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A B S T R A C T   

Perovskite-type materials have attracted great attention in recent times due to their interesting 
characteristics, such as their luminescent properties. The good photoluminescence quantum 
yields as well as the possibility of tuning the emission wavelength has allowed the study of these 
materials in several applications, such as sensors or LEDs. As sensors, making nanocrystals of 
these perovskites emitting in the near infrared (NIR) would open the possibility of using these 
materials in biomedical applications. In the present work, Pd-doped CsPbBr3 perovskite nano
crystals (NCs) were synthesized and characterized. We show here Pd-doped NCs synthesized emit 
in NIR, at about 875 nm, using a laser emitting at 785 nm as the excitation source. This result is 
really new and promising, because it opens the possibility of using these nanocrystals in many 
applications as sensor in the field of nanobiomedicine in the future.   

1. Introduction 

Perovskite nanomaterials with an ABX3 structure in which A is a monovalent inorganic or organic cation, B a divalent inorganic 
cation and X a halogen anion have recently emerged as promising nanomaterials due to their excellent optoelectronic properties. These 
have attracted considerable attention for their applications in devices including light-emitting diodes (LEDs) [1], lasers [2], photo
detectors [3], sensors [4] and solar cells [5,6]. 

Currently, the study of quantum dots (QDs) and nanocrystals (NCs) based on perovskite materials has attracted great attention due 
to their interesting properties derived from quantum size effects, such as the possibility of controlling the optical band gap [7], the high 
mobility of carriers [8] or the possibility of tuning the photoluminescent emission across the entire spectrum [9]. Thus, completely 
inorganic perovskites based on caesium and lead have shown interesting properties that make them very interesting in the afore
mentioned applications, such as stable emission in the visible [10], or long lifetimes [11]. 

In this sense, one of the applications of greatest interest for luminescent materials is their use as sensors in several topics, but they 
have acquired special relevance in the field of biomedicine, and specifically in temperature detection, due to the high sensitivity of the 
variation of the luminescent properties, intensity or bandwidth, with temperature. It enables accurate and remote thermal sensing in 
real time for medical applications such as the early diagnosis of tumours and hyperthermia [12]. But, for this application, the emission 
and excitation bands should be within the any of the three biological windows (BW–I: 650–950 nm, BW-II: 1000–1350 nm and BW-III: 
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1550–1870 nm) [13]. Therefore, the search for materials capable of absorbing and emitting in these areas of the spectrum, that is, in 
the near infrared (NIR), is of great interest. Therefore, the possibility of designing QDs or NCs based on perovskites but with NIR 
emission would be of great interest because it would open the possibility of using these materials in in vivo temperature detection in 
biomedical applications. Strategies such as perovskite doping have been used in the past to control their emission properties, so it may 
be an interesting way to design NIR-emitting perovskites. 

Perovskite doping in “B” and “X” positions allows for control over the emission and excitation wavelength in perovskite quantum 
dots [14,15], which could fall in the first biological window. Several works have shown the doping in B position using different 
dopants. For example, Zhu et al. showed an increase in the photoluminescence quantum yield in Dy-doped CsPbBr3 perovskite [16]. 
Ding et al. reported up-conversion process in CsPbF3: Zn2+-Yb3+-Tm3+ (or Er3+) perovskite nanocrystals (PeNCs)/Au nanorods (NRs) 
array hybrid [17]. Tri-doping of CsPbCl3 using Cr3+, Yb3+ and Ce3+ have shown excellent quantum yield and stability [18]. Zhang 
et al. reported Sr-doped CsPbBr3 perovskite in which the emission wavelength could be tunned due to the doping [19]. Ding et al. 
showed that optoelectronic properties and stability of CsPbI3 PQDs are significantly improved by Er3+ doping [20]. Co-doping 
enhanced the photocatalytic activity of CsPbBr3 for hydrogen production [21]. In addition, in previous work, we demonstrated 
that doping with Pd of MAPbI3 (where MA+ corresponds to the methylammonium cation) leads to a decrease in the band-gap value 
[22]. However, inorganic perovskite such as CsPbBr3 is more stable than hybrid organic-inorganic perovskite such as MAPbI3 [23]. 

