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A B S T R A C T   

Er3+ has received extensive attention due to its excellent optical properties, especially its emission 
at 1535 nm in atmospheric propagation window. Enhancement and regulation of 1535 nm 
emission of Er3+ is of great significance to optical communication. In this work, growing of 
CsPbBr3 QDs has been controlled through adjusting annealing time which would precisely 
regulate conduction band of CsPbBr3 QDs to match energy levels of Er3+ enabling energy transfer 
between Er3+ and CsPbBr3 QDs. By steady-state and transient PL emission and excitation spec
troscopy, we reveal multiple energy transfer processes between Er3+ and CsPbBr3 QDs under 
different excitation wavelengths in Er3+ doped CsPbBr3 QDs glass: under higher energy excitation 
(~378 nm), energy transfer from Er3+ to CsPbBr3 QDs and this extra energy within CsPbBr3 QDs 
decay via a non-radiative pathway; under lower energy excitation (~524 nm), energy transfer 
from conduction band of CsPbBr3 QDs to 4S3/2 energy level of Er3+ which significantly enhances 
PL emission of Er3+ in near infrared region (~1535 nm, 4I13/2 → 4I15/2). These results provide a 
facile approach to enhance and regulate PL emission of Er3+ in near infrared region.   

1. Introduction 

In recent years, research on rare earth ions doped cesium lead halide perovskite (CsPbX3, X = Cl, Br, I) quantum dots (QDs) has 
extensively increased due to the rich energy level structure of rare earth ions which yields unique optical properties and exceptional 
optical characteristics of CsPbX3 [1–5]. CsPbX3 has been widely used in the field of optoelectronics in the last decade, such as 
light-emitting diodes (LEDs), lasers, soler cell, photodetection and gamut displays [6–13]. From previous studies, photoluminescence 
(PL) emission of CsPbX3 QDs can be tuned by adjusting size of QDs or composition of halide and accompanied with high photo
luminescence quantum yields (PLQY). However, PL emission wavelength of CsPbX3 QDs is commonly below 1000 nm with bandgap 
ranges between 1.7 and 3.1 eV [14–18]. According to the prediction for stability of perovskites, Goldschmidt tolerance factor (t) and 
octahedral factor (μ) of an ideal 3D perovskite structure follow expression: 

t=
rA+rX

̅̅̅
2

√
(rB + rX)

(1)  
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μ=
rB

rX
(2)  

here in equations (1) and (2), rB, rX and rX represents the radius of monovalent cation, divalent metal cation and monovalent halide 
anion of perovskite (ABX3) QDs, respectively. Typically, t and μ are within 0.76–1.13 and 0.44–0.9, respectively (eg: CsPbI3: t ~ 0.8, μ 
~ 0.54; CsPbBr3: t ~ 0.81, μ ~ 0.61) [6,19,20]. Due to structural flexibility of halide perovskites, heterogeneous ions can be introduced 
to halide perovskite [2,21,22]. Fortunately, based on luminescence properties of rare earth ions 4f electrons transitioning between 
different energy levels, doping of rare earth ions into CsPbX3 QDs can greatly expand their PL emission range [1,23,24]. Er3+, has 
excellent optical properties due to its abundant energy levels and relatively more discrete energy levels which reduces the occurrence 
of non-radiative transitions [25,26]. Generally, the most researched on Er3+ is its up-conversion luminescence, that is, conversion of 
low-energy photon into high-energy photon [27]. Especially, among many transitions between intermediate energy levels of Er3+, the 
strong near infrared (NIR) emission at about 1535 nm (4I13/2 → 4I15/2) has attracted great attention because 1535 nm is located in 
atmospheric window and is of great significance for long distance action [28–30]. If emission intensity of Er3+ at 1535 nm is further 
improved, it will have great potentials and actual values for applications in field of optical communications. 

