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ABSTRACT 

 

Recently, all-inorganic perovskite nanomaterials have been studied because of 

their higher stability than organic-inorganic hybrid perovskite. However, modifying 

previous method to simpler and finding other all-inorganic perovskite composition are 

demanded due to its complicate method. Thus, in this work we studied tuning all visible 

range with cesium lead halide nanocrystals and synthesizing new perovskite 

composition with different inorganic elements which are not studied before. 

Nowadays, it is important to develop simple synthesis method to apply 

luminescence nanoparticle on various application such as light emitting diode and 

laser. In the first part, we studied halide ion exchange on cesium lead halide perovskite 

nanocrystals. With halide exchange, we can tune cesium lead brome perovskite which 

is green emitting nanocrystals to other halide perovskite which emit different color in 

all visible range with different concentration LiI or LiCl. Halide exchange happens in 

room temperature within few seconds. Interestingly, reverse reactions also happen 

when we use LiBr solution. Moreover, Maximum 5 cycles can happen in one sample. 

Exchanged nanocrystals exhibit very bright luminescence and it has narrow half full 

with full-with-half-maximum (15-20nm) and their radiative life is 1-16ns. We fabricate 

photo-detector with cesium lead iodide nanocrystals. It shows high responsibility with 
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light. Therefore, we can check the potential of cesium lead halide perovskite as photo 

application. 

Unlike cesium lead halide perovskite nanocrystal, few perovskite nanocrystals 

which have different compositions have been studied. Therefore, searching new class 

of perovskite nanocrystals is demanded for various applications. In chapter 2, we firstly 

synthesized colloidal rubidium lead halide perovskite nanowires. Rubidium lead halide 

perovskite nanowire has orthorhombic structure and its lengthy is few macro meter. 

Rubidium lead halide perovskite nanowire strongly absorb the light below 450nm and 

it shows good responsibility with light. Therefore, we suggest that rubidium lead halide 

perovskite nanowire can be potential candidate for optoelectronic materials. 

 

 

Keywords: hot-injection method, Perovskite solar cells, Colloidal quantum dots, 

Nanowires, Halide exchange  
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Cesium Lead Halide Perovskite Nanocrystals with 

Tunable Emission. 
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Ⅰ. Introduction 

 

Colloidal semiconductor nanocrystals (NCs) with dimensions in the 2-20 nm 

regime have been extensively studied and demonstrated promising applications in 

various optoelectronic devices such as photovoltaics, light emitting diodes, 

photodectors and field-effect transistors.1-12 Most of their unique properties are 

associated with band gap energy of NCs, which can be easily controlled by 

manipulating the size, shape, and composition of these NCs.1,13,14 In addition, colloidal 

NCs can be well dispersed in variety of solvents to make nanocrystals ink, which allow 

us to prepare low-cost, large-area optoelectronic devices by simple processing 

techniques such as drop casting, spin coating and ink-jet printing. 

Recently, hybrid organic-inorganic lead halide perovskites (CH3NH3PbX3, where 

X = Cl, Br, I) have attracted great attention as light absorbers in photovoltaics due to 

their amazingly rapid rise in their performance.15-17 Besides photovoltaics, these 

perovskites have also been explored as potential in other applications such as water 

splitting and light-emitting diodes.18-21 Another potentially attractive but less explored 

perovskites are all inorganic cesium lead/tin halides (CsPb(Sn)X3, where X = Cl, Br, I). 

CsSnI3 has been reported to possess excellent hole transport properties in solid state 

dye-sensitized solar cells.22 More recently solar cells fabricated using CsPbBr3 as light 

absorber material showed comparable performances with the organic one 

(CH3NH3PbBr3), especially in producing high open circuit voltages that are 

characteristics of perovskite solar cells.23 Most of the investigations on CsPb(Sn)X3 

perovskites utilize bulk crystals or thin films of these materials.24-26 On the other hand, 
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reducing the dimensionality to nanoscale would bring more exciting properties in these 

perovskites. Recently, Protesescu et al. reported a new synthetic method to produce 

colloidal CsPbX3 NCs. All the NCs exhibited bright luminescence with quantum yields 

up to 90% and the narrow emission wavelengths were tuned over the entire visible 

region depending on the NCs size and halide ions composition.27  

      Post synthetic transformation reactions in NCs such as cation and anion 

exchange reactions have emerged as powerful tools for fine control over the NCs 

composition.28-35 While cation exchange reactions have been widely reported in 

nanocrystals, reaction involving anions have rarely been reported.  Park et al. 

reported the synthesis of ZnS hollow nanoparticles through anion exchange reaction 

involving ZnO nanoparticles.36 In addition, a recent study from Grätzel group reported 

the halide ions exchange in CH3NH3PbX3 perovskite films using CH3NH3X (X= Cl, Br, 

I).37 However, to the best of our knowledge, there is no report on the halide exchange 

reactions in colloidal NCs to produce highly luminescent materials.  
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Ⅱ. Experimental Section 

 

2.1. Materials 

Cesium carbonate (Cs2CO3, 99.9%), Lead(II) bromide (PbBr2, 99.999%), Lithium 

iodide (LiI, 99%) were all used as received from Sigma Aldrich. Lithium bromide (LiBr, 

99.998%), Lithium chloride (LiCl, 99.995%) were purchased from Alfa Aesar and used 

as-received. 1-octadecene (ODE, 90%), Hexane (95%, anhydrous grade) and Ethanol 

(anhydrous grade, 99.5%) were purchased from Sigma-Aldrich and used without 

further purification. Oleic acid (OA, 90%) and Oleylamine (OAm, 70%) were purchased 

from Sigma-Aldrich and dried under vacuum. 