In this work, a two-part study was performed into the photoluminescent emission of perovskite nanocrystals. First, a study was 
performed into the influence of the Pd-doping in B-site in the CsPbBr3 perovskite structure and photoluminescent emission. To this 
aim, perovskite nanocrystals with an CsPb1-xPdxBr3 composition (x = 0.25) were synthesized using a hot-injection method. For 
choosing this Pd concentration, several CsPb1-xPdxBr3 perovskites in bulk form changing the x values were synthesized and the 
crystalline structure was analysed by x-ray diffraction in order to know the Pd concentration in which the perovskite structure was 
obtained. From this analysis, a x value of 0.25 was defined as the adequate Pd concentration for preparing the perovskite NCs. In 
addition, Pd was chosen because a decrease in the band gap in Pd-doped perovskite has been reported [22], thus an emission falling in 
the first biological window can be expected, which is typically reported for the doping using rare earths ions, in addition to the typical 
emission of CsPbBr3 NCs in the green zone of the electromagnetic spectrum [24]. Secondly, the effect of the reaction temperature on 
the structure and photoluminescent emission properties of pure and doped perovskite NCs was also analysed. To this end, the NCs with 
the aforementioned composition were synthesized at four different temperatures: 130 ◦C, 150 ◦C, 170 ◦C and 190 ◦C. 

2. Material and methods 

2.1. Reagents 

Caesium carbonate (Cs2CO3, 99.5% trace metals basis), lead(II) bromide (PbBr2, ≥ 98%), palladium(II) bromide (PdBr2, 99%) 
oleylamine (OLA, technical grade 70%), oleic acid (OA, technical grade 90%), 1-octadecene (ODE for synthesis), toluene anhydrous 
(99.8%), dimethyl sulfoxide (DMSO, ≥ 99.5%) and caesium bromide (CsBr, 99.9%) were supplied by Sigma-Aldrich©. 

2.2. Synthesis of Pd-doped CsPbBr3 NCs 

Synthesis CsPb1-xPdxBr3 perovskite bulk. First, it was necessary to determine the amount of Pd with which it was possible to dope 
the CsPbBr3 while maintaining the perovskite structure. To this end, CsPb1-xPdxBr3 perovskite bulks (where x = 0, 0.25, 0.5, 0.75, 1) 
were synthesized following the method employed by Ding et al. with some modifications [25]. Thus, 2.48⋅10− 3 mol of CsBr and 
2.48⋅10− 3 mol of PbBr2 were dissolved in 2 mL DMSO in an ultrasound bath and then the mixture was heated on a hot plate at 60 ◦C 
until powders of the undoped CsPbBr3 perovskite were obtained. For the doped perovskite, the amount of PbBr2 was modified by 
adding the stoichiometric amount of PdBr2 to obtain the aforementioned composition of CsPb1-xPdxBr3 perovskites. 

Preparation of Cs-Oleate. The synthesis procedure was based on a previously reported method [26]. Cs-oleate was obtained by 
loading 0.814 g of Cs2CO3, 40 mL of ODE and 2.5 mL of OA into a 100 mL 3-neck flask, drying the mixture for 1 h at 120 ◦C under 
vacuum. Next, the mixture was heated under N2 atmosphere at 150 ◦C on a hot plate to ensure that all the Cs2CO3 reacted with the OA. 

