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ABSTRACT 
Recently developed lead-free double perovskite nanocrystals (NCs) have been proposed for the possible application in solution- 
processed optoelectronic devices. However, the optoelectronic applications of double perovskite NCs have been hampered due to 
the structural and chemical instability in the presence of polar molecules. Here, we report a facile strategy for the synthesis and 
purification of Cs2AgBiBr6 double perovskite NCs that remained stable even after washing with polar solvent. This is realized with 
our efficient colloidal route to synthesize Cs2AgBiBr6 NCs that involve stable and strongly coordinated precursor such as silver- 
trioctylphosphine complex together with bismuth neodecanoate, which leads to a significantly improved chemical and colloidal 
stability. Using layer-by-layer solid-state ligand exchange technique, a compact and crack-free thin film of Cs2AgBiBr6 NCs were 
fabricated. Finally, perovskite solar cells consisting of Cs2AgBiBr6 as an absorber layer were fabricated and tested. 
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1 Introduction 
Solution-processed solar cells based on lead halide perovskite 
have already achieved record certified efficiency over 22% 
in a single-junction architecture [1]. The outstanding device 
performance of lead-based perovskite is attributed to the 
remarkable optical and electronic properties including narrow 
bandgap with high optical absorption coefficient, long diffusion 
length and carrier lifetime, defect tolerant nature, balanced 
charge carrier transport and low exciton binding energies [2]. 
Despite remarkable progress and outstanding performance, 
the practical utilization of this fastest growing photovoltaic 
technology is hampered by inherent toxicity due to the presence 
of lead atom and instability in the normal operating conditions 
such as heat, light and humidity [3]. To overcome such serious 
issues, the search of stable lead-free perovskite materials is 
still in progress. In a previous year, extensive computational 
and experimental research has been carried towards stable and 
less toxic perovskite materials including Pb replacement either 
by homovalent elements (Sn, Ge) or hetrovalent elements (Sb, 
Bi) [4–10]. Indeed, Sn or Ge based perovskite which possesses 
direct and relatively narrower bandgap could become a nontoxic 
alternative. Unfortunately, the Sn-based perovskite suffers phase 
instability due to oxidation of Sn2+ into thermodynamically 

stable Sn4+ states [11]. On the other hand perovskite structures 
based on trivalent element such as Bi or Sb demonstrated 
undesired optical and electronic properties owing to their 
reduced electronic dimensionality which make them inappropriate 
for high-performance optoelectronic applications [9, 10, 12]. 

Recently, a new class of metal halide perovskite that can  
be obtained by combination of monovalent metal (M+ = Na+, 
Ag+) and trivalent metal (M3+ = Bi3+, Sb3+, In3+) with general 
formula A2M+M3+X6 (where A = Cs+ and X = Cl−, Br−, I−)  
also known as double perovskite (DP), received tremendous 
computational and experimental research interest as they offer 
a stable lead-free alternative with nearly preserved three- 
dimensional (3D) perovskite structures [13–18]. Among a wide 
range of DP materials, Cs2AgBiBr6 is the only example that has 
been successfully incorporated in the photovoltaic devices and 
became famous in a short period of investigation. The relatively 
narrow bandgap (1.98–2.3 eV), superior stability in the ambient 
environment, high optical absorption coefficient and long carrier 
lifetime make this material promising alternative towards stable 
and lead-free photovoltaic technology [13, 14, 19]. So far, few 
articles have been reported on the fabrication of solar cells 
utilizing Cs2AgBiBr6 as a light-absorbing material. The perovskite 
solar cells (PSC) based on Cs2AgBiBr6 in mesoporous structures 
with power conversion efficiency (PCE),  2.4% have been first  
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demonstrated by Greul et al. Nevertheless, the reported device 
characteristics was suffered from huge hysteresis effect, which 
was mainly due to the poor morphology of DP films [20]. Since 
then significant effort has been made to improve the device 
performance of Cs2AgBiBr6 based PSCs by utilizing various thin 
film deposition techniques and device structures [19, 21–25]. 
Recently, Yang et al. demonstrated enhanced performance 
of Cs2AgBiBr6 based PSC by incorporating N719 dye as an 
interface layer with PCE of 2.84%, which is the highest reported 
efficiency of Cs2AgBiBr6 based solar cell so far [26]. Despite 
the significant effort, device performance is likely to be limited 
by difficulties in the preparation of high-quality and phase 
pure films due to the poor solubility of metal precursors in the 
common organic solvent [21, 27]. Moreover, the phase pure and 
crystalline thin films of DP materials rely on the high temperature 
( 250 °C) annealing process which is not suitable for flexible 
optoelectronic applications [20]. In this context, colloidal 
synthesis of DP NCs that can be subsequently deposited into a 
thin film by simple solution-based techniques could become 
an attractive strategy. Recently, significant effort has been 
made towards the development of various DP NCs [28–38]. 
Unfortunately, best of our knowledge the optoelectronic 
applications of any type of DP NCs have not been reported, 
presumably due to the difficulties in the assembly of colloidal 
DP NCs into the compact and conductive NCs thin film with 
desired thickness. Colloidal synthesis of NCs generally utilize 
long organic ligands such as oleic acid and/or oleylamine that not 
only control the nucleation and growth during the reaction, 
also passivate the surface defect and provide colloidal stability 
[39, 40]. However, excessive ligands act as an insulating barrier, 
which leads to the poor charge transport through NCs network 
[41, 42]. Thus, a controlled surface passivation of NCs is necessary 
to obtain efficient charge transport and good device performance. 
Therefore, extraction and purification of nanocrystals from 
the crude solution which also contains unreacted precursors 
and excessive ligands are very essential for the use of NCs in the 
thin film devices. The excessive ligands and unreacted precursors 
in the crude solution is generally removed by antisolvent 
washing treatment. In comparison to the chalcogenide-based 
NCs, due to the ionic nature, perovskite NCs are highly sensitive 
to common polar solvents and readily decompose into non- 
perovskite phase, therefore the purification of perovskite NCs 
from crude solution is somehow challenging [28, 40]. Recently, 
Swarnkar et al. reported that CsPbI3 NCs can be successfully 
extracted from crude solution by antisolvent precipitation 
approach using methyl acetate as an antisolvent, but it is still 
a big challenge to find purification technique for newly developed 
DP NCs by using suitable solvents [43]. Moreover, the conductive 
NCs thin film usually fabricated from spin or dip coating 
techniques followed by ligand exchange with short chain mole-
cules and a layer-by-layer (LBL) approach is often used to achieve 
the desired thickness of NCs film [44]. However, the reported 
ligand exchange protocol generally utilizes polar solvents which  