 

2.2. Synthesis of CsPbBr3 Nanocrystals (NCs) 

2.2.1 Preparation of Cs-oleate 

0.207 g of Cs2CO3 was mixed with 10 mL of ODE and 625 µL of OA in a three neck 

flask. The mixture was dried under vacuum at 120 °C for 1 h. Then the mixture was 

heated to 150 °C under N2 until all Cs2CO3 reacted with OA to form Cs-oleate and kept 

at 100 °C. 

2.2.2 Synthesis of CsPbBr3 NCs 

0.069 g of PbBr2 and 5 mL of ODE were loaded into 25 mL 3-neck flask and dried 

under vacuum for 1h at 120 ºC. Dried OAm (0.5 mL) and dried OA (0.5 mL) were 

injected at 120 ºC under N2. After complete solubilisation of a PbBr2 salt, the 

temperature was raised to 160 °C. Then 0.4 mL of above mentioned Cs-oleate solution 

was injected quickly and 5s later, the reaction mixture was cooled by the ice-water 

bath. The NCs were precipitated using ethanol, re-dispersed in 30 mL of hexane and 
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filtered through 0.2 µm PTFE filter. 

 

2.3. Anion exchange reactions 

2.3.1 Forward anion exchange reacions 

All the exchange reactions were carried out at room temperature in air. Typically, 10 

µL of ethanol solution of LiI or LiCl was added to 1 mL of above prepared CsPbBr3 

NCs in hexane (~2 mg/mL). Then the mixture was shaken vigorously which produced 

a color change from green to red for LiI and colorless for LiCl. The whole exchange 

reaction was completed in less than 5 seconds. Then the mixture was filtered through 

0.2 µm PTFE filter and taken for analysis. 

2.3.2 Reverse anion exchange reactions 

For the reverse anion exchange, first the CsPbBr3 NCs were exchanged with LiI or 

LiCl to CsPbI3 or CsPbCl3 NCs. Then 10 µL of ethanol solution of LiBr was added to 1 

mL of above prepared CsPbI3 or CsPbCl3 NCs. Then the mixture was shaken 

vigorously which produced a color change from red to green for CsPbI3 NCs and 

colorless to green for CsPbCl3 NCs. Then the mixture was filtered through 0.2 µm 

PTFE filter and taken for analysis. 

 

2.4. Fabrication of CsPbBr3 NCs photodetector 

 The photodetector devices were fabricated on a heavily doped Si substrate with pre-

patterned gold electrodes. Then anion exchanged CsPbI3 NCs were drop casted on 

the substrate and annealed at 200 °C for 30 min inside glove box. 
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2.5. Characterization 

 

X-Ray Diffraction (XRD). X-ray diffractograms were obtained by using a Rigaku 

MiniFlex 600 diffractometer, equipped with a Cu Kα X-ray source (λ=1.5418 Å). 

Samples for XRD analysis were prepared by depositing a hexane dispersions NCs on 

a microscopic glass substrate. 

 

Transmission Electron Microscopy (TEM). TEM, High-resolution TEM (HRTEM) 

images, STEM Energy Dispersive X-ray Spectroscopy (EDS) spectra were performed 

on a JEOL-2100F microscope operating at 200 KeV. Samples were prepared by 

dropping diluted nanocrystals colloidal suspensions onto a carbon-coated 200 mesh 

copper grids. 

 

UV-vis Absorption Spectroscopy. Absorption spectra of NCs dispersed in hexane 

were measured in 1 cm path length quartz cuvettes using a Cary 5000 UV-vis-NIR 

(Agilent Technologies) spectrophotometer.  

 

Photoluminescence Spectroscopy. PL spectra of NCs dispersed in hexane were 

measured using Cary Eclipse fluorescence spectrophotometer. (λexc = 400 nm for all 

samples but 350 nm for blue emitting CsPbCl3 samples). 

 

Time resolved PL spectra. The Time-resolved PL spectra was measured using time-

correlated single photon counting system (Picoquant, Fluotime 200). The PL emissio

n from the samples was collected by a pair of lenses into the concave holographic gr
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ating of 1200g/mm and detected by photomultiplier tube (PMT). The temporal resolut

ion, repetition rate are 80 ps, 10 MHz, respectively. The samples were excited by wit

h 375 nm pulses (LDH-P-C-375, 3µW) at room temperature. PL decay curves were 

fitted by a biexponential decay function (1)          

                                             (1) 

 

Photocurrent measurements. To evaluate the photoresponse of the CsPbI3 NCs, 

two parallel gold electrodes pre-patterned on highly doped silicon wafers with a 100 

nm thermal oxide layer was used. The samples were prepared by drop-casting purified 

colloidal nanostructures in hexane solution onto the substrate. The devices were 

annealed at 200 °C for 30 min under nitrogen atmosphere. The current–voltage 

characteristics were recorded using a Keithley 2636A Source Meter with or without 

illumination under 405nm laser diode with the light intensity from 0.01mw/cm2 to 

1.38mw/cm2. The scan voltage was tuned from −3V to 3 V. 

 

For measurements of the photocurrent action spectra. The photocurrents were 

measured under monochromatic illumination from a 150W Xenonarc lamp (Oriel 

#67005) dispersed with the motorized monochromator (Oriel Cornerstone 130 1/8m) 

with the grating artifacts filtered out. The light intensity at each wavelength was 

measured with calibrated Si detector (Merlin, 10x10mm, 200-1100nm), mounted 

exactly in place of the NC samples. The photocurrent response at each wavelength 

was measured using a Keithley 2400 source meter controlled by home-written 

Labview program. The action spectra were typically measured by scanning the 

wavelengths from 750 nm to 450 nm.  

