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ssential advantage for optoelectronic devices 
er.15–17 In particular, it was demonstrated that 

heterovalent doping with Bi3+ ions leads to a shift of the Fermi 
level to the conduction band, strong absorption at wavelengths 
exceeding the wavelength corresponding to the band gap energy 
and a change in conductivity to n-type.18,19 In contrast, heterovalent 
doping with Ag+ ions shifts the Fermi level towards the valence 
band and induces p-type conductivity.20 These data mean that a 
significant redistribution of intrinsic defects is caused by 
heterovalent doping, as a result of which a particular type of 
defects becomes dominant in the perovskite structure, while 
other defects are negligible, depending on the type of dopant.

Under standard operating conditions, perovskite materials are 
in a highly non-equilibrium thermodynamic state due to electronic 
excitation induced by either absorbed light or applied voltage.21,22 
The interaction of free charge carriers or excitons caused by such 
excitation with lattice defects can significantly change both the 
type of defects and their energy distribution. In turn, these changes 
can affect both the electronic and optical behavior of the perovskite 
material.

In this work, we investigate the effect of photostimulated defect 
formation in CsPbBr3 perovskite, depending on the nature of hetero
valent dopant ions, Ag+ or Bi3+, as well as how the redistribution 
of intrinsic defect states caused by doping affects the mechanism 
of photostimulated defect formation. Another essential issue that 
we are trying to solve is to classify CsPbBr3 perovskite as a 
photo-resistant or photosensitive material and elucidate the effect 
of heterovalent doping on its resistance (sensitivity) to light 
exposure23–25 (for more details on photo-resistant and photosensitive 
materials, see Online Supplementary Materials). Likely, the 
presence of dopant ions can significantly alter the behavior of a 
material when exposed to light. Therefore, we also examine the 
effect of heterovalent doping with Ag+ or Bi3+ on the photo
sensitivity of CsPbBr3 perovskite.

Experimental details related to the synthesis procedure for 
both pristine and Ag- or Bi-doped CsPbBr3 samples and data of 
X-ray diffraction analysis, scanning electron microscopy, X-ray 
photoelectron spectroscopy and diffuse reflectance spectroscopy 
are given in Online Supplementary Materials. The corresponding 
dopant contents are given in Table 1.
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Diffuse reflectance spectra R(l) were recorded in the spectral 
range of 436–800 nm at room temperature. Irradiation of samples 
in experiments on photostimulated defect formation was performed 
with an Hg lamp at a wavelength of 436 nm with an intensity of 
11 ± 1 mW  cm–2. The diffuse reflectance spectra of doped and 
undoped CsPbBr3 samples (Figure S5, see Online Supplementary 
Materials) exhibit the typical spectral response for pristine, Ag-
doped and Bi-doped CsPbBr3 perovskite. According to the measured 
spectra, Ag doping does not affect the fundamental light 
absorption of CsPbBr3 and does not cause a change in the optical 
band gap (2.27–2.28 eV) [see Figure S5(b), inset], assuming a 
direct band-to-band transition. At the same time, Bi doping 
significantly extends the spectral range of absorption caused by the 
formation of defect states [see Figure S5(a), inset]. Accordingly, 
the absorption band with a maximum at 570 nm can be associated 
with intrinsic defects that compensate for the excess of the 
positive charge introduced by Bi3+ cations.

Irradiation of doped and undoped CsPbBr3 leads to an increase 
in absorption in the spectral region corresponding to the extrinsic 
absorption of CsPbBr3 associated with photoinduced defects. 
Figure 1 demonstrates the spectral changes versus irradiation 
time for the pristine CsPbBr3. The spectral change is presented 
as the difference diffuse reflectance spectrum DR:

DR = R0 – Rt,

where R0 is the diffuse reflectance spectrum of the initial state 
(before irradiation) of the sample, and Rt is the diffuse reflectance 
spectrum of the sample after irradiation for a given time t.

As shown in Figure  1, absorption by photoinduced defects 
manifests itself in the form of broad unresolved absorption spectra, 
indicating that these defects have a broad spectral and energy 
distribution of various defect states within the band gap of 
CsPbBr3. The kinetics of the accumulation of photoinduced 
defects during irradiation [Figure 1(b)] demonstrates an exponential 
growth corresponding to equation S3 (see Online Supplementary 
Materials), which indicates that the mechanism of defect formation 
can be described by equations S1 and S2 and consists of trapping 
photogenerated charge carriers by pre-existing defects. In other 
words, pristine CsPbBr3 perovskite exhibits irradiation behavior 
typical of photo-resistant solids.

Similar dependences obtained for CsPbBr3 doped with Bi3+ 
are presented in Figures  2 and S6–S8. As seen from these 
experimental data, photoinduced defects in Bi-doped CsPbBr3 
exhibit a spectral response at longer wavelengths than pristine 
perovskite. The kinetics of photostimulated defect formation for 
all Bi-doped samples demonstrates a rather complex behavior 
and can be described as a rapid increase in the absorption of 
defects, followed by its rapid decline and reaching a plateau with 
a longer irradiation time.