are not suitable for the existing DP NCs. Therefore, the advance 
synthetic approach for the stable DP NCs is highly desirable 
that can be sustained against the polar solvents during the 
washing and ligand exchange process. 

In this report, we demonstrate a new strategy for the 
synthesis of high-quality and phase pure Cs2AgBiBr6 DP NCs 
with enhanced chemical and colloidal stability that utilizing 
silver-trioctylphosphine complex and commercially available 
bismuth neodecanoate as the metal precursors. The DP NCs were 
successfully extracted from crude solution through antisolvent 
washing method by using isopropanol. The purified DP NCs 
remained stable in both solution and thin film even in ambient 
atmosphere that allows us for their use in thin film devices. 
Using layer-by-layer solid state ligand exchange protocol, highly 
uniform and crack-free thin film of DP NCs with desired 
thickness were fabricated and characterized. The optical and 
electronic properties of DP NCs thin film were determined  
by ultraviolet–visible (UV–Vis) spectroscopy and ultraviolet 
photoemission spectroscopy. Finally, solar cells based on DP 
NCs as an absorbing layer were fabricated and tested. 

2 Results and discussion 
Cs2AgBiBr6 NCs were synthesized by hot injection method 
under an inert atmosphere using standard Schlenk line apparatus. 
First, 1 mmol AgNO3 was dissolved in 1 mL trioctylphosphine 
(TOP) by stirring at room temperature for overnight inside 
nitrogen filled glove box which resulted in clear and transparent 
solution. Similar to the previous reports [45, 46] where indium 
and lead atom strongly coordinated with TOP, the high solubility 
of AgNO3 in TOP is attributed to the strong interaction between 
silver ion and TOP which resulted stable and strongly coordinated 
Ag-TOP complex. In brief, a mixture of cesium carbonate and 
bismuth neodecanoate together with oleic acid, oleylamine and 
octadecene were first degassed at 110 °C with a continuous 
supply of argon gas. Once after precursors were fully dissolved, 
a pre-mixed solution of AgNO3 in trioctylphosphine (Ag-TOP) 
was injected into the hot mixture of cesium and bismuth pre-
cursors. Finally, benzoyl bromide was swiftly injected into the hot 
reaction mixture resulting prompt color change from pale yellow 
to orange, indicating the formation of Cs2AgBiBr6 NCs (see 
Fig. S1 in the Electronic Supplementary Material (ESM)). The 
schematic representation of the synthesis process is illustrated 
in Fig. 1. The detail experimental procedure is discussed in the 
experimental section. Distinct from the previously reported 
methods that resulted in immediate precipitation of NCs from 
the solution [28, 47] our as-synthesized NCs remained stable 
and optically clear for a longer time, indicating that our 
synthetic method provides enhanced colloidal stability. After a 
month of storage in ambient conditions, only a slight yellow 
precipitate was observed at the bottom of the centrifuge tube. 
Furthermore, as-synthesized NCs were successfully extracted 
from crude solution through antisolvent washing treatment 