1 2/ /

1 2( )
t t

PLI t Ae A e
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Ⅲ. Results and Discussion 

 

We synthesized colloidal CsPbBr3 NCs which were capped with organic ligands. 

These NCs were dispersed in anhydrous hexane. We chose CsPbBr3 NCs to study 

the halide exchange reactions, since it has a visible green emission around 508 nm 

which can be tuned either in blue or red side of the visible spectrum by substituting Br 

with Cl or I ions. CsPbBr3 NCs of of size around 8 nm were synthesized following the 

procedure reported by Protesescu et al. The exchange reactions were carried out at 

room temperature by adding calculated amount of ethanol solution of LiI or LiCl to the 

CsPbBr3 NCs in hexane. Then the mixtures were shaken vigorously which produced 

a color change from green to red for LiI and colorless for LiCl. The whole exchange 

reaction was completed in less than 5 seconds. The schematic of the exchange 

reactions is shown in Figure. 3.1. 

 

Figure 3.1 Schematic of the anion exchange reactions in CsPbX3 NCs. 
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Figure 3.2. XRD patterns of the CsPbBr3 NCs and halide exchanged samples. 

 

 As shown in Figure. 3.2, the as-synthesized CsPbBr3 NCs has a cubic structure 

(JCPDS No. 54-0752) and remained unaltered after exchanged with I or Cl. However, 

the (200) reflection at 30.68° gradually shifted to lower angles for Br to I exchange due 

to the lattice expansion by substituting larger I ion for smaller Br ion. In the same 

manner, the (200) reflection shifted to higher angles for Br to Cl exchange, in 

accordance with the lattice contraction. We also observed a change in the intensity of 

the XRD peaks. For the iodide exchanged samples the intensity of the (200) plane 

was very high compared with other planes. This shows that the CsPbI3 NCs were 

grown along the (200) plane direction after the iodide exchange reaction. 
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Figure 3.3. TEM images of (a) CsPbBr3 NCs, (c) CsPbI3 NCs and              

(d) CsPbCl3 NCs and (b) high-resolution TEM image of CsPbBr3 

 

 The morphology of the as-synthesized CsPbBr3 NCs and halide exchange 

synthesized CsPbI3 and CsPbCl3 NCs were analyzed using transmission electron 

microscopy (TEM). In figure 3.3 (c) and (d), both the CsPbI3 and CsPbCl3 retained the 

cubic morphology of the original CsPbBr3 NCs (Figure 3.3 (a)). However, all the three 

samples have different thickness as deduced from the different contrast in the TEM 

images. CsPbI3 NCs were thicker than the original CsPbBr3 NCs, whereas CsPbCl3 

NCs were thinner than the CsPbBr3 NCs. This is consistent with the XRD observation, 

where growing along (200) plane direction can increase the thickness of the NCs 
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(Figure. 3.3). The elemental compositions of the exchanged samples were obtained 

using energy dispersive X-ray spectroscopy (EDS). EDS data obtained from three 

different locations suggest the complete conversion of Br to I (Table 3.1). 
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Table 3.1. EDS data of CsPbBr3 and CsPbI3 NCs. Due to the very thin nature of 

CsPbCl3 NCs we couldn’t get any quantitative data. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Crystal structure of CsPbBr3 with (100) and (110) planes. 

  

 CsPbBr3 (at %) CsPbI3 (at %) 

Cs Pb Br Cs Pb I 

1 

2 

3 

21.3 

22.4 

15.5 

22.6 

22.9 

20.4 

56.1 

54.7 

64.1 

21.0 

21.4 

21.6 

19.3 

19.0 

20.7 

59.5 

59.6 

57.7 

Average 

ratio 

19.7 21.96 58.3 21.3 19.6 58.93 
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Figure 3.5. (a) Digital photograph of anion exchange synthesized colloidal NCs 

in hexane under UV lamp (λ = 365 nm). (b) UV-vis absorption and (c) 

photoluminescence spectra of CsPbBr3 NCs exchanged with 

different concentrations of LiI and LiCl. 

 

The halide exchange reactions of CsPbBr3 to CsPbI3 with different concentrations of 

LiI was monitored using absorbance and photoluminescence spectroscopy. The as-

synthesized CsPbBr3 has an absorbance peak around 485 nm which is red shifted to 

510 nm after reacting with 10 µL of 0.16 M LiI (Figure. 3.5b). With increasing 

concentration of LiI, the absorbance peak gradually red shifts and reached a final value 

of 634 nm for 1.28 M LiI. This shift correlates with the XRD measurements, which 
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shows a gradual shift of the (200) plane towards lower angles, suggesting the 

substitution of I for Br (Figure. 3.2). As shown in Figure. 3.5c, the PL peak can be tuned 

from 508 to 654 nm with different concentrations of LiI. When LiI was replaced with 

LiCl, the absorbance and luminescence peaks of CsPbBr3 were blue shifted to lower 

wavelengths. This is due to the gradual conversion of CsPbBr3 to CsPbCl3. The 

CsPbCl3 NCs exhibited strong absorbance and narrow luminescence peaks (FWHM 

= 15 nm). The position of absorption and emission peaks of CsPbBr3 NCs treated with 

different concentration of lithium halides are listed in Table 3.2. Time resolved 

photoluminescence decays of the CsPbX3 NCs showed radiative lifetimes in the range 

of 1-16 ns with longer lifetime for iodide exchanged NCs (Figure 3.6.) 