Synthesis of Pd-doped CsPbBr3 NCs. From the results of the bulk doped perovskite, CsPb1-xPdxBr3 nanocrystals were synthesized, x 
being 0.25. This doping level allows internally Pd-doped perovskites to be obtained. The methodology followed to obtain Pd-doped 
CsPbBr3 NCs was the hot-injection method described by Protesescu et al. [26], in which 0.141 mmol of PbBr2 and 0.047 mmol of 
PdBr2 in 5 mL of ODE was dried under vacuum for 1 h at 120 ◦C. A total of 0.5 mL of OLA and 0.5 mL of OA were injected at 120 ◦C 
under N2 on a hot plate. Once the salt was dissolved, the temperature was increased to the desired synthesis temperature (130 ◦C, 
150 ◦C, 170 ◦C or 190 ◦C) and 0.4 mL of Cs-oleate was injected before the flask was immediately immersed in an ice-water bath. 
Finally, the above dispersion underwent centrifugation at 7000 rpm for 10 min at 0 ◦C. For comparison purposes, undoped CsPbBr3 
NCs were synthesized following the same procedure, but adding the stoichiometric amount of PbBr2 in the first step of the synthesis. On 
the other hand, the supernatant was discarded and the precipitate was dispersed in anhydrous toluene and taken as the colloidal 
suspension of perovskite nanocrystals. 

2.3. Characterization of bulk and perovskite NCs samples 

First, the doped perovskite bulk was characterized to observe whether the perovskite structure was formed for the different 
amounts of Pd tested. For this, the XRD patterns of the powder samples were obtained using a D8 Advance A-25 diffractometer with a 
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Lynxeye detector supplied by Bruker® with a Cu-Kα X-ray source. The patterns were recorded from 10◦ to 75◦ with a resolution of 
0.020◦, 40 kV and 40 mA. 

Furthermore, the structural characterization of the PQD samples was performed by means of transmission electronic microscopy 
(TEM). The TEM and HR-TEM images of the samples were obtained using a Talos F200s X Twin transmission electron microscope 
supplied by ThermoFisher Instruments®, with an electron beam energy of 200 keV, an extraction voltage of 3900 V and an emission 
current of 65.1 μA. The element distributions of the samples were investigated using high-angle annular dark-field scanning trans
mission electron microscopy (HAADF-STEM) images coupled with the corresponding energy dispersive X-ray spectrometry (EDS) 
elemental mapping. The optical properties of the colloidal suspensions obtained from the perovskite NCs samples were determined 
using UV–Vis spectroscopy in absorbance mode by means of a modular equipment assembled in our laboratory consisting of a DH- 
2000-BAL light source and USB2000+ general purpose spectrometer, both supplied by OceanOptics©. Hellma Analytics™ supplied 
glass spectrophotometer cuvettes (model 100-10-20) with a 10 mm light path. Two different references were used: anhydrous toluene 
in the case of CsPbBr3 perovskite NCs and ODE in the case of the Pd-doped samples. Finally, the emission properties of the samples 
were studied using photoluminescence spectroscopy. The steady-state photoluminescence spectra were recorded at room temperature 
with a Horiba© LabRAM HR Evolution modular Raman spectrometer, which is suited for both Raman analysis and photoluminescence, 
and is equipped with a Symphony II IR detector and a Sincerity visible detector both supplied by Horiba©. As excitation sources, 
different lasers were used: a He–Cd laser emitting at 325 nm (model IK3201R–F 25 mW supplied by Kimmon Koha©); two diode 
pumped solid state (DPSS) lasers emitting at 473 and 532 nm with a power output of 100 mW supplied by Quantum models©; a He–Ne 
laser, supplied by Pacific LasertecTM, with an emission at 633 nm; and a Sacher Lasertechnik© laser emitting at 785 nm (model Pilot 
PC 500, power output: 100 mW). 

Time-resolved photoluminescence measurements for estimating the lifetime of the emissions were performed using a DeltaFlex 
Modular Fluorescence Lifetime System supplied by Horiba© and a 467 nm nanoLED (pulse duration <200 ps) as the excitation source. 