 
Figure 1 Schematic illustration for the colloidal synthesis Cs2AgBiBr6 double perovskite NCs. 
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using isopropanol, which is a very important step to remove 
the excess ligands and unreacted precursors for further uses 
and characterizations. Previous report [28] suggested that the 
extraction of DP NCs from the crude solution somehow 
challenging as they immediately decomposed when exposes to 
commonly used antisolvent such as alcohol, acetone and ethyl 
acetate. Interestingly, our purified NCs remained well dispersed 
in common nonpolar organic solvent, indicating improved 
colloidal stability that can be ascribed to the effective surface 
passivation of NCs by TOP ligand together with oleic acid  
and oleylamine. We believe that the synthesis of high-quality 
and stable NCs indeed enabled by the utilization of strongly 
coordinated silver-trioctylphosphine complex together with 
benzoyl bromide which act as highly reactive precursors. 
Previous results also suggested that TOP based synthesis of lead 
halide perovskite NCs provides remarkable optical properties 
with enhanced stability [46, 48, 49]. Manna and co-workers 
explained the reaction mechanism for the synthesis of halide 
perovskite NCs by using benzoyl halides as halide precursor 
sources [50]. Where benzoyl bromide shows strong reactivity 
towards nucleophilic molecules i.e. oleic acid and oleylamine 
and from esters and amide, respectively (see Eqs. (1) and (2)). 
The hydrobromic acid also releases during the reaction, which 
provides highly reactive bromide ions precursor for the 
nucleation and growth of NCs. 

       
The size and shape of Cs2AgBiBr6 NCs were analyzed by 

transmission electron microscopy (TEM). A representative low 
magnification TEM image of purified NCs with size distribution 
histogram is shown in Fig. 2(a), displaying narrow size distribution 
with an average size of 7.6  0.8 nm. The high magnification 
TEM image is shown in Fig. 2(b), where the well-defined cubic 
shape of DP NCs without any sign of aggregation are clearly 
visible that further confirming excellent phase and colloidal 
stability even after washing with antisolvent. High-resolution 
TEM image is presented in Fig. 2(c) showing well defined 
lattice fringes of highly crystalline NCs. The lattice spacing of 
0.29 nm associated with the (004) plane of the cubic Cs2AgBiBr6 
NCs. The crystal structure and phase purity of DP NCs were 
investigated by X-ray diffraction analysis. The X-ray diffraction 
(XRD) pattern of purified NCs film shown in Fig. 3 had been 
prepared by drop casting the concentrated NCs dispersion on the 
glass substrate. The XRD pattern of DP NCs matched well with 
the calculated cubic double perovskite structures which belong 
to Fm3

_
m space group reported previously [13]. Interestingly, 

the XRD patterns of NCs film did not contain any side phase 
impurity even after antisolvent purification steps, indicating 
excellent phase stability. The selected area electron diffraction 
pattern (SAED) (Fig. 2(d)) further confirms the cubic phase 
of DP NCs as ring patterns were well indexed with the cubic 
double perovskite structure. 

It is well established that the formation of desired phase 
quaternary double perovskite structures requires precise control 
of reaction reagents and reaction temperature [28, 30, 33]. The 
significant variations in reaction conditions such as precursors 
molar ratio, amount of ligands and reaction temperature leads 
to the formation of undesired phase along with DP structures 
[51]. Reaction performed with increasing concentration of  

 
Figure 2 TEM micrographs of purified Cs2AgBiBr6 NCs. (a) Low- 
magnification TEM with size distribution histogram that were represented 
by measuring edge length of nearly 100 NCs. (b) High-magnification 
TEM micrograph, displaying cubic shape of NCs. (c) HRTEM micrograph 
of Cs2AgBiBr6 NCs, lattice spacing of 0.29 nm associated with (004) plane 
of Cs2AgBiBr6 NCs. (d) Corresponding SAED patterns of the Cs2AgBiBr6 
NCs. 

 
Figure 3 XRD pattern of purified NCs with the corresponding diffraction 
pattern of bulk Cs2AgBiBr6. 

oleylamine (0.5 mL), produced identical size DP NCs along with 
an undesired impurity phase which can be assigned to Cs3Bi2Br9 
and AgBr (Figs. S2(a) and S2(b) in the ESM). However, raising 
the injection temperature to 170 °C leads to the formation of 
bigger NCs with broader size distribution accompanied by 
the formation of small side phase impurity (Figs. S3 and S4 in 
the ESM). 

The optical study of Cs2AgBiBr6 DP NCs were performed by 
steady state absorption and photoluminescence spectroscopy. 
The photograph of purified DP NCs dispersed in toluene is 
presented in the inset of Fig. 4(a), showing characteristics 
yellow color of Cs2AgBiBr6 NCs. The absorption spectrum of 
NCs is shown in Fig. 4(a), which exhibit sharp absorption peaks 
centered at 428 nm with the long absorption tail approaching 
near to 700 nm. The intense absorption peak centered at   
428 nm can be attributed to the Bi direct s-p transition, while 
the presence of long absorption tail up to longer wavelength 
indicates an indirect nature of DP NCs [29]. The absorption 
spectra of DP NCs thin-film shares the same absorption profile 

(1)