 

Table 3.2. The position of absorption and emission peaks of CsPbBr3 NCs 

exchange reactions with different concentration of lithium halides. 

Lithium 

halide 

Concentration 

(M) 

Volume 

(µL) 

Absorbance 

(nm) 

Emission 

(nm) 

CsPbBr3 to CsPbI3 (CsPbBr3 NCs emission – 508 nm) 

nmnmnm)kjvhdkjfgbkdfjbvkjgdfggbfdghfdfdgkfvkjbdf 

 

 

 

LiI 0.16 10 510 532 

 

532 

LiI 0.32 10 544 570 

LiI 0.64 10 589 615 

LiI 1.28 10 634 654 

 CsPbBr3 to CsPbCl3 (CsPbBr3 NCs emission – 508 nm) 

LiCl 0.16 10 452 483 

LiCl 0.32 10 430 459 

LiCl 0.64 10 405 425 
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Figure 3.6. Time-resolved PL decays and radiative lifetimes of parent     

CsPbBr3 and all the anion exchange synthesized samples.  
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 Figure 3.7. Theoretical fits to the experimental absorption spectra of     

(a) CsPbCl3, (b) CsPbBr3 and (c) CsPbI3 NCs. (d) Plot of exci

ton binding energy as a function of absorption wavelength. T

he blue line (d) represents the thermal energy in room tempe

rature. 

 

To investigate the fast decay processes in the blue regime, we studied the stability of 

exciton at room temperature. The bandgap energy and Wannier exciton binding 

energy can be extracted using the absorption coefficient of the Elliot’s theory including 

coulomb interaction. Figure 3.7 shows the theoretical fits to the experimental 
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absorption spectra for each samples. The exciton binding energy is increased as the 

band gap increases, which is similar to observations in various direct gap 

semiconductors. Considering the thermal energy of room temperature (~ 25 meV), the 

dissociation of exciton is activated in samples which have band gap energy lower than 

2.34 eV. As shown in Figure 3.7b, a clear exciton absorption can be observed in the 

blue regime due to more stable exciton. However, in the green emission regime where 

the band gap energy is lower than 2.34 eV, the absorption due to band gap and exciton 

cannot be completely resolved. At this point, the fast decay component due to exciton 

recombination in the TRPL disappears and the slow decay process become dominant. 

This further supports the fact that fast decay process corresponds to the recombination 

of exciton is dominant in blue emitting samples.  

  



 

- 18 - 

 

 

Figure 3.8. Absorption and PL spectra of the (a,b) CsPbI3-CsPbBr3 and (c,d) 

CsPbCl3-CsPbBr3 reverse halide exchange reactions 

 

Another interesting finding of our work is the reversibility of the anion exchange 

reactions. Once exchanged from CsPbBr3 to CsPbI3, the CsPbI3 NCs can be 

reversed back to CsPbBr3 by reacting with LiBr. Figure 3.8a shows the absorption 

spectra of the reverse anion exchange reaction of CsPbI3 NCs with different 

concentration of LiBr. The absorption peak of CsPbI3 gradually blue shifted to the 

lower wavelength and reached a final value of 501 nm, which is in between the pure 

CsPbBr3 NCs (485 nm) and slightly iodide exchanged CsPbBr3-xIx NCs (510 nm). 

This suggests that the complete reversal to CsPbBr3 is not possible. The 
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corresponding PL spectra is shown in Figure 3.8b. In a similar way, CsPbCl3 NCs 

also can be reversed back to CsPbBr3 using LiBr (Figure 3.8c and d). The PL life 

time of the reverse exchanged sample did not change much compared with forward 

anion exchanged samples (Figure 3.6). The morphology of the NCs remained 

unaltered after reverse exchange reactions (Figure 3.9.). We also found that a 

maximum number of five complete halide exchange cycles (i.e. Green to Red and 

Red to Green) possible for the same NCs solution (Figure 3.10.). After 5 cycles the 

nanocrystals are precipitated due to the increased concentration of ethanol in the 

solution. 
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Figure 3.9. TEM images of CsPbBr3 NCs synthesized from reverse exchange 

reactions of CsPbI3. 

 

 

 

Figure 3.10. PL spectra of complete exchange cycles for (a) CsPbI3 to CsPbBr3 

and (b) CsPbCl3 to CsPbBr3 conversion.. 
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Figure 3.11. (a) Schematic of the CsPbI3 NCs photodetector. (b) I-V 

characteristics of close-packed CsPbI3 NC films as a function of 

incident light intensity. (c) Dependence of the photocurrent on the 

light intensity at different applied bias. (d) Absorption and spectral 

dependence of the photocurrent measured at 1V bias. (e) 

photocurrent-time (Iph-t) response measured in the dark and 
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under illumination using a laser diode at 405nm as a function of 

applied bias at fixed light intensity (Pin=1.98mW/cm2). (f) Rise and 

decay time of the photodetector device. 

 

In order to demonstrate the potential application of these NCs in 

optoelectronics, we fabricated photodectors devices with CsPbI3 NCs film. We 

chose red emitting CsPbI3 NCs since it has relatively longer radiative lifetime 

than the green and blue emitting ones. Longer radiative lifetimes could be 

beneficial in producing large photocurrents. The schematic of the photodetector 

is shown in Figure 3.11a. CsPbI3 NCs were drop casted on a heavily doped Si 

substrate with pre-patterned gold electrodes and annealed at 200 °C for 30 min 

in N2 atmosphere. Annealing did not induce any change in the composition of 

the CsPbI3 NCs as deduced from the XRD patterns shown in Figure 3.12. To 

illustrate the photoresponse of close-packed CsPbI3 NC films, two-probe I-V 

was measured in the dark and under illumination using a laser diode at 405 nm 

as a function of incident light intensity. As shown in Figure 3.11b, the 

photocurrent (Iph), Iph = Ilight - Idark, was increased by several orders of magnitude 

with increasing light intensity from 0.01mW/cm2 to 1.38mW/cm2, since the 

number of photogenerated carriers are proportional to the absorbed photon flux. 