In previous works, energy transfer between Er3+ and CsPbX3 QDs are commonly achieved by means of co-doping which another 
rare earth ion or metal ion is needed as an “intermediate bridge”. Artizzu et al. achieved emission of Er3+ at ~1500 nm with long 
lifetime (~3 ms) by co-doping of Er3+ and Yb3+ in CsPbCl3 nanocrystals since 4I11/2 energy level of Er3+ and 2F5/2 energy level of Yb3+

are resonant, and they further achieved a strong emission of Er3+ at 1542 nm by co-doping of Mn2+ and Er3+ in CsPbCl3 nanocrystals 
[17,31]. Considering that the interactions like direct energy conversion process between CsPbX3 QDs and Er3+ would greatly affect PL 
emission at ~1500 nm, underlying mechanism need to be further explored. 

According to the resonance energy transfer theory, luminescence enhancement at 1535 nm can also be achieved by regulating 
energy level position and single doping Er3+ in CsPbBr3 QDs. Therefore, in this paper, single rare ion of Er3+ doped CsPbBr3 QDs 
tellurate glasses has been successfully synthesized and enhanced PL emission at 1535 nm has been achieved. By steady-state and 
transient spectroscopy, multiple energy transfer processes between Er3+ and CsPbBr3 QDs have been observed. Furthermore, spectra 
results reveal that annealing treatment dramatically change energy levels of CsPbBr3 QDs which allows energy transfer from con
duction band (CB) of CsPbBr3 QDs to 4S3/2 energy level of Er3+ under 524 nm excitation and finally increases the PL emission at 1535 
nm. 

2. Materials and methods 

All samples were made following traditional high-temperature melting and heat treatment method based on previous studies, 
which is commonly used to prepare QDs [32,33]. TeO2 (99.99 %, Aladdin), Al2O3 (99.999 %, Aladdin), H3BO3 (99.99 %, Aladdin), 
ZnO (99.99 %, Aladdin), Na2CO3 (99.99 %, Aladdin), CaF2 (Analytically pure, Tianjin Zhiyuan Chemical), ErF3 (99.9 %, Aladdin), CsBr 
(99.999 %, Aladdin) and PbBr2 (99 %, Aladdin) were used as purchased without further purification. 

Proportion and molar ratio of Er3+ doped CsPbBr3 QDs: 77TeO2-1.5Al2O3–21H3BO3–18ZnO–14Na2CO3-9.6CaF2-2.2ErF3–7CsBr- 
7.1PbBr2. In contrast, non-doping CsPbBr3 QDs samples share the same synthesis proportioning as above but do not contain ErF3. For 
all ingredients, total mass of 5 g for all samples were weighed. Powder were mixed in an agate mortar and grinded for 20 min, then the 
mixture were moved to a crucible and melt at 850 ◦C for 30 min. The melted samples were cooled at room temperature and molded to 
form the precursor glass sheet with 2 mm thickness. After calcification at 260 ◦C for 180 min, a portion was annealed at 320 ◦C for 90 
min and 180 min, respectively. 

Transmission electron microscopy (TEM) images of CsPbBr3 QDs tellurate glasses after 90 min annealing treatment at 320 ◦C was 
obtained with ultra-high resolution transmission electron microscope. Accelerating voltage was 200 KV and magnification was 
800,000 times. For TEM measurement, solvent used during sample preparation process was anhydrous ethanol. Then CsPbBr3 QDs 

Fig. 1. Transmission electron microscopy (TEM) image of CsPbBr3 QDs after 90 min annealing treatment at 320 ◦C (the inset shows the lat
tice spacing). 
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glass was ground, dissolved, oscillated by ultrasonic, dropped to the microgrid, and dried to obtain TEM test sample. 
Transient emission (TE) spectra and decay dynamics curves were obtained using self-built high spatial resolution laser-induced 

nanosecond transient spectra acquisition system with emission wavelength ranging from 460 nm to 580 nm [34,35]. Nd: YAG laser 
provides 532 nm output which was introduced into a dye laser equipped with dye of LD 700 which yields laser output from 355 nm to 
385 nm. Through setting of self-built high spatial resolution laser-induced nanosecond transient spectra acquisition system by control 
unit, output frequency of dye laser was 3 Hz and output energy was 200 μW (measured by an energy meter, LabMax TOP, Coherent 
Co.). Excitation spectra and steady state emission spectra were collected using steady state/transient fluorescence spectrometer 
FLS1000 (Edinburgh Instruments). It has to be noted that, in order to maintain the original optical properties of all samples and make 
them comparable, all glass samples share the same thickness and no extra processing have been done like polishing. 