3. Results and discussion 

3.1. CsPb1-xPdxBr3 perovskite bulk 

The crystalline configuration of CsPb1-xPdxBr3 (x = 0, 0.25, 0.5, 0.75, 1) perovskite bulk was analysed by XRD. Fig. 1 shows the 

Fig. 1. Diffractograms of CsPb1-xPdxBr3 perovskite bulk, x = 0, 0.25, 0.5, 0.75, 1. The planes pointed out for the diffractogram with x = = are 
assigned to orthorhombic Pnma perovskite, planes with a blue circle for PdBr2 monoclinic P21/c, a red circle for PbBr2 orthorhombic Pnma and a 
green circle for CsBr cubic Pm-3m (PDF#73–0391). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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diffractograms of the samples obtained. The crystalline structure of CsPbBr3 was confirmed to be orthorhombic Pnma, as suggested by 
the literature [27]. To make the assignation of the peaks more comprehensible, we have assigned the perovskite peaks in the dif
fractogram corresponding to CsPbBr3 NCs, while in the others we have marked the new peaks corresponding to the precursors as 
follows: a blue circle for PdBr2 monoclinic P21/c (PDF#48–1715), a red circle for PbBr2 orthorhombic Pnma (PDF#84–1181) and a 
green circle for CsBr cubic Pm-3m (PDF#73–0391). The Pnma orthorhombic perovskite structure typical for CsPbBr3 remains until the 
composition x = 0.5, but some peaks corresponding to PdBr2 start to appear when x = 0.25, which means that the Pd is not entering the 
perovskite structure completely, and a certain mixture of phases is observed. For x = 0.75, we can see mainly the peaks assigned to the 
precursors (PbBr2, PdBr2 and CsBr) and only a few are typical of the perovskite structure, which means that the perovskite was not 
successfully synthesized. Hence, we decided to synthesize perovskites NCs using x = 0.25 to be sure of their internal Pd doping. 
Undoped CsPbBr3 NCs were also prepared to analyse the effect of Pd doping on their properties. 

3.2. Perovskite NCs in colloidal suspension 

3.2.1. Selected area diffraction (SAED) analysis 
To explore the crystalline configuration of the different samples of the perovskite NCs in suspension, Bright Field (BF) TEM images 

were acquired and, as the nanoparticles were randomly oriented, a search for well-aligned nanoparticles (with respect to the incident 
beam) was conducted. Some of the nanoparticles showed an orientation that allows for a selected area diffraction pattern (SAED) 
study. In this regard, Fig. 2a shows TEM BF micrography of the CsPbBr3 nanoparticles annealed at 170 ◦C. The nanoparticles are 
“square-shaped”, conforming a structure that is similar to a square-based prism with 20 nm edges. Some of them are partially oriented 
with respect to the incident beam, while some others were aligned enough to perform the analysis. To distinguish “well-aligned 
nanoparticles”, HREM images were acquired for a variety of nanoparticles (see Fig. 2b as an example). A nanoparticle was considered 
to be well-aligned when atomic columns could be appreciated and the fast Fourier transform (FFT) showed a comprehensible pattern. 

Focusing on the CsPbBr3 annealed at 170 ◦C, this sample is expected to form an orthorhombic lattice, belonging to the Pnma space 
group [28]. Thus, CsPbBr3 in an orthorhombic configuration is expected to elongate along c-axis or [001] crystallographic axis. 
Therefore, there are always (hk0) diffractions forming an (hk0) reciprocal lattice row as a distinctive layer line in a SAED pattern. 
Taking this into consideration and once the camera constant (which depends on the observation conditions) is determined, d-spacing 
can be calculated as dhkl = λ⋅L

r , where λ⋅L is the camera constant (measured in Å⋅pixel), dhkl is the d-spacing (in Å) and r is the geometric 
distance between the two adjacent SAED spots (here, measured in pixels). As the geometric distance between two SAED spots cor
responds to the d-spacing between these two reciprocal lattice spots (which represent two adjacent parallel lattice planes in a real 
crystal lattice), measuring on the corresponding SAED (see Fig. 2c), makes it possible to determine dhk0 interplanar distances. On the 
other hand, in SAED patterns, each diffraction spot or reciprocal lattice point represents a set of equally spaced real lattice planes. Thus, 
measuring the angle between the (hk0) and (hkl) layer lines represented by dashed lines in Fig. 2c, the angle between the corre
sponding real lattice planes can be obtained. By using these data and the L/M relation presented in Fig. 2c, the [010] pole of an 
orthorhombic system is determined. This is in agreement with the literature [28] and with the fact that a Pnma space group permits 
only h = 2n diffractions for (hk0) and (k + l) = 2n for (0 kl). Thus, sample CsPbBr3 170 ◦C is coincident with a CsPbBr3 in orthorhombic 
configuration with lattice parameters: a = 8.87 Å, b = 8.84 Å and c = 11.98 Å. 