Photosensitivity, which is defined as the ratio of photocurrent to the dark current 

(Iph/Idark), was exceedingly good (105). The dependence of the photocurrents on 

light intensity is plotted as log-log plot in Figure 3.11c. This can be fitted to a 

power law, Iph ~ Pα, where α determines the response of the photocurrent to the 

light intensity. The fitting gives a sublinear behavior with α = 0.8 which is 
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consistent with different applied bias. The non-unity (0.5<α<1) exponent is a 

result of the complex process of electron-hole generation, recombination, and 

trapping within a semiconductor.22 As shown in Figure 3.11d, the spectral 

response of the photocurrent was closely followed by the absorption spectrum 

of CsPbI3 (λ=630nm) NCs, indicating the photocurrent is highly sensitive to the 

wavelength of illuminated light, and originate from the direct band-gap transition. 

Figure 3.11e shows photocurrent-time (Iph-t) response measured in the dark and 

under illumination using a laser diode at 405 nm as a function of applied bias at fixed 

light intensity (Pin=1.98mW/cm2). Upon the laser is turned on, the photocurrent is 

sharply increased with applied bias voltage due to the increase in carrier drift 

velocity. The devices were prompt in generating photocurrent with reproducible 

response to ON-OFF cycles. The photocurrent was slightly decreased over time 

(Figure 3.13). From the Iph-t curves, we have noticed that sharp fall in photocurrent to 

dark current upon turned off the laser irradiation, which can reflect the capacitive 

response of the states at the NC surface. In addition, our photodetector exhibited 

relatively fast rise and decay times. The rise and decay times were 24 and 29 ms, 

respectively (Figure 3.11f). 
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Figure 3.12. XRD patterns of as prepared (black) and 200 °C annealed (red) 

CsPbI3 nanocrystals films. 
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Figure 2.1.13. Photocurrent-time (Iph-t) response measured in the dark and under 

illumination using a laser diode at 405nm at 1V applied bias at 

fixed light intensity (Pin=1.98mW/cm2). 
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Ⅳ. Summary & Conclusion 

 

Developing simple and inexpensive synthetic methods for luminescent nanocrystals 

is highly desirable for commercial applications. In summary, we present an efficient 

halide exchange reaction in cesium lead halide (CsPbX3, where X = Cl, Br, I) 

perovskite nanocrystals. The green light emitting CsPbBr3 nanocrystals can be tuned 

to emit over the entire visible spectral region (425 - 655 nm) by reacting with different 

concentrations of LiI or LiCl. The halide exchange reactions readily take place at room 

temperature and completed within seconds. Interestingly, the exchange reactions are 

highly reversible (i.e. the red and blue emissions can be reversed back to green) and 

a maximum of five complete reversible cycles can be done with the same NCs.  All 

the exchanged NCs exhibited bright luminescence with narrow full width at half 

maximum (FWHM) of 12-50 nm and radiative lifetimes in the range of 1-16 ns. CsPbI3 

NCs based Photodetectors fabricated from CsPbI3 NCs were exhibited good on/off 

ratio of 105 and rise and decay times of 24 and 29 ms, respectively. 
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Part Ⅱ.  

Solution Synthesis of Colloidal RbPbI3 

Orthorhombic Perovskite Nanowires. 
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Ⅰ. Introduction 

 

Over the past few years, hybrid organic-inorganic perovskites with the general 

formula ABX3 (where A is an organic cation, B is metal and X is a halide) have come 

to light as potential materials for optoelectronic applications including high-efficiency 

solar cells, light emitting diodes (LEDs), photodetectors operating in ultraviolet, visible 

and X-ray regions and lasers.1-8 These materials possess numerous advantages such 

as broad composition and bandgap tunability, high fluorescence quantum yield and 

excellent charge transport properties. Solar cells fabricated using CH3NH3PbI3 have 

already reached a highest certified power conversion efficiency of 22.1%.9 Despite the 

high performances, the instability of the organic part (CH3NH3
+) upon exposure to 

humidity and heat, presents a major obstacle towards commercialization.10  

One proposed method to improve the stability is to replace the organic cation with 

inorganic cesium (Cs) cation to form all inorganic cesium lead halides (CsPbX3, X = 

Cl, Br, I). Recently, all inorganic perovskite solar cells fabricated using CsPbBr3 

achieved a power conversion efficiency of 6.7% and exhibited excellent stability in 

humid air (90-95% relative humidity, 25 °C) for over 3 months.11 The performance 

could be further improved by using CsPbI3, which has more suitable bandgap energy 