3. Results and discussion 

In order to reveal the crystallization and size of CsPbBr3 QDs, TEM image of CsPbBr3 QDs tellurate glass after 90 min annealing 
treatment at 320 ◦C was measured. From Fig. 1, it can be found that CsPbBr3 QDs present a spherical shape with diameter ranging from 
5 nm to 10 nm. Inset in Fig. 1 shows lattice spacing of d = 0.325 nm which corresponds to (111) lattice plane of CsPbBr3 QDs. From 
TEM results, CsPbBr3 QDs were successfully grown with obvious lattice structure in tellurate glass substrate after high temperature 
melting and low temperature annealing treatment. 

To better understand PL emission properties of Er3+ doped CsPbBr3 QDs, TE spectra of all samples are measured under 377.5 nm 
excitation and results are shown in Fig. 2. Fig. 2 shows the transient emission spectrum of samples, where the horizontal coordinate is 
wavelength and the vertical coordinate is time, representing the relationship between the luminous intensity and time, in which 
different mapped colors represent the luminous lifetime at different moments. From Fig. 2(a), non-doped CsPbBr3 QDs with annealing 
time of 90 min show PL emission from 460 nm to 560 nm which centered at 504 nm. With longer annealing time of 180 min, as shown 
in Fig. 2(b), PL emission in this range has been enhanced and presents redshift from 504 nm to 514 nm. This can be explained that 
CsPbBr3 QDs crystallize and grow during annealing process and longer annealing time would yield more CsPbBr3 QDs with larger size 
which corresponds to enhancement and redshift of PL emission, respectively [36–38]. Herein, PL emission properties of CsPbBr3 QDs 
can be easily tuned by adjusting annealing time. Comparing with non-doped CsPbBr3 QDs, Er3+ doped CsPbBr3 QDs (Fig. 2c-d) show 
weaker PL emission during 460 nm–560 nm range which suggests that interactions between Er3+ and CsPbBr3 QDs would weaken PL 
emission. Also, with annealing time has been prolonged, PL emission peak gets decreased which further indicates growing of CsPbBr3 
QDs improves such interaction between Er3+ and CsPbBr3 QDs. Moreover, PL emission redshift from 504 nm to 514 nm also occurs for 
Er3+ doped CsPbBr3 QDs. It has to be noted that, from Fig. 2, PL emission was markedly weakened with wavelength ≥524 nm of Er3+

doped CsPbBr3 QDs compared with undoped CsPbBr3 QDs. Especially, for Er3+ doped CsPbBr3 QDs, the characteristic PL emission of 
Er3+ at 556 nm gets weaker with longer annealing time. Therefore, from TE spectra, population of electrons locate at lower energy 
levels (≥524 nm) has been reduced result from Er3+ doping. 

To figure out mechanism of Er3+ affecting PL emission of CsPbBr3 QDs, PL decay kinetics curves at both 510 nm and 524 nm are 
fitted and results are shown in Fig. 3 and Table 1. In order to show the PL decay kinetics curves more intuitively, intensity of PL decay 
kinetics curves was normalized and displayed in a logarithmic scale. Biexponential function was used to fit these decay kinetics curves 
with expression written as 

Fig. 2. Transient emission (TE) spectra of non-doped CsPbBr3 QDs after 90 min (a) and 180 min (b) annealing treatment at 320 ◦C and Er3+ doped 
CsPbBr3 QDs after 90 min (c) and 180 min (d) annealing treatment at 320 ◦C excited at 377.5 nm (the insets are photos of samples). 
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Fig. 3. PL decay kinetics curves of CsPbBr3 QDs and Er3+ doped CsPbBr3 QDs after 90 min (a) and 180 min (b) annealing treatment at 510 nm 
emission and CsPbBr3 QDs and Er3+ doped CsPbBr3 QDs after 90 min (c) and 180 min (d) annealing treatment at 524 nm emission. Excitation 
wavelength was set as 377.5 nm. 

Table 1 
Fitting parameters of decay kinetics curves of CsPbBr3 QDs and Er3+ doped CsPbBr3 QDs in Fig. 3.    