Regarding the CsPb0.75Pd0.25Br3 perovskite NCs samples, some morphological changes are detected. Indeed, the samples annealed 
at 130 ◦C show nanoparticles (NP) with a hexagonal section that can be considered to be a circle with a diameter of approximately 20 
nm. These NPs are accompanied by smaller ones with a circular section of 5 nm radius (see Fig. 3a). Unfortunately, no NPs were found 
well-aligned with the e-beam, so no HREM or SAED data could be presented here. The above-mentioned case can be compared with 
that of CsPb0.75Pd0.25Br3 annealed at 190 ◦C. Fig. 3b shows BF micrography of such NPs. It can be observed that NPs were obtained 
with a square-based section. A white-dashed square is used in Fig. 3b to indicate the nanoparticle where the study was conducted. The 
inset in Fig. 3b shows the HREM imaging of the highlighted particle in Fig. 3b, and thus the interplanar distance in the random oriented 

Fig. 2. TEM BF micrography of CsPbBr3 nanoparticles synthesized in colloidal suspension (a) annealed at 170 ◦C, dashed-square indicates the 
particle where the SAED analysis was performed. Interplanar distances can be measured directly in the HREM image (b), and can be used to confirm 
the results obtained by indexing the SAED pattern (c). 
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NP can be directly measured. SAED image of the corresponding NP is shown in Fig. 3c. However, as the diffraction pattern was so 
complex, white dots with black edges were included to guide the eyes through the pattern. Our explanation for this phenomenon is that 
these NPs could be composed of a variety of domains [28], which induces some strain relaxation in the lattice, also due to the sig
nificant lower ionic radius of Pd2+ with respect to Pb2+. An orthorhombic configuration is detected with lattice parameters: a = 8.89 Å, 
b = 8.82 Å and c = 12.08 Å. These results are quite similar to those obtained in the original CsPbBr3 samples. 

3.2.2. TEM analysis and size distribution 
Fig. 4 shows representative TEM images of the undoped NCs synthesized in colloidal suspension at 130 ◦C (Figs. 4a), 150 ◦C 

(Figs. 4b), 170 ◦C (Fig. 4c), and 190 ◦C (Fig. 4d). Also, Fig. 5 shows Pd-doped NCs synthesized in colloidal suspension, at 130 ◦C 
(Figs. 5a), 150 ◦C (Figs. 5b), 170 ◦C (Fig. 5c), and 190 ◦C (Fig. 5d). From these TEM images, the size distributions of the samples were 
estimated, shown in Figs. S1 and S2 in the Supplementary Material. Statistical analysis of the size distributions reveals the average 
particle size of the samples, shown in Table 1. 

As mentioned above, we employed the hot-injection method to grow the nanocrystals and their growth was mainly controlled by 
precisely setting the hot injection temperature to 130, 150, 170 and 190 ◦C. In general, the values of the average particle size show that 
the average size of NCs gradually increases as the temperature rises. In the case of the doped NCs, the samples prepared at 130, 150 and 
170 ◦C were of a similar size, and the differences are in the order of accuracy. The sample prepared at 190 ◦C is clearly observed to 
increase in size. Furthermore, those values also demonstrate that the particle size decreases when the perovskite nanocrystals are 
doped with Pd, maybe because the crystallinity is worse for the doped samples, and those perovskite NCs grew less. 