(2)
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as observed in solution, except that Bi s-p transition appeared 
at 436 nm which was slightly shifted to higher wavelength 
compared to the absorption obtained in solution. The optical 
band gap of DP NCs was obtained from Tauc plots shown in 
Fig. 4(b). Considering indirect transition, the bandgap value 
of 2.28 eV was estimated, which is close to the values reported 
for the bulk Cs2AgBiBr6 [19, 52]. The PL spectra shown in  
Fig. 4(c) display several characteristic features, dual PL peak 
with long tails approaching near to 700 nm. The PL spectra 
can be split into three Gaussian peaks centered at 538, 572, 
and 619 nm corresponding to the energy of 2.3, 2.16 and 2 eV, 
respectively. Interestingly, the PL peak located at 2.3 and 2.16 eV 
have a comparable intensity and the energy difference between 
these two peaks is only 0.14 eV which is close to the energy 
difference between calculated indirect and direct bandgap [52]. 
Moreover, the emission line width for PL peak located at 2.3 eV 
is much narrower (FWHM 34 nm) than the emission peak 
centered at 2.16 eV (64 nm). Recently, the PL spectrum of 0D 
Cs3Bi2X9 NCs with dual peak features at room temperature has 
been reported by Mohammed et al. [53]. The authors suggested 
that two distinguish PL peak has been attributed to the 
simultaneous indirect and direct bandgap transitions. Thus on 
the basis of previous reports and above discussion, we believe 
that PL peak located at 2.3 eV likely originated from direct 
bandgap transition whereas PL peak centered at 2.16 eV 
attributed to the radiative recombination from phonon-assisted 
indirect transition. The band-edge emission for Cs2AgBiBr6 
DP material either in bulk or NCs is unusual and never been 
reported. According to previous reports [28, 29, 37]. Cs2AgBiBr6 
DP material shows broad PL emission (FWHM 100–200 nm) 
with a large stoke shift indicates emission mainly originate 
from a defect or surface-related states. Our synthetic approach  

 
Figure 4 (a) Absorption spectra of Cs2AgBiBr6 NCs dispersed in toluene 
(black) and thin film (red) deposited on glass substrate. Photograph of 
NCs dispersion in toluene showing characteristic yellow color presented 
in the inset. (b) Tauc plot assuming an indirect transition of Cs2AgBiBr6 
NCs thin film deposited on glass substrate gives an indirect band gap of 
2.28 eV. The inset shows Tauc plot for direct transition, intercept of linear 
fit to the energy axis gives the direct band gap value of 2.43 eV. (c) PL 
spectra of Cs2AgBiBr6 NCs dispersion in toluene. Samples were excited 
using Xenon lamp at 450 nm. Deconvolution of the PL spectrum gives 
three distinct peaks located at 538, 572, and 619 nm. (d) Time-resolved PL 
spectra of Cs2AgBiBr6 NCs collected for direct and indirect emission. The 
black solid lines in the decay profiles are the two-exponential fits for 
decays collected for direct and indirect transition respectively. 

provides remarkable improvement in optical properties, 
presumably because of effective surface state passivation. 

Figure 4(d) shows the TRPL spectra of Cs2AgBiBr6 NCs 
detected at two different emission wavelengths 544 and 578 nm, 
respectively. Both PL decay curves fitted well by biexponential 
function (Eq. (3)) with initial fast decay (τ1) followed by slow 
decay component (τ2). In particular, for the decay profile 
collected at 544 nm, initial fast decay channel has lifetime (τ1) 
of 2.9 ns with contribution (α1) of 75%, while the lifetime of 
slow decay (τ2) found to be 8.7 ns with contribution (α2) of 
25%. The average lifetime were calculated from the expression 
for average lifetime, 2

av i i i iΣ /Στ α τ α τ=  which gives the value 
of 5.8 ns. On the other hand, for the decay profile collected at 
578 nm, initial fast decay channel has lifetime (τ1) of 3 ns with 
contribution (α1) of 77%, while the lifetime of slow decay (τ2) 
found to be 10.7 ns with contribution (α2) of 23% with average 
lifetime value of 6.9 ns. The fast decay component likely 
originated from the recombination from surface-related defects, 
while longer lifetime component was attributed to the intrinsic 
charge carrier recombination [19]. The lifetimes and contribution 
of surface related recombination in both direct and indirect 
transition almost remain same except the lifetime of intrinsic 
charge carrier recombination for phonon assisted indirect 
transition is significantly higher than direct transition. These 
results are in agreement with the previous reports where an 
indirect transition usually exhibits a longer lifetime than a direct 
transition [53, 54]. 