τ1 (μs) A1 τ2 (μs) A2 Adj.R-Square 

510 nm 90min QDs 0.046 0.978 0.291 0.407 0.996 
Er3+@QDs 0.031 1.132 0.213 0.434 0.996 

180min QDs 0.061 0.856 0.411 0.435 0.998 
Er3+@QDs 0.018 1.951 0.143 0.405 0.995 

524 nm 90min QDs 0.019 1.762 0.134 0.446 0.995 
Er3+@QDs 0.014 3.102 0.086 0.363 0.997 

180min QDs 0.046 0.990 0.333 0.391 0.997 
Er3+@QDs 0.012 3.894 0.082 0.365 0.997 

Note: τ is lifetime, A is corresponding amplitude. 

Fig. 4. Transient PL emission spectra at 0.06 us of CsPbBr3 QDs and Er3+ doped CsPbBr3 QDs with annealing time of 180 min under 377.5 
nm excitation. 
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I =A1 ∗ exp(− k / τ1)+A2 ∗ exp(− k / τ2) + I0 (3) 

From Fig. 3 (a) and 3 (c), under excitation of 377.5 nm, for both Er3+ doped and undoped CsPbBr3 QDs with 90 min annealing 
process, PL emission at both 510 nm and 524 nm present similar decay trend. 

However, when annealing time was increased to 180 min, as shown in Fig. 3 (b) and (d), Er3+ doped CsPbBr3 QDs show markedly 
faster decay processes at both 510 nm and 524 nm compared with undoped CsPbBr3 QDs, respectively. Lifetime of all samples are listed 
in Table 1. This can be explained as redshift of PL emission induced by increase of annealing time which promotes doping of Er3+ into 
CsPbBr3 QDs and might enable efficient energy transfer from CsPbBr3 QDs to Er3+. Especially, for CsPbBr3 QDs, as redshift of PL 
emission peak from 504 nm to 514 nm, CB of CsPbBr3 QDs gets closer to 2H11/2 energy level of Er3+, which further facilitates efficient 
energy transfer process to occur from CsPbBr3 QDs to Er3+. 

To verify energy transfer process, transient PL emission spectra ranging from 460 nm to 580 nm of CsPbBr3 QDs and Er3+ doped 
CsPbBr3 QDs with annealing time of 180 min are compared and displayed in Fig. 4. From values of τ2 for these two samples, transient 
PL emission spectra before 0.082 μs could reveal PL emission character before decay process and thus, PL emission spectra at 0.06 μs 
was presented. It can be found that, under excitation of 377.5 nm, doping of Er3+ significantly reduces PL emission of CsPbBr3 QDs at 
range of 480 nm–540 nm. In order to quantitatively compare the luminous intensity of CsPbBr3 QDs and Er3+ doped CsPbBr3 QDs, we 
calculated the integral values in the range of 480 nm–540 nm as shown in Fig. 4, and the results were 22394 and 13047, respectively, 
which yield the ratio of 1.72. The values 22394 and 13047 can be understood as the number of photons emitted by CsPbBr3 QDs and 
Er3+ doped CsPbBr3 QDs when the excitation light intensity is the same. Therefore, PL emission of CsPbBr3 QDs during this range has 
been reduced by 41.74 % via doping of Er3+. 

To figure out specific decay pathway of such 41.74 % PL emission loss, PL excitation spectra (emission monitored at 1535 nm) of 
Er3+ doped CsPbBr3 QDs with different time of annealing treatment (0 min, 90 min and 180 min) in 200–600 nm range have been 
measured and shown in Fig. 5. Due to the influence of matrix-related stresses on QDs, raw glass samples of the same thickness without 
any further processing were used in measurements of steady-state PL excitation spectra and PL emission spectra of Er3+ doped CsPbBr3 
QDs with 0 min, 90 min and 180 min annealing treatment at 320 ◦C [39]. From Fig. 5(A), for Er3+ doped CsPbBr3 QDs without 
annealing process which is precursor, dense PL excitation peaks appear in the range of 200 nm–600 nm locating at 366 nm, 378 nm, 
407 nm, 443 nm, 451 nm, 488 nm, 521 nm and 544 nm which correspond to Er3+ energy levels of 2G9/2, 4G11/2, 2H9/2, 4F3/2, 4F5/2, 
4F7/2, 2H11/2 and 4S3/2, respectively. 