3.2.3. HAADF-STEM and EDS analysis 
The element distributions of the samples were investigated using the high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) image coupled with the corresponding energy dispersive X-ray spectrometry (EDS) elemental mapping. 
Fig. 6a shows the HAADF-STEM image of CsPbBr3 NCs and Fig. 6a–d shows the corresponding EDS elemental mapping images of Cs, 
Pb, and Br elements for the sample synthesized at 130 ◦C, which is considered representative of all the samples synthesized. Also, 
Fig. 6e shows the Pd-doped NCs and Fig. 6f–i shows the corresponding EDS elemental mapping images of Cs, Pb, Br and Pd elements for 
the sample synthesized at 130 ◦C, which is also considered representative of all the samples synthesized. In the case of pristine CsPbBr3 
NCs, the elements show dense elemental profiles and seem dispersed around the sample, as Fig. 6a shows. This is due to the fact that 
this technique is not very sensitive to elements which have a low atomic number. For elements with a higher atomic number, more 
electrons are scattered at higher angles due to the presence of more intense electrostatic interactions between the nucleus and the 
electron beam. As a result, the HAADF detector senses a greater signal from atoms with a high Z [29]. For Pd-doped NCs, the Pd 
elemental profile appears to be concentrated in certain areas, the brighter ones, and also Pb appears to be concentrated in the same 
zones as Pd. In these zones, we can clearly observe perovskite NCs in the HAADF-STEM (see Fig. 6b). Thus, we can confirm the presence 
of Pb and Pd in the same particles, so this is indirect evidence of the internal doping of the perovskite NCs. 

3.2.4. UV–Vis spectroscopy 
UV–Vis spectra were recorded for the undoped and Pd-doped NCs synthesized in colloidal suspension. The spectra in Fig. 7a and b 

shows a broad band due to light dispersion phenomena. When the synthesis temperature decreases (and the particle size is smaller), a 
blue-shift is recorded at the edge of the extinction plot for both the doped and undoped perovskite NCs. That is consistent with the 
information found in the bibliography, in which it was found that the absorption edge is blue-shifted due to an increase of the quantum 
confinement effect [30]. These results also show that the effect of the Pd doping is a shift in the absorption edge towards higher energy 
values, i.e. lower wavelength, as is shown in the inset of Fig. 7a. Thus, by changing the synthesis temperature and doping with 
palladium, it is possible to modify the optical properties of the perovskite NCs. On the other hand, despite the broad band due to the 

Fig. 3. TEM BF micrography of a) CsPd0.75Pd0.25Br3 nanoparticles annealed at 130 ◦C, which show two types of NPs and hexagonal section. (b) TEM 
BF micrography of CsPb0.75Pd0.25Br3 nanoparticles annealed at 190 ◦C, a square-like shape being observed. Inset shows HREM imaging of a selected 
NP, where interplanar distances could be measured. c) SAED data of the highlighted NP, showing a complex pattern that is attributed to a multi- 
domain structure that might relax strains in the crystal lattice. 
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scattering process, the first two exciton transitions are clearly observed in the undoped perovskite NCs with low size. These transitions 
are pointed out using an asterisk in Fig. 7a. But, these two transitions are not well-resolved for doped samples, which is due to a weak 
confinement in doped perovskite NCs [22]. 

3.2.5. Photoluminescence spectroscopy 
Photoluminescence spectroscopy was employed to determine the effect of the synthesis temperature and Pd doping on the emission 

properties of the perovskite NCs. First, the effect of the synthesis temperature was studied. Fig. 8a shows the normalized spectra of the 
undoped perovskite NCs synthesized at different temperatures under excitation at λ = 473 nm. This band corresponds to the main 
emission of the CsPbBr3 nanocrystals, which suffers a red-shift as the temperature increases, with the shift more noticeable from 130 to 
150 ◦C, from 507 to 515 nm. The shift for the higher temperatures is negligible. This same effect can be observed as the synthesis 
temperature increases in the case of the Pd-doped samples, as is observed in Fig. 8b. Again, the more remarkable shift is produced 
between 130 and 150 ◦C, at about 9 nm, the differences between the emission at higher temperatures also being negligible. 