1 2
1 2

( ) exp expt tI t α α
τ τ

æ ö æ ö- -÷ ÷ç ç= +÷ ÷ç ç÷ ÷ç çè ø è ø
          (3) 

Colloidal stability of a purified NCs is highly desirable for the 
application in optoelectronic devices. To evaluate the colloidal 
stability of the purified NCs, we have performed UV–Vis 
absorption characterization of the purified NCs (Figs. S5(a) 
and S5(b) in the ESM) after long-term storage (30 days) under 
ambient conditions. We did not observe any significant change 
in the absorption peak except slight decrease ( 7%) in the 
optical density when toluene dispersion of NCs were kept at 
least for 30 days in ambient conditions. In order to exploit the 
DP NCs in the solar cell devices, a layer-by-layer spin coating 
technique was employed for the fabrication of electronic 
conductive NCs film. The exchange of the long-chain insulating 
organic ligands with short molecules is necessary to achieve 
efficient charge transport through the NCs network. The LBL 
deposition technique not only replace the bulky insulating 
ligands but also pave the way for the deposition of another 
layer to achieve the desired thickness of the film. Inspired by 
previous studies on chalcogenide NCs [44, 55–58], a solid-state 
ligand exchange (see Experimental Section for detail method) 
was employed by treating NCs films with tetrabutylammonium 
bromide (TBAB). Figure 5(a) shows a schematic diagram depicting 
the layer-by-layer process of NCs assembly into a thin film. In 
brief, toluene solution of Cs2AgBiBr6 NCs was first deposited 
on desired substrate by spin coating. The solid-state ligand 
exchange was performed by treating NCs film with TBAB 
solution in isopropanol followed by two consecutive washing 
steps with isopropanol and toluene to remove the excess 
ligands. This process was repeated several times to obtain the 
desired thickness of uniform and shiny yellow film. Since the 
NCs were not washed away during the cleaning steps and/or 
deposition of another NCs layers, which clearly indicated that 
the native ligands on the NCs at least partly or fully exchanged 
to TBAB molecules. The FTIR spectroscopy was frequently 
used to identify the adsorbed organic species at the surface 
of NCs. In the FTIR spectrum (Fig. 5(b)) untreated NCs are  
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Figure 5 (a) Schematic illustration of layer-by-layer deposition process. 
(b) FTIR spectra of untreated Cs2AgBiBr6 NCs film (black curve) and 
TBAB treated LBL deposited film (red curve). 

surrounded by TOP, oleylammonium and oleate ligands, which 
have a strong C−H stretching vibration peak around 2,800− 
3,000 cm−1 and below 2,000 cm−1 [43, 59]. After ligand exchange 
with TBAB, the C−H stretching peaks were completely vanished 
and could not be detected in the FTIR spectrum, which indicates 
that the native ligands were completely replaced by an inorganic 
ligand of Br− ions. Similar kinds of complete ligand exchange 
were also observed by Jeon et al. in the TBAB treated Ag  
NCs film [58]. According to the previous reports, in case of 
alkylammonium halide ligands, halide anions bind to surface 
atoms on the NCs surface and are covered by alkylammonium 
countercations [58, 60]. The detection of adsorbed organic 
residue such as alkylammonium cations by FTIR is challenging 
due to either they can be easily washed out during cleaning 
steps or could be present in a very little amount which can be 
below detection limit. Moreover, it is reported that thermal 
annealing process which is necessary to remove the solvent 
residues, also effectively remove the organic residue such as 
alkylammonium counterions [60]. 

X-ray photoelectron spectroscopy (XPS) was carried out to 
further investigate the chemical composition and oxidation 
states of elements in the Cs2AgBiBr6 NCs. XPS measurement 
of TBAB treated Cs2AgBiBr6 NCs film confirms the presence 
of all constitute elements. The high-resolution core level  
XPS spectra of Cs 3d, Ag 3d, Bi 4f and Br 3d are shown in  
Figs. S6(a)–S6(d) in the ESM, respectively. The XPS spectrum 
(Fig. S6(b) in the ESM) of Ag 3d displays two peaks centered 
at 367.7 and 373.9 eV, that corresponded to the Ag 3d5/2 and 
Ag 3d3/2 peaks of Ag+ ions, respectively. Similarly, Fig. S6(c) in the 
ESM represents the core level XPS spectra of Bi 4f, and displays 
two distinct peaks centered at 158.3 and 163.8, that belonging 
to the Bi 4f7/2 and Bi 4f5/2 peaks of Bi3+ ions, respectively. 

The morphology of solution-processed NCs thin film 
substantially determines the performance of optoelectronic 
devices. Device performance of NCs based solar cells relies on 
the smooth, compact and uniform surface as they minimize 
the carrier recombination at the interfaces and ultimately 
improve the charge collection efficiency at the electrodes. The 
morphology of LBL deposited Cs2AgBiBr6 DP NCs thin film 
was investigated by atomic force microscopy (AFM) and 
scanning electron microscopy (SEM). The photograph of NCs 
film is presented in the inset of Fig. 6(a), showing very smooth 
and shiny yellow appearance without any visible pinholes on 
the surface. The AFM morphology shown in Fig. 6(a) display 
smooth, compact and full coverage of NCs grains with root 
mean square roughness of 7.5 nm which is free from pinholes 
and cracks. The high-magnification AFM morphology (Fig. 6(b)) 
of the film shows uniform grains of DP NCs with an average 
size of 90–110 nm. The low and high-magnification SEM 
images in Figs. 6(c) and 6(d) also confirm the uniform and 
compact assembly of DP NCs throughout the film without any  