In contrast, after 90 min annealing treatment, in Fig. 5(B), PL excitation peaks in 200 nm–600 nm range are reduced to four peaks 
which locate at 378 nm, 488 nm, 521 nm and 544 nm. Furthermore, with longer annealing time of 180 min (Fig. 5(C)), only three PL 
excitation peaks remain at 378 nm, 524 nm and 544 nm. It has to be noted that main PL excitation peaks of Er3+ doped CsPbBr3 
precursor appear at 378 nm (4G11/2) and 521 nm (2H11/2), and dominate PL excitation peaks of Er3+ doped CsPbBr3 QDs annealed for 
90 min and 180 min are at 521 nm (2H11/2) and 524 nm (2H11/2), respectively. These PL excitation spectra results indicate that CsPbBr3 
QDs have strong interactions with doped Er3+ which eliminate high PL excitation energy levels which could emit PL at 1535 nm. 

To further investigate PL emission loss and interactions between Er3+ and CsPbBr3 QDs which affect PL excitation energy levels of 
Er3+, measurement of PL emission spectra ranging from 1400 nm to 1700 nm which aims at characteristic PL emission peak of Er3+ of 
Er3+ doped CsPbBr3 precursor and Er3+ doped CsPbBr3 QDs with 180 min annealing treatment under excitation of 378 nm and 524 nm 
have been conducted and results are shown in Fig. 6. From PL excitation spectra, 378 nm and 524 nm correspond to Er3+ energy levels 
of 4G11/2 and 2H11/2 which generate PL emission at 1535 nm, thus, PL emission spectra under both 378 nm and 524 nm could provide 
comparation of interactions between relatively high/low excitation energy levels of Er3+ and CsPbBr3 QDs. To better compare PL 
emission of all samples under different excitation wavelengths, PL emission spectra in Fig. 6 have been modified with the same PL 
excitation intensity. It can be found that, from Fig. 6 (a), under 378 nm excitation, PL emission of Er3+ doped CsPbBr3 QDs at 1535 nm 

Fig. 5. PL Excitation spectra of Er3+ doped CsPbBr3 QDs with annealing time of 0 min (A), 90 min (B) and 180 min (C). PL emission is monitored at 
1535 nm. 
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after annealing for 180 min is slightly weaker than that of Er3+ doped CsPbBr3 QDs precursor without annealing. However, from Fig. 6 
(b), Er3+ doped CsPbBr3 QDs after annealing for 180 min has much stronger PL emission at 1535 nm compare with Er3+ doped CsPbBr3 
QDs precursor under 524 nm excitation. This result reveals that interactions between CB of CsPbBr3 QDs and 4G11/2/2H11/2 energy 
levels of Er3+ represent different mechanism and excitation of lower energy level (bandgap @524 nm) would facilitate energy transfer 
process from CsPbBr3 QDs to Er3+ which leads to stronger emission at 1535 nm of Er3+. To quantitatively compare PL emission 
character, integration of PL emission peaks centered at 1535 nm in Fig. 6 have also been calculated from 1400 nm to 1700 nm. For 378 
nm excitation in Fig. 6 (a), peak area integrations are 11618662 and 12454580 for Er3+ doped CsPbBr3 QDs with and without 
annealing treatment, respectively. In this case, PL emission intensity ratio is 0.93. For 524 nm excitation in Fig. 6 (b), peak area in
tegrations are 11947450 and 7545520 for Er3+ doped CsPbBr3 QDs with and without annealing treatment which yield the ratio of 1.58. 
Obviously, ratio of 1.58 in Fig. 6 (b) corresponds to ratio 1.72 in Fig. 4 which further supports mechanism of energy transfer process 
from CsPbBr3 QDs to Er3+ in sample of Er3+ doped CsPbBr3 QDs after 180 min of annealing. 