Furthermore, we analysed the effect of Pd doping on the emission properties. Fig. 8c shows the photoluminescence spectra of the 
undoped (black) and Pd-doped NCs (red) at every synthesis temperature obtained under excitation at 473 nm. Comparing the pho
toluminescence spectra of the doped and undoped samples at the same synthesis temperature and under the same excitation wave
length, we can see that the effect of Pd doping is a blue shift of the main emission band, the shift being in the 14–16 nm range for the 
samples synthesized. This is coherent with the results obtained from UV–Vis spectroscopy. Using the laser emitting at 325 nm, similar 
results to those shown for the laser at 473 nm were found, as is observed in Fig. S3 in the Supplementary Material. The undoped and 
doped samples do not show emission using lasers emitting at 532 and 633 nm. 

3.2.6. Time-resolved photoluminescence spectroscopy 
Time-resolved photoluminescence spectroscopy was performed to obtain the average lifetime for the main emission shown in Fig. 8 

for the undoped and Pd-doped samples. Fig. 9a and b shows the time-resolved PL decays for the undoped and Pd-doped NCs, 
respectively, which were fitted by a tri-exponential function, and the average lifetime was estimated. Details of this fitting and 
calculation are shown in the Supplementary Material. We can observe how the average lifetime is about 2 ns lower for the doped 
samples than for the undoped perovskite NCs, whose average lifetime is about 4 ns. These findings are similar to those reported in the 
literature [18], suggesting the excellent Stokes emission characteristics [18]. In detail, the average lifetime decreases with temperature 

Fig. 4. TEM images of CsPbBr3 NCs synthesized in colloidal suspension at 130 ◦C (a), 150 ◦C (b), 170 ◦C (c) and 190 ◦C (d).  
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for the doped perovskite. The hot injection method used in this work uses hot solvent. The high temperature of the solvent promotes 
the formation of the quantum dots by driving the reaction forward quickly. However, this rapid synthesis process can result in defects 
and impurities within the quantum dots, which can act as non-radiative recombination centres for the excited charge carriers. At 
higher synthesis temperatures, the defects and impurities within the quantum dots become more prevalent, leading to an increased rate 
of non-radiative recombination of the excited charge carriers. Therefore, under the same synthesis conditions, it is expected that as the 
synthesis temperature increases, the non-radiative recombination of the excited charge carriers within the quantum dots also increases 
and thus, the lifetime of the excited state typically decreases, as it is the case of Pd-doped CsPbBr3. On the other hand, perovskite QDs 
face a chemical limitation due to their high volume-to-ratio, which results in a large number of uncoordinated atoms or ions on their 
surface. These surface defects act as traps for photogenerated excitons, leading to non-radiative recombination and quenching of the 
photophysical features. In the case of undoped CsPbBr3 QDs, the lifetime may not decrease as significantly with increasing synthesis 
temperature as compared to doped perovskite quantum dots. This is because undoped perovskite quantum dots typically have fewer 
defects and impurities than doped perovskite quantum dots, which can act as non-radiative recombination centres for the excited 
charge carriers. At higher synthesis temperatures, the size of the undoped perovskite quantum dots increases, as is shown in Table 1, 
but this can actually lead to an increase in the lifetime of the quantum dots due to a decrease in surface area-to-volume ratio, which can 

Fig. 5. TEM images of CsPb0.75Pd0.25Br3 NCs synthesized at 130 ◦C (a), 150 ◦C (b), 170 ◦C (c) and 190 ◦C (d).  

Table 1 
Average particle size of the perovskite NCs synthesized in colloidal suspension.  

T/◦C average size/nm 

CsPbBr3 NCs Pd-doped CsPbBr3 NCs 

130 7.6 ± 1.2 6.3 ± 0.6 
150 8.4 ± 1.3 7.0 ± 1.1 
170 14.7 ± 4.5 6.8 ± 0.6 
190 18.2 ± 5.2 10.0 ± 3.2  
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reduce the probability of surface trapping and non-radiative recombination. 