Spectral variations and kinetic dependencies corresponding 
to the photostimulated defect formation in Ag+ doped CsPbBr3 
are presented in Figures  3 and S9–S11. The results obtained 
indicate that doping with Ag causes a significant redistribution 
of defect states in CsPbBr3 depending on the Ag content. Indeed, 
one can see that at the lowest Ag concentration, the absorption 
spectra and the kinetics of the accumulation of photoinduced 
defects are somewhat similar to those observed for the pristine 
perovskite sample. However, with increasing dopant concentration, 
a spectral redistribution is observed between the longer and 
shorter wavelength spectral regions (see Figures S9–S11). Finally, 
with the highest Ag content in perovskite, intense absorption at 
shorter wavelengths dominates, with a maximum at 575 nm (see 
Figure  3). Surprisingly, the spectral manifestation of the 
photoinduced absorption band in Ag-doped CsPbBr3 is very 
similar to the absorption band of pre-existing defects in Bi-doped 
samples [see Figure S5(a), inset]. Moreover, an increase in the 
Ag content in CsPbBr3 also leads to a change in the kinetic 
behavior in the spectral region at longer wavelengths from exponential 
growth, typical for photo-resistant solids (see equations S1–S3), 
to a linear dependence, which may indicate the formation of new 
defects in the crystal structure, which is typical for photosensitive 
solids (see equations S5 and S6).

Remarkably, the values of light absorption by photoinduced 
defects (recorded at l = 650 nm), achieved during photoirradiation 
and corresponding to the plateau limits, decrease with an increase 
in the Bi content in the perovskite and become practically negligible 
at the highest dopant concentration [Figure  4(a)]. All these 
experimental results infer that pre-existing defects induced by Bi 
doping [Figure  S5(a), inset] are very stable concerning the 
photostimulated defect formation. As a result, photoinduced defect 
formation has practically no effect on the absorption by intrinsic 
defects at shorter wavelengths and weakly changes the absorption 
at longer wavelengths. Moreover, the higher the Bi content, the lower 
the efficiency of the photostimulated defect formation. In other 
words, the photostimulated defect formation described by equations 
S1 and S2 is ineffective in Bi-doped CsPbBr3 perovskites, which 
indicates their high photostability.

Figure  4(b) demonstrates the change in the efficiency of 
photostimulated defect formation, expressed as the initial rate of 
the absorption growth (dR/dt), with increasing Ag content. These 

Table  1  Dopant content in CsPbBr3 samples synthesized in this work.

Dopant Content (at%)a

Ag 0.038 0.088 0.29 0.44

Bi 0.088 0.18 0.26 0.43
a Average concentrations of dopants in CsPbBr3 were determined on a 
Shimadzu ICPE-9000 ICP emission spectrometer.
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Figure  1  Time evolution of absorption by defects caused by irradiation at 
l = 436 nm in pristine CsPbBr3: (a) difference diffuse reflectance spectra 
after  irradiation for (1) 0.5, (2) 1, (3) 2.5, (4 ) 5, (5) 10, (6 ) 15, (7 ) 20, (8) 30, 
(9) 45, (10) 60 and (11) 90 min and (b) kinetics of changes in diffuse reflectance 
recorded at wavelengths of (1) 560 and (2) 650 nm.
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Figure  2  Time evolution of absorption by defects caused by irradiation at 
l = 436 nm in CsPbBr3 doped with Bi (0.43 at%): (a) difference diffuse 
reflectance spectra after  irradiation for (1) 1, (2) 2.5, (3) 5, (4 ) 10, (5) 15, 
(6 ) 20, (7 ) 30, (8 ) 45, (9) 60 and (10) 90 min and (b) kinetics of changes in 
diffuse reflectance recorded at a wavelength of 650 nm.
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data also confirm that doping with Ag leads to a significant 
redistribution of pre-existing and, therefore, photoinduced defects 
in perovskite (otherwise, the dependence should be linear, since 
the higher the dopant content, the higher the defect formation 
efficiency should be).

In general, as mentioned at the beginning, heterovalent doping 
leads to an excess charge of the crystal lattice. In particular, the 
doping with Bi3+ ions in the Pb2+ positions results in excess of 
positive charge, and insertion of Ag+ in octahedra instead of Pb2+ 
cations leads to an excess of negative charge. This excess charge 
causes a stronger interaction of the Br– anions in octahedra with 
Bi3+ and a weaker interaction with Ag+ cations. At the same time, 
heterovalent doping results in the formation of intrinsic defects 
with opposite charges to compensate for the charge of the dopant 
ions. Therefore, it can be expected that the compensation of the 
positive charge of Bi3+ should form intrinsic defects with a 
negative charge, such as cation vacancies (Cs+ or Pb2+ vacancies) 
or interstitial Br– anions. In turn, compensation for the negative 
charge introduced by cations of the Ag dopant into the lattice can 
be achieved by forming such defects as anion vacancies or 
interstitial cations. Accordingly, all these defects can participate in 
the photostimulated defect formation by trapping charge carriers 
or through the decay of excitons on defects, as described by 
equations S1 and S2. It should be noted that the Ag+ cation in 
regular octahedron can also behave like a hole or an exciton trap 
when the hole or the hole component of the exciton is localized 
at the nearest Br– anions. However, the localization of the positive 
charge of Bi3+ in octahedra does not create conditions for the 
localization of electrons or the electron component of excitons 
since the nearest Br– anions cannot localize electrons. Consequently, 
an increase in the dopant concentration can lead to an increase in 
the concentration of specific defects, which compensate for the 
excess charge of the dopants and become the dominant type of 
defect in the perovskite structure.