 
Figure 6 Morphology of TBAB treated LBL deposited films. Tapping 
mode AFM morphology. (a) Low-magnification AFM image. Inset shows the 
photograph of LBL deposited film. (b) High-magnification AFM image, 
demonstrating crack-free and compact assembly of NCs. (c) Low- and (d) 
high-magnification SEM morphology, respectively displaying similar 
features observed in AFM images. 

sign of aggregation. 
The absorption spectra (Fig. S7(a) in the ESM) of TBAB 

treated NCs film display similar features like the untreated film. 
Both treated and untreated film consist of sharp absorption 
peak at 437 and 436 nm, respectively, with long tails approaches 
near 700 nm that indicates indirect nature of bandgap. 
Interestingly, the impurity absorption peak at 380 nm which 
was assigned to the isolated octahedral BiBr6

3− complex was 
not detected in any kind of film [29, 31]. These results indicate 
that Cs2AgBiBr6 films are stable even after ligand exchange 
treatment. Bandgap with the position of valence and conduction 
band of Cs2AgBiBr6 NCs are essential parameters for their 
application in solar cell devices. The optical bandgap of TBAB 
treated NCs film was obtained from Tauc plots presented   
in Fig. S7(b) in the ESM. Considering the indirect transition, 
bandgap value of 2.27 eV was calculated, which is similar to 
the untreated film. Position of the valence band (VB) and 
conduction band (CB) energy with respect to vacuum level was 
calculated by ultraviolet photoemission spectroscopy (UPS) 
according to the previously reported methods [59, 61, 62]. The 
detail method for UPS measurement and extracted parameters 
are given in Figs. S8(a)–S8(c) in the ESM. The VB and CB of the 
TBAB treated Cs2AgBiBr6 NCs film is located at 6.0 and 3.73 eV, 
respectively, which is close to the reported values [19]. 

In order to demonstrate the feasibility of Cs2AgBiBr6 DP 
NCs in photovoltaic application, a planar heterojunction solar 
cell in n-i-p architecture has been fabricated (see Experimental 
Section for details procedure). The schematic of device structure 
and the corresponding flat band energy level diagram are shown 
in Figs. 7(a) and 7(b), respectively. The energy level positions 
of Cs2AgBiBr6 NCs presented in energy level diagram was 
calculated by optical and UPS measurement discussed in   
the previous section. The Cs2AgBiBr6 NCs absorber layer is 
sandwiched between the compact TiO2 and 2,2',7,7' tetrakis 
(N,N-dipmethoxyphenylamine)-9,9'-spirobifluorene (spiro- 
OMeTAD) as the electron and hole transport material, 
respectively. The current density−voltage (J−V) characteristics  
of DP NCs based solar cells in dark and under AM 1.5G 
illumination conditions with an illumination intensity of  
100 mW/cm2 are shown in Fig. 7(c) that clearly represent 
well-defined diode characteristics of the device in the chosen 
n-i-p architecture. 
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Figure 7 (a) Schematic of n-i-p device structure: FTO/TiO2/Cs2AgBiBr6/ 
spiro-OMeTAD/MoO3/Ag. (b) Corresponding flat band energy level 
diagram of the perovskite solar cells. (c) Current density−voltage (J−V) 
characteristics of the perovskite solar cell utilizing Cs2AgBiBr6 NCs as an 
absorber layer, under AM 1.5 G condition with an illumination intensity 
of 100 mW/cm2. 

The best performing device exhibits a short-circuit current 
density (JSC) of 1.17 mA/cm2, an open circuit voltage (VOC) of 
0.79 V, and a fill factor (FF) of 49.3%, which results in a power 
conversion efficiency (PCE) of 0.46%. However, the obtained 
device performance is fairly low compared with the reported 
PCE values ranging between 0.82% to 2.84% for the bulk 
Cs2AgBiBr6 based solar cells [20, 24–26]. The poor device 
performance of this kind of DP material likely originated   
to the inherent limitations such as less suitable optical and 
electronic properties. Moreover, the limited performance of 
DP NCs based solar cells mainly arises due to the low value of 
short circuit current density and fill factor that can be originated 
from several factors such as low charge carrier mobility and 
large trap density that ultimately resulted in the trap assisted 
recombination and poor charge collections at the interfaces. 
Moreover, we have also fabricated solar cells by using larger 
size NCs synthesized at 170 °C. The current density–voltage 
(J–V) curves (Fig. S9 in the ESM) showed an open-circuit 
voltage (VOC) of 0.65 V, a short-circuit current density (JSC) of 
0.1 mA/cm2, a fill factor (FF) of 38.4% and 0.028% PCE for a 
0.08 cm2 cell. The low efficiency of solar cell fabricated with 
larger size NCs compared to the solar cell those fabricated with 
optimized NCs indeed attributed to the poor morphology of 
larger NCs film. SEM image (Fig. S10 in the ESM) of TBAB 
treated larger NCs film shows clustering with large numbers 
of cracks appears in the whole thin film. The poorly capped 
larger and polydisperse NCs might be partially washed out 
during cleaning step of ligand exchange process which resulted 
in poor morphology of NCs film. Moreover, when metal/hole 
transport layer have been deposited on the NCs thin film, 
large cracks and inhomogeneous morphology may result in 
more interface defects, which increase the interface carrier 
recombination and resulted in low JSC and poor device 
performance. These results indicate that high-quality compact 
and crack-free thin-film is necessary to obtain the good device 
performance which can be subsequently deposited from highly 
stable NCs that can be sustained during washing with polar 
solvent. Further research work should focus on optimizing 
ligand exchange process by suitable ligands that provide effective 