3.2.7. Emission in the IR zone 
The most remarkable result is the photoluminescence band at around 875 nm obtained under excitation at 785 nm for all the Pd- 

doped CsPbBr3 NCs synthesized in colloidal suspension, presented in Fig. 10a, with a quantum yield of about 9.5%. This band was not 
observed in the undoped samples. Also, as the precursor PbBr2 was kept in little amount in the bulk samples, PL measurements for 
PbBr2 were performed by using the same excitation, and no emission was found. On the contrary, the undoped samples did not show 
any photoluminescence band. This is due to the interactions Pd–I, which affects to the band structure in Pd-doped perovskite. As was 
reported previously [19], the region of the valence band is clearly dominated by an overlap of the d states of the Pd with the p states of 
the I, which indicates the Pd–I interaction. That is, the d orbitals of the Pd in these perovskite-type structures provide empty and filled 
electron levels near to the edge of the valence band which makes the material behave in a similar way to a p-type semiconductor, with 
an optical band lower than undoped perovskite, which leads to a NIR emission. In addition, the stability of this NIR emission has been 
tested for several days. Fig. 10b shows the intensity of the emission, estimated as the area of the peak, up to 10 days after the synthesis 
for the Pd-doped CsPbBr3 perovskite synthesized at 130 ◦C. A good stability of the emission is clearly observed. Thus, the Pd-doped 
samples could be applied in luminescent nanosensors as they meet one of the main conditions for this application: they are excited 
using a NIR laser and emit in any of the three biological windows (in this case, the first biological window) [31]. 

4. Conclusions 

This paper presents the successful synthesis of CsPbBr3 and Pd-doped CsPbBr3 NCs synthesized in colloidal suspension using the 
hot-injection method at different synthesis temperatures. A SAED analysis from TEM images confirmed that, in both cases, the 

Fig. 6. HAADF-STEM image of CsPbBr3 NCs (a) and the corresponding EDS elemental mapping images of Cs (b), Pb (c), and Br (d). HAADF-STEM 
image of the Pd-doped NCs (e) and the corresponding EDS elemental mapping images of Cs (f), Pb (g), Br (h) and Pd (i) elements. Bot samples were 
those synthesized at 130 ◦C in colloidal suspension. 

Fig. 7. UV–Vis spectra of the CsPbBr3 (a), and Pd-doped CsPbBr3 (b) perovskite NCs synthesized in colloidal suspension.  
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crystalline system is orthorhombic Pnma, which confirms the formation of a perovskite structure. The effect of the synthesis tem
perature and the Pd doping was studied through different techniques. This study shows that higher synthesis temperatures result in a 
gradual increase in the size of the nanoparticles, which produces a red-shift of the main PL band obtained under excitation at 473 nm. 
In addition, there is a blue-shift of the main emission band when perovskite nanocrystals are doped with Pd, and also of the absorption 
band. Nevertheless, the most remarkable result of this study was the fact that Pd-doped CsPbBr3 NCs can be excited with a NIR laser 
emitting at 785 nm, and they emit in the NIR at about 875 nm. Therefore, they could be used to obtain luminescent nanothermometers, 
and in other applications related to biosensing, although further research is needed. 

Fig. 8. Normalized PL spectra for CsPbBr3 (a) and Pd-doped CsPbBr3 (b) perovskite NCs, and comparison of the undoped and doped samples for 
each synthesis temperature (c). 

Fig. 9. Time-resolved PL decays and fitting curves for the undoped perovskite NCs (a) and Pd-doped NCs (b).  
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Rodrigo Alcántara: Analysed and interpreted the data. 
Juan Jesús Gallardo: Performed the experiments. 
Javier Navas: Conceived and designed the experiments. 

Data availability statement 

The authors do not have permission to share data. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgements 

M.R.-F. acknowledges FPU19/02336 studentship from Ministerio de Universidades del Gobierno de España. This research was also 
funded by the Andalucía ERDF Operational Programme 2014–2020, managed by Consejería de Transformación Económica, Industria, 
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