Experimental results show that pristine CsPbBr3 exhibits a 
broad distribution of all types of defect states, which leads to a 
wide unresolved absorption band. Doping with Bi3+ gives rise to 
intense absorption with a maximum at 575 nm, corresponding to 
specific defects that compensate for the excess positive charge. 
As shown from the experimental results on photostimulated 
defect formation, the initial states of these compensating defects 
are strongly stabilized by Bi dopant cations. They cannot effectively 
serve as traps for charge carriers, which leads to low efficiency 
of photostimulated defect formation. In contrast, Ag doping 
results in a high efficiency of photostimulated defect formation, 
which means that the defect states formed due to doping 
effectively trap the corresponding charge carriers or exciton 
components. However, a change in the Ag content in the perovskite 
material leads to a redistribution of compensating defects; that is, 

at different dopant concentrations, different types of compensating 
defects become dominant.

Since at the highest concentration of Ag dopant, the absorption 
spectrum of photoinduced defects looks similar to the absorption 
spectrum of initial compensating defects in Bi-doped perovskite, 
we can assume that the nature of photoinduced defects in Ag-doped 
perovskite is similar to the nature of initial defects in Bi-doped 
samples. Taking into account all possible types of defects and the 
nature of the kinetics of photostimulated defect formation in Ag-
doped perovskite, which exhibits a linear dependence typical for 
photosensitive solids [Figure S5(b) and equations S5 and S6], we 
can assume the following mechanism of exciton decay:

Br–
Ag+ + e0 ® Va + Br–

interst. + e ® Br–
interst. + F.

Here, the exciton is localized at the Br– anion due to trapping 
the hole component by negatively charged octahedra containing 
the Ag+ cation. Therefore, the localization of the exciton satisfies 
conditions 1 and 2 to form new defects in photosensitive solids 
(see Online Supplementary Materials). At the same time, the 
energy required to displace the Br– anion from its usual position 
to the interstitial position (Br–

interst.) is much lower in the octahedra 
containing the Ag+ cation compared to regular octahedra. 
Consequently, this makes it possible to satisfy condition 3 for 
defect formation, according to which the exciton energy must be 
higher than the energy required to displace Br–. A possible 
consequence of the proposed mechanism is the formation of 
interstitial states Br–

interst. and anionic vacancies Va, which can 
trap an electron to form an F-type center. Note that interstitial 
states Br–

interst. are also possible candidates for the role of stable 
compensating defects in Bi-doped perovskite. Therefore, we 
assume that the similarity of the absorption spectra of stable 
initial defect states in Bi-doped CsPbBr3 and photoinduced defect 
states in Ag-doped perovskite can be explained by the presence 
of interstitial states of Br– anions.

In conclusion, we investigated the photostimulated defect 
formation in both pristine and Ag or Bi doped CsPbBr3 perovskite. 
It was shown that photoinduced defects in pristine perovskite 
exhibit a broad energy and spectral distribution corresponding to 
various types of intrinsic defects. However, the doping with Bi or 
Ag leads, depending on the type of dopant, to a redistribution of 
intrinsic defects and the formation of dominant types of defect 
states to compensate for the excess charge of the corresponding 
dopant cations. Experimental results have shown that doping 
with Bi creates stable compensating defects ineffective in trapping 
charge carriers. Therefore, the efficiency of photostimulated 
defect formation in Bi-doped CsPbBr3 is low, making the material 
a highly photo-resistant solid. On the contrary, doping with Ag 
results in a significant increase in the efficiency of photostimulated 
defect formation, and the results obtained indicate the possibility 
of the formation of new defect states characteristic of photo
sensitive solids.
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Figure  3  Time evolution of absorption by defects caused by irradiation at 
l = 436 nm in CsPbBr3 doped with Ag (0.44 at%): (a) difference diffuse 
reflectance spectra after irradiation for (1) 1, (2) 2.5, (3) 5, (4 ) 10, (5) 15, 
(6 ) 20, (7 ) 30, (8 ) 45, (9) 60 and (10) 90 min and (b) kinetics of changes in 
diffuse reflectance recorded at wavelengths of (1) 580 and (2) 650 nm.
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Figure  4  (a) The dependence of the limits of absorption by photoinduced 
defects on the Bi content in CsPbBr3 and (b) the dependencies of the initial 
rate of photostimulated defect formation recorded at wavelengths of (1) 580 
and (2) 650 nm on the Ag concentration in CsPbBr3.
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