surface states passivation in order to minimize the trap 
assisted recombination and charge transport layers to enhance 
the photovoltaic performance. Furthermore, the stability of best 
performing device fabricated with Cs2AgBiBr6 NCs synthesized 
at 140 °C was further investigated. The device retains 85% 
of its original PCE when kept in ambient conditions without 
encapsulation over a period of 10 days (Fig. S11 in the ESM), 
showing huge potential of Cs2AgBiBr6 NCs based PSCs for 
long-term stability. 

3 Conclusions 
In summary, we have demonstrated facile synthesis of 
Cs2AgBiBr6 DP NCs with enhanced chemical and colloidal 
stability. The DP NCs can be readily extracted from crude 
solution through antisolvent washing method by using 
isopropanol. The purified DP NCs remained stable in both 
solution and thin film even in ambient atmosphere that allows 
us for their use in thin film devices. Layer-by-layer solid state 
ligand exchange method successfully produced highly uniform 
and crack-free thin film of DP NCs. The perovskite solar cells 
utilizing DP NCs as an absorbing layer were fabricated    
and tested. We believe that our method for the synthesis of 
Cs2AgBiBr6 DP NCs may be further extended to other double 
perovskite structure in order to improve the chemical stability 
and for enhancing the optical properties. This will open up 
new possibilities for further material and device optimization 
towards lead-free perovskite NCs based optoelectronic devices. 

4 Experimental section 

4.1 Materials 

Bismuth neodecanoate, cesium carbonate (99.99%), 1-octadecene 
(ODE, 90%), oleic acid (OA, 90%), and trioctylphosphine (TOP, 
90%), tetrabutylammonium bromide (TBAB, 98%), Titanium 
(IV) isopropoxide (97%), were purchased from Sigma Aldrich 
and used without any further purification. Silver nitrate (99.99%) 
and oleylamine (OLA, 90%) were purchased from Alfa Aesar. 

4.2 Synthesis of Cs2AgBiBr6 nanocrystals 

A mixture of 0.3 mmol bismuth neodecanoate, 0.15 mmol   
of Cs2CO3 and 10 mL of ODE together with 0.5 mL OA and 
0.24 mL OLA was loaded in a 50 mL four neck round bottom 
flask equipped with a reflux condenser and degassed via argon 
bubbling for 30 min at 110 °C under vigorous stirring. Then 
0.3 mL premixed Ag-TOP (0.3 mmol AgNO3) solution was 
injected into the hot reaction mixture and the solution was kept 
for another 20 min under continuous argon supply. At this stage, 
all the precursors were fully dissolved and the solution became 
optically clear pale yellow. Subsequently, the temperature of 
the flask was set at 140 °C, then 300 L of benzoyl bromide 
(2.54 mmol) was swiftly injected into the hot reaction precursors 
which resulted in the prompt color change from pale yellow to 
orange, indicating the formation of Cs2AgBiBr6 NCs. About 
within 5 s, the reaction flask was rapidly cooled down in an 
ice-water bath. The crude solution was centrifuged at 5,000 rpm 
for 5 min, the precipitated solid was discarded and the yellow- 
orange supernatant was collected. The Cs2AgBiBr6 NCs were 
precipitated by adding 30 mL isopropanol into supernatant 
solution collected after first centrifugation cycle, and then the 
resulting mixture was centrifuged at 12,000 rpm for 10 min. 
The light yellow supernatant was discarded and the precipitated 
NCs were redispersed in toluene and centrifuged again for 
5 min at 4,000 rpm to remove larger aggregates. The resulting 
supernatant was collected and stored for characterization and 
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device fabrication. 