Based on spectral results above, the specific energy transfer processes between CsPbBr3 QDs and Er3+ can be illustrated in diagram 
(Fig. 7). For PL excitation spectra (monitored@1535 nm), when PL excitation wavelength is below 500 nm, six PL excitation peaks 
(@366 nm, 378 nm, 407 nm, 443 nm, 451 nm and 488 nm) of Er3+ doped CsPbBr3 precursor show up. However, when annealing time 
increases, number of PL excitation peaks gets significantly reduced to two (@378 nm and 488 nm) and one (@378 nm) for 90 min and 
180 min annealing treatment, respectively. Moreover, under 378 nm excitation, Er3+ doped CsPbBr3 QDs with 180 min annealing 
treatment shows weaker PL emission at 1535 nm comparing with that of unannealed Er3+ doped CsPbBr3 precursor. Therefore, 
generation of CsPbBr3 QDs gradually weaken PL excitation at high energy levels of Er3+ which indicates energy transfer from Er3+ to 
CsPbBr3 QDs under high energy excitation. Meanwhile, from Fig. 2 (c)–(d), PL emission of CsPbBr3 QDs has not been enhanced after 
energy transfer from Er3+ to CsPbBr3 QDs under 377.5 nm excitation, thus, energy transferred to CsPbBr3 QDs does not annihilate via 
photon emission. Also, from Fig. 6 (a), PL emission at 1535 nm of Er3+ does not either enhanced under 378 nm excitation which 
suggests that CsPbBr3 QDs does not either transfer energy back to Er3+. As a result, under high energy excitation, energy transferred 
from Er3+ to CsPbBr3 QDs annihilate via a non-irradiative pathway. This explanation is supported by previous spectral results: infrared 
PL emission of Er3+ (4I13/2 → 4I15/2) cannot be seen in Er3+ doped CsPbCl3 QDs under 365 nm excitation, but it showed up when Er3+

and Yb3+ were co-doped into CsPbCl3 QDs [40]; Zhang et al. found that when Er3+ has been doped CsPbCl3 nanocrystals, PL emission 
of Er3+ in near infrared cannot be observed experimentally [41]. When PL excitation wavelength is larger than 500 nm, from Fig. 6 (b), 
excitation at 524 nm which corresponds to 2H11/2 energy level of Er3+ markedly enhanced PL emission of Er3+ in near infrared with 
180 min annealing treatment of CsPbBr3 QDs. Commonly, under 524 nm excitation, excited electrons at 2H11/2 energy level of Er3+

decay back to ground state of 4I15/2 through 4S3/2, 4F9/2, 4I9/2, 4I11/2 and 4I13/2, and final transition from 4I13/2 to 4I15/2 yields 1535 nm 
PL emission. In this work, with growing of CsPbBr3 QDs, CB of CsPbBr3 QDs gradually approaches 2H11/2 energy level of Er3+ which 
makes it possible for CsPbBr3 QDs to transfer energy from CB of CsPbBr3 QDs to 4S3/2 of Er3+. Then, excited 4S3/2 energy level of Er3+

goes through normal decay process which finally enhance the 1535 nm emission. 

4. Conclusions 

In summary, growing of CsPbBr3 QDs can be controlled through adjusting annealing time which would regulate CB of CsPbBr3 QDs 
to match energy levels of Er3+. By steady-state and transient PL emission and excitation spectra combining with decay kinetics fittings, 
we found multiple energy transfer processes between Er3+ and CsPbBr3 QDs under different excitation wavelengths in Er3+ doped 
CsPbBr3 QDs glass: under higher energy excitation (~378 nm), energy transfer from Er3+ to CsPbBr3 QDs and this extra energy within 
CsPbBr3 QDs decay via a non-radiative pathway; under lower energy excitation (~524 nm), energy transfer from CB of CsPbBr3 QDs to 
4S3/2 energy level of Er3+ which significantly enhances PL emission of Er3+ in near infrared region (~1535 nm, 4I13/2 → 4I15/2). These 
results provide a facile approach to regulate energy levels of CsPbBr3 QDs to further enhance near-infrared emission of Er3+. 

Fig. 6. The modified PL emission spectra of Er3+ doped CsPbBr3 QDs precursor and after annealing for 180 min under 378 nm (a) and 524 nm (b) 
excitation, respectively. 
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