(Eg = 1.73 eV) than the CsPbBr3 (Eg = 2.3 eV).  However, the cubic phase CsPbI3 

easily undergoes phase transition to more stable orthorhombic phase (Eg = 2.82 eV) 

at room temperature.12 In order to improve the efficiencies, it is important to increase 

the phase stability of cubic CsPbI3. In the early 2015, Protesescu et al. first reported 

the synthesis of all inorganic colloidal CsPbX3 perovskite nanocrystals with bright 
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luminescence that can be tuned over the entire visible region depending on the 

composition and size of the nanocrystals.13 Since then, the synthesis and application 

of CsPbX3 nanocrystals led to an impressive research activity worldwide. CsPbX3 

nanocrystals with diverse shapes including spherical dots, nanorods, nanowires and 

nanoplatelets have been synthesized and employed in various applications such as 

solar cells, LEDs, photodetectors and lasers.14-20 Reducing the size to nanoscale 

improved the phase stability of cubic CsPbI3 phase and all inorganic perovskite solar 

cells fabricated using CsPbI3 quantum dots achieved a power conversion efficiency of 

over 10%.21 In order to get new exciting properties, a wider range of all inorganic metal 

halide perovskites need to be explored. Very recently, Tin (Sn) based perovskite 

nanocrystals such as CsSnX3 and Cs2SnI6 have been successfully synthesized and 

employed in solar cells.22-24 On the other hand, Rubidium (Rb) containing perovskites 

are relatively less explored. Based on first principle calculations, Brgoch et al. 

suggested that δ-RbPbI3 could be a potential candidate for solar cell applications since 

it possesses suitable band alignment with TiO2 for efficient electron transfer.25 Saliba 

et al. showed that incorporation of small Rb+ cations in hybrid organic inorganic 

perovskite solar cells resulted in increased power conversion efficiencies.26 

Nevertheless, there is no report on the synthesis of Rb based halide perovskite 

nanocrystals.  

      Herein, we report the first synthesis of colloidal RbPbI3 nanowires via a 

phosphine free hot injection method. These NWs are single-crystalline and crystallizes 

in an orthorhombic phase. They have a thickness around 32 nm and lengths up to 

several tens of micrometers. Optical measurements show that RbPbI3 NWs absorb 
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strongly below 450 nm. Strong photoresponsive behavior is observed in RbPbI3 NWs 

devices, indicating their potential application in optoelectronics.  
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Ⅱ. Experimental Section 

 

2.1. Materials 

Rubidium carbonate (Rb2CO3, 99.8%), Lead(II) iodide (PbI2, 99.999%), 1-octadecene 

(ODE, 90%), Oleic acid (OA, 90%), Oleylamine (OAm, 70%) were all purchased from 

Sigma Aldrich and used as received. Chloroform (99.8%, HPLC grade) and ethanol 

(99.9%, anhydrous grade) were purchased from SAMCHUN Chemical, Korea. 

 

2.2. Synthesis of RbPbI3 Nanowires (NWs) 

4.2.2.1 Preparation of Rb-oleate 

 Rb-oleate was prepared using typical metal-oleate method. 0.5 mmol of Rb2CO3 was 

mixed with 10 mL ODE and 0.625 mL OA in a three neck flask. Then the mixture was 

dried under vacuum at 120 °C for 1 h. Then the reaction flask was switched to N2, and 

the mixture was kept 180 °C until all Rb2CO3 reacted with OA to give clear solution. 

4.2.2.2 Synthesis of RbPbI3 NCs 

 In a typical synthesis of RbPbI3 nanowires, 0.188 mmol of RbI2, 5 mL ODE, 0.5 mL 

OAm and 0.5 mL OA were loaded into a three neck flask and dried under vacuum for 

1 h at 120 °C. Then the temperature of the mixture was raised to 150 °C with N2. Then 

1 mL of Rb-oleate solution was quickly injected and maintained at that temperature for 

30 min. Then the mixture was cooled to room temperature and nanowires were 

precipitated using ethanol and centrifuged at 3500 rpm for 3 mins. The obtained solid 

was redispersed in chloroform. 
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2.3. Fabrication of RbPbI3 NWs photodetector 

 The photodetector devices were fabricated on a heavily doped Si substrate with pre-

patterned gold electrodes. Then RbPbI3 NWs were drop casted on the substrate and 

annealed at 150 °C for 30 min inside glove box. 

 

2.4. Characterization 

 

X-Ray Diffraction (XRD). X-ray diffractograms were obtained by using a Rigaku 

MiniFlex 600 diffractometer, equipped with a Cu Kα X-ray source (λ=1.5418 Å). 

Samples for XRD analysis were prepared by depositing a hexane dispersions NCs on 

a microscopic glass substrate. 

 

Transmission Electron Microscopy (TEM). TEM images and High-resolution TEM 

(HRTEM) images and energy dispersive X-ray spectroscopy (EDS) and EDS 

elemental mapping images were collected using Hitachi HF-3300 microscope 

operating at 300 KeV. Samples were prepared by dropping diluted nanowires solution 

onto carbon coated copper grids. 

 

UV-vis Absorption Spectroscopy. Absorption spectra of NCs dispersed in hexane 

were measured in 1 cm path length quartz cuvettes using a Cary 5000 UV-vis-NIR 

(Agilent Technologies) spectrophotometer.  

 

Scanning electron microscopy (SEM) images was obtained using a Hitachi SU 8020 

scanning electron microscope. 
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Photocurrent measurements. To evaluate the photoresponse of the CsPbI3 NWs, 

two parallel gold electrodes pre-patterned on highly doped silicon wafers with a 100 

nm thermal oxide layer was used. The samples were prepared by drop-casting purified 

colloidal nanostructures in hexane solution onto the substrate. The devices were 

annealed at 200 °C for 30 min under nitrogen atmosphere. The current–voltage 

characteristics were recorded using a Keithley 2636A Source Meter with or without 

illumination under 405nm laser diode with the light intensity from 0.01mw/cm2 to 

1.38mw/cm2. The scan voltage was tuned from −3V to 3 V. 
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Ⅲ. Results and Discussion 

 

At room temperature RbPbI3 compounds typically crystallize in orthorhombic 

perovskite-like structure (Figure 3.1). Phase purity and crystal structure of the as 

synthesized product was evaluated using X-ray diffraction.  As shown in Figure 3.1b, 

characteristic XRD peaks match well the orthorhombic RbPbI3, with the lattice 

parameters of a = 10.276 Å, b = 17.382Å and c = 4.7750Å (JCPDS card no. 43-860). 

