Cs2AgInCl6 DP microcrystals. 

2.2.2 Optical properties of Yb-doped Cs2AgInCl6 nanocrystals.  

Figure 11a compares the UV-visible absorption spectrum of colloidal Yb-doped 

Cs2AgInCl6 nanocrystals with that of undoped sample. Both undoped and Yb-doped 

nanocrystals show excitonic absorption at ~345 nm which is close to absorption onset 

~360 nm of Cs2AgInCl6 microcrystals.  This suggest that our nanocubes (edge length 11 

nm) are either under weak or no quantum confinement resulting into optical band gap 

similar to that of bulk Cs2AgInCl6 microcrystals. Figure 11b shows comparison of PL 

spectra of undoped and Yb-doped Cs2AgInCl6 

 

Figure 11: optical properties of undoped and 6.2% Yb-doped Cs2AgInCl6 DP 

nanocrystals. (a) UV-visible absorption spectra and (b) PL spectra of colloidal undoped 

and Yb-doped nanocrystals. PL spectra are obtained after excitation at 270 nm. Black 

arrow in (b) highlights weak defect induced emission in Cs2AgInCl6 DP nanocrystals. Inset 

of (a) shows PLE spectra collected for Yb-emission (~996 nm).  

nanocrystals from visible to NIR region. Undoped Cs2AgInCl6 nanocrystals show weak 

defect related signal ~607 nm (see black arrow in Figure 11b) similar to prior reports of 

bulk Cs2AgInCl6.24, 30 Interestingly, Yb-doped nanocrystals show a new stronger emission 
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channel active in NIR region (~996 nm) unlike the undoped Cs2AgInCl6 nanocrystals. PLE 

spectra in the inset of Figure 9a resembles with the absorption spectra suggesting that 

the NIR Yb emission originate via photoexcitation of the host nanocrystals.  

 

Figure 12: PL decay dynamics of Yb-emission collected at 996 nm after exciting with 

microsecond flash lamp at 270 nm. 

PL decay dynamics in Figure 12 reveals two PL decay lifetimes,  = 3 ms (36% 

contribution) and short component  = 749 s (64% contribution) for the Yb-emission at 

996 nm. The longer component 3 ms lifetime of nanocrystals is close to the 2.7 ms lifetime 

for Yb-doped Cs2AgInCl6 microcrystals (Figure 5d). Probably the shorter (749 s) lifetime 

is attributed to Yb dopants with slightly distorted coordination near the surface.  

 

2.3 CONCLUSIONS 

Colloidal nanocrystals of Yb-doped Cs2AgInCl6 are prepared. ICP-MS analysis shows 

only a small fraction of the added Yb concentration is present in product Cs2AgInCl6 

nanocrystals (6.2% Yb). XRD patterns suggest phase purity for all the samples. All the 
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Yb-doped samples exhibit distinct NIR emission with peak at ~994 nm. Comparisons of 

optical absorption and PLE spectra show that both microcrystals and nanocrystals hosts 

absorb the light, and subsequently transfers their energy non-radiatively to excite the Yb3+ 

hosts. Then the de-excitation of f electrons (2F5/2 → 2F7/2 transition) of Yb3+ dopant results 

into the NIR light emission. Nanocrystals show somewhat different PL decay profile with 

bi-exponential decay for Yb-emission with contribution from 3 ms (36 %) and 749 s 

(64%) lifetimes. These Yb-doped Cs2AgInCl6 nanocrystals are stable in ambient 

conditions making them suitable for potential applications in designing NIR light emitting 

diodes, and sensors. 
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