4.3 Characterizations 

The transmission electron microscopic (TEM) images of purified 
NCs were obtained using a FEI Tecnai G2 F 30 STWIN 
microscope operating at an accelerating voltage of 300 kV. 
Samples were prepared by placing 10 ∝ L of the diluted NCs 
solution dispersed in toluene on a carbon-coated copper grid 
and the samples were dried naturally in the air. The average 
size of NCs was calculated by measuring the edge length of 
nearly 100 nanocrystals. The crystal structures of Cs2AgBiBr6 
NCs were obtained by powder XRD using a Rigaku diffractometer 
equipped with Cu-Kα radiation source ( = 1.54056 A°). Samples 
were prepared by dropping the concentrated dispersions of 
purified NCs on the glass substrate and allowing the solvent to 
evaporate naturally in air. The absorption spectra were obtained 
using Shimadzu 2401 PC UV–Vis spectrophotometer. The PL 
spectra of NCs dispersed in toluene were recorded with a 
Fluorolog (Jobin Yvon-Horiba, model-3-11) spectrophotometer. 
The samples were excited with 450 nm incident wavelength of 
the xenon lamp. The excitation slit width was set at 10 nm and 
the emission slit width was set at 5 nm. Time-resolved PL 
spectra were collected using time-correlated single-photon 
counting (TCSPC) based Fluorolog (Jobin Yvon-Horiba, 
model-3-11) spectrophotometer. Samples were excited with 
pulse Nano-LED ( = 405 nm) with pulse width < 200 ps and 
pulse repetition rate of 1 MHz. The instrument response function 
was measured using a non-fluorescence scattering solution in 
deionized water. The transmission mode of FTIR measurements 
was performed using a Nicolet 5700 IR spectrometer. For 
FTIR measurements, NCs films were deposited on the glass 
substrate by spin coating technique. Surface morphology of 
LBL deposited NCs thin films were recorded using both 
atomic force microscopy, AFM Nano First-3100 operated in 
tapping mode and scanning electron microscopy (SEM, ZEISS 
AURIGA). The XPS and UPS measurements were performed 
using a multi-probe surface analysis system (Omicron, Germany). 
XPS spectra were recorded using a monochromatized AlKα 
(1,486.7 eV) radiation sources. UPS spectra were obtained 
using in-situ discharge lamp (OMICRON HIS 13) with He (I) 
(21.22 eV) radiation source. Electrical characterization was 
performed using a Keithely-2420 instrument. 

4.4 LBL NCs thin film deposition 

Cs2AgBiBr6 NCs thin film was deposited via a layer-by-layer 
spin coating, using solid-state ligand exchange treatment inside 
nitrogen-filled glove box. Initially, a layer of NCs was deposited 
on the desired substrate by dropping 40 L of NCs solution  
(~ 20 mg/mL in toluene) followed by spinning at 1,500 rpm for 
15 s. Solid-state ligand exchange was performed by dropping 
200 L of TBAB solution (1 mg/mL in IPA) onto NCs layers 
and allowed to soak for 10 s, followed by spin-coating at  
3,000 rpm for 20 s to remove the excess ligand solution. After 
that, TBAB treated film was first rinsed with IPA and then 
toluene via spin coating at 3,000 rpm for 20 s each. This process 
was repeated several times to achieve the desired thickness of 
shiny yellow and smooth film. Finally, the fabricated film was 
annealed at 100 °C for 10 min to remove the solvent residue 
and stored for further characterizations.  

4.5 Device fabrication 

Solar cells utilizing Cs2AgBiBr6 NCs as absorber layer with device 
structure of FTO/TiO2/Cs2AgBiBr6/spiro-OMeTAD/MoO3/Ag 
were fabricated according to the following procedure. The 
patterned fluorine-doped tin oxide (FTO) coated glass substrate 

was sequentially cleaned with detergent, deionized water and 
acetone in an ultrasonic bath followed by vapors cleaning in 
boiling isopropanol and then dried in a vacuum oven. The 
cleaned substrates were treated with UV ozone for 15 min. A 
40 nm electron transport layer of compact TiO2 layer was 
deposited via a sol-gel method onto UV ozone treated patterned 
FTO substrate. TiO2 precursor for the compact TiO2 layer  
was prepared by dropwise addition of titanium isopropoxide 
(0.74 mL) into 8 mL ethanol with vigorous stirring, followed 
by rapid injection of 60 L hydrochloric acid into the solution 
and then the resulting solution was stirred for overnight. The 
TiO2 precursor solution was spin-coated on FTO substrates  
at 2,000 rpm for 20 s and then annealed at 500 °C for 60 min 
on a hot plate. Subsequently, a  150 nm Cs2AgBiBr6 NCs 
absorber layer was deposited on FTO/TiO2 substrate via LBL 
spin coating technique described in the previous section. The 
solution of hole transporting layer (HTL) was prepared by 
dissolving 72.3 mg of spiro-OMeTAD in 1 mL of chlorobenzene, 
followed by addition of 8.8 μL of 4-TBP and 17.5 μL of Li-TFSI 
stock solution (520 mg/mL in acetonitrile). The spiro-OMeTAD 
hole transporting layer was deposited by spin-coating onto the 
NCs absorber layer at 5,000 rpm for 30 s. The prepared samples 
were then transferred into the vacuum deposition chamber. 
Finally, a 10 nm MoO3 and a 120 nm thick Ag electrodes were 
deposited by thermal evaporation through a shadow mask at 
a rate of 0.1–0.2 and 1–2 Å/s, respectively at a chamber pressure 
of ~ 10−7 Torr. The active area of device was found to be 0.08 cm2, 
defined by the shadow mask. 
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