No other secondary phases were observed, indicates the purity of the obtained RbPbI3. 

 

 

Figure 3.1. (a) Crystal structure of RbPbI3 and (b) experimental and reference 

XRD pattern of RbPbI3 nanowires with (hkl) values for orthorhombic 

phase of RbPbI3. 
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Figure 3.2. SEM image of as synthesized RbPbI3 nanowires (scale bar is 10μm). 

 

 The morphology of the synthesized RbPbI3 was studied using SEM and TEM. As 

shown in Figure 3.2, RbPbI3 formed as thin and long nanowires with lengths up to 

several tens of micrometers. TEM images in Figure 3.3a and b, shows that the NWs 

are uniform in thickness (32 ~nm). The HRTEM image of the nanowire (Figure 3.3c), 

exhibits clear lattice fringes with an interspacing of ~ 0.51nm, corresponding to the 

distance between two adjacent (200) planes of the orthorhombic RbPbI3. The FFT 

pattern shown in the insert of Figure 3.3c, indicates the single crystalline nature of the 

RbPbI3 NWs. The elemental composition of the nanowires was determined by EDS. 

EDS data (Figure 3.4 and Table 3.1) from three different points in the nanowire 

confirms that the nanowires are composed of Rb, Pb and I and their atomic ratio is 

20.14/19.62/60.24 for Rb/Pb/I, which is very close to the nominal composition of 

RbPbI3. In addition, EDS elemental mapping images (Figure 3.3d-f) show that all the 

three elements are homogeneously distributed in the nanowire. 
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Figure 3.3. (a,b) TEM images of RbPbI3 nanowires, (c) HRTEM image and FFT 

image (inset) and (d-f) EDS elemental mapping of RbPbI3 nanowires. 

The scale bar in (d-f) is 500 nm 
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Figure 3.4. EDS spectrum of RbPbI3 nanowires 

 

Table 3.1. Three representative EDS data taken for RbPbI3 nanowires 

 

 

By conducting series of experiments, we concluded that the reaction time and 

temperature play a crucial role in obtaining long and thin NWs. As shown in Figure 3.5, 

as soon Rb-precursor was injected, small RbPbI3 nanorods of size around 300 nm are 

formed. As the reaction time increases, the length of the nanorods increased and 

became micrometer length NWs around 15 min. No significant change in the XRD 
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pattern was observed with increasing reaction time (Figure 3.6). We attribute the 1D 

growth of the RbPbI3 to the intrinsic growth property of the crystal with orthorhombic 

structure. Increasing the precursor injection temperature above 150 °C, resulted in 

thicker wires with reduced length (Figure 3.7). The crystallinity of the RbPbI3 NWs 

increased with increasing reaction temperature (Figure 3.8). Optical property of the 

RbPbI3 NWs was studied by measuring UV-vis absorption spectroscopy (Figure 3.9). 

The RbPbI3 NWs shows very little absorption in the visible region and strong 

absorption around 430 nm, which gives a band gap energy of 2.88 eV. This value is 

much larger than the optimum bandgap value (~1.5 eV) required for photovoltaics 

applications. However, RbPbI3 NWs could be useful in other optoelectronic 

applications such as photodetectors. No photoluminescence was observed from 

RbPbI3 NWs. 
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Figure 3.5. TEM images of RbPbI3 nanowires obtained with different reaction 

time. (a) 0 min, (b) 1 min, (c) 5 min, (d) 10 min, (e) 15 min and (f) 1 

hour. (Scale bar is 500nm) 
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Figure 3.6. XRD patterns of RbPbI3 nanowires obtained with different  

reaction time 
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Figure 3.7. TEM images of RbPbI3 nanowires with different reaction temperature. 

(a) 80 °C, (b) 120 °C, (c) 180 °C and (d) 210 °C. (Scale bar is 1μm) 
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Figure 3.8. XRD patterns of RbPbI3 nanowires with different reaction 

temperature 
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Figure 3.9. UV-vis absorption spectrum of as synthesized RbPbI3 nanowires 

dispersed in chloroform. 

 

We fabricated photodetector devices using RbPbI3 NWs to study their potential in 

optoelectronics. RbPbI3 NWs were drop-casted on a Si substrate with pre-patterned 

gold electrodes. Then the substrate was annealed at 150 °C for 30 min in a N2 filled 

glovebox. No change in the crystal structure was observed after heating (Figure 3.10). 

To study the photoresponse behavior, two-probe I-V curve was measured in the dark 

and under illumination using a 405 nm laser diode. As shown in Figure 3.11a and b, 

under illumination the device produced photocurrent which steadily increased with 

increasing laser power. This clearly demonstrates the photoresponsive behavior of 

RbPbI3 NWs. Figure 3.11c shows the photocurrent-time response measured in the 

dark and under illumination using a laser diode at 405 nm as a function of different 

applied bias. When the laser is tuned on, a sharp increase in the photocurrent was 

observed, which immediately came to dark current as soon as the laser is turned off. 

The device produced stable photocurrent with several ON-OFF cycles. Figure 3.11d 



 

- 50 - 

 

shows the spectral response of the photocurrent with different excitation wavelengths. 

It can be seen that no photocurrent was observed in the visible region and 

photocurrent sharply increases in the blue region. This shows that RbPbI3 NWs can 

be used as potential UV detector materials. 

 

 

 

Figure 3.10. XRD patterns of as fabricated (black) and annealed at 150 °C     

for 30 min (red) RbPbI3 nanowires films. 
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Figure 3.11. (a) I–V characteristics and (b) dependence of photocurrent of 

RbPbI3 NWs film as a function of incident light intensity. (c) 

Photocurrent-time response measured in the dark and under 

illumination using a laser diode at 405 nm as a function of applied 

bias. (d) Spectral dependence of the photocurrent.   
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Ⅳ. Summary & Conclusion 

 

In summary, we have presented the first colloidal synthesis of RbPbI3 perovskite 

nanowires. RbPbI3 NWs are crystallized in orthorhombic crystal structure.  The 

obtained NWs have lengths up to several tens of micrometer and thickness around 32 

nm. It is found that the reaction time and temperature play an important role in 

obtaining long NWs. The RbPbI3 NWs have very little absorption in the visible region 

and a strong absorption around 430 nm.  Photoresponsive behavior is observed in 

RbPbI3 NWs devices, indicating their potential application in photodetectors and other 

optoelectronic devices.  
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요 약 문 

 

광전자 소자를 위한 콜로이달 페로브스카이트  

나노입자의 합성 및 특성분석 

 

최근, 모든 물질이 무기 물질로 구성된 페로브스카이트 나노 입자에 대한 연구

가 활발히 진행되고있다. 이는, 유-무기로 구성된 페로브스카이트보다 더 높은 

안정성을 나타내기 때문이다. 하지만, 까다로운 기존 합성 방법의 개선과 다양한 

무기물로 구성된 페로브스카이트 구조에 대한 연구가 요망이 되고 있다.  

 

제1부 

본 연구에서는 기존 발표된 세슘납할라이드 입자를 이용하여 간단하게 다양한 

파장의 빛을 발광하도록 하는 연구와 새로운 무기물을 적용하여 새로운 구성의 

페로브스카이트 나노 물질 합성에 대해서 연구하였다. 

먼저, 발광나노입자를 간단하고 비용이 많이 들지 않는 방법으로 합성하는 방법

에 대한 연구가 이 입자들의 상업화를 위해 많이 연구가 되고 있다. 이 논문에서

는 세슘납할라이드 페로브스카이트 나노입자 안에서 효과적인 할라이드 이온들의 

교환 방법에 대해 연구하였다. 다양한 농도의 리튬 아이오다이드 또는 리튬 클로

라이드 용액을 이용하여 초록색으로 발광하는 세슘납브로마이드 나노 입자를 가

시광선 전 영역의 파장의 색을 발광하는 나노 입자로 변경 할 수 있다. 할라이드 

이온교환법은 실온에서 매우 빠르게 진행이 되며, 수초 내에 반응이 완료된다. 
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흥미로운 점은, 한번 할라이드 입자를 다른 입자로 교환한 후 다시 원상태로 되

돌리는 역 교환 반응 또한 가능하다. (예를 들어, 빨강과 파란색으로 교환된 나

노 입자를 다시 초록색으로 되돌릴 수 있다.) 이러한 역 교환 사이클은 최대 다

섯 싸이클까지 가능하다. 교환된 모든 나노입자들은 매우 밝게 발광을 하며, 이 

입자들은 15-20 나노미터의 좁은 반감폭을 나타내었으며, 방사성의 수명은 1-16

나노초였다. 또한, 세슘 납 아이오다이드 나노입자를 이용하여 제작한 광검출기

는빠른 빛 반응성을 나타내었다. 이를 통해 세슘나노입자를 이용한 디바이스에 

대한 가능성을 확인할 수 있었다. 본 연구에서 제시한 음이온 교환 법을 이용하

면, 보다 빠르고 간편하게 나노 입자의 구성을 바꿀 수 있다. 이 반응은 실온에

서 수초 내에 이루어지며, 기존에 발표된 방법에 비해 간편하게 다양한 할라이드

구성의 나노 입자를 합성할 수 있는 방법이라 사료된다. 

 

제 2부 

본 연구에서는 처음으로 콜로이달리 안정한 루비듐납아이오다이이드 페로브스

카이트 나노 와이어를 액상 합성법을 이용하여 합성하였다. 루비듐납아이오다이

드 나노와이어의 입자 구조는 필름 X-선 회절(XRD)를 이용하여 분석하였다. XRD

패턴에 의하면 루비듐납아이오드는 오쏘롬빅 구조이며, 자연 상에서 단일 입자로 

구성되어 있다. 이 나노와이어의 지름은 약 32나노미터 이며, 길이는 수십 마이

트로 미터이다. 루비듐납아이오드는 450나노미터 아래에서 강력하게 빛을 흡수하

며, 좋은 빛 반응을 나타낸다. 또한, 루미듐납아이오드를 이용해 만든 광 검출기

를 통해 이 물질이 빛에 빠르게 반응하는 것을 알 수 있었다. 본 연구에서 제시

한 새로운 구성의 루비듐납아이오드 나노와이어는 빛에 대해 빠른 반의성을 가지
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고 있기 때문에 다양한 광학적 소자로 응용 가치가 있다고 판단된다. 

 

핵심어: 고온-인젝션 방법, 페로브스카이트 태양전지, 양자점, 나노와이어, 할라

이드 교환법 
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