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The problems of Sn?* being easily oxidized and the limited water—oxygen stability of Sn>*-doped CsPbBr,I-quan-
tum dots (QDs) have hindered the further advancement of optoelectronic devices based on these materials, representing
a key challenge in the field. In this study, we employed a double-doping strategy to prepare Sn—Zn:CsPbBral QDs. The
incorporation of Zn?* effectively contracts the crystal lattice and blocks oxygen diffusion pathways; thereby suppressing
the oxidation of Sn?t, which was confirmed by x-ray diffraction testing. Furthermore, the introduction of Zn** enhances
the optical performance of the QDs. At an optimal Pb/Sn/Zn molar ratio of 0.85/0.10/0.05, the photoluminescence intensity
increased by 78% compared with that of CsPbBr,1 QDs. Additionally, the photodetector fabricated with Sn—Zn:CsPbBr,1
QDs exhibited a responsivity of 0.44 A/W and a specific detectivity of 1.42 x10'3 Jones, outperforming the CsPbBr,I QD-
based device (0.38 A/W and 6.07x 102 Jones). This work offers a new approach to enhancing the stability of Sn:CsPbBr,1
QDs and supports the development of low-toxicity and high-performance optoelectronic devices.
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1. Introduction

In recent years, all-inorganic perovskite quantum dots
(PQDs), specifically CsPbX; (X = Cl, Br, I), have demon-
strated great potential for optoelectronic applications owing
to their high photoluminescence quantum yield, tunable emis-
sion wavelengths and narrow emission linewidths.['™* Ad-
justing the halide composition allows precise control over
the band gap and luminescence properties. of these quantum
dots (QDs). 5% However, mixed-halide PQDs suffer from lim-
ited stability due to increased defect density, enhanced halide
ion migration and structural thermodynamic instability,[’~10]
Additionally, the toxic-
ity of lead remains a significant concern. Doping engineer-

which hinders their practical use.

ing has emerged as a_ promising approach to reduce lead
content and improve both bulk and surface stability of per-
ovskite materials.!''=13! Various elements such as Mn,[!413]
Sp, 10! Cu,[m Fe, 18] Gel'®1 and Nil?%! have been explored
as dopants. Sn*" is particularly attractive due to its similar
ionic radius to Pb>*, allowing effective substitution in the per-
ovskite lattice. However, Sn?" is prone to oxidation into Sn*t,
which leads to structural defects and Sn vacancies.?!->?] These
defects speed up the formation of antisite defects, destroy the
lattice’s long-range order and reduce carrier mobility.[>324 As
aresult, Sn>* oxidation shortens the device’s long-term stabil-
ity and lowers its performance.*!
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To address Sn-related defects, surface treatments and ad-
ditives have been investigated. For example, Mahmoudi et
al.?%) incorporated reduced graphene oxide (rGO) to form a
mixed organic cationic tin halide perovskite/graphene-tin QDs
photoactive complex (FA;MA;_,Snl3/rGO-Sn QDs), which
improved light absorption and charge transport and reduced
oxidation. However, the experimental operation is complex
and involves the risk of converting Sn** and Sn* salts to Sn.
Joy et al.”") introduced SnX; as an additive into FASnl3, serv-
ing as both a reducing agent and a Sn>* source, which sig-
nificantly improved the stability of FASnl;. However, excess
SnX, tends to aggregate at grain boundaries, destroying the
film morphology. In contrast, co-doping with small-radius di-
valent ions such as Zn>* offers a compelling alternative. Zn>*+
incorporation can compress the lattice, suppress oxygen dif-
fusion, passivate Pb>* vacancies and mitigate deep-level de-
fects, effectively inhibiting Sn?>* oxidation and enhancing the
optical properties and stability of QDs.[?8] Nevertheless, sys-
tematic studies on B-site co-doping strategies for suppressing
Sn>* oxidation are still scarce. To fully realize this strategy’s
potential for practical use, it is crucial to conduct a thorough
investigation.

In our previous work,!?°! we found that CsPbBr,I QDs
exhibit optimal absorption, and photodetectors based on
CsPbBr;1/CsPbBr3 QD heterostructures showed superior per-

formance. Here, we use a double-doping strategy to syn-
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thesize Sn—Zn:CsPbBr;I QDs (the molar ratio of Pb/Sn/Zn
is 0.85/0.10/0.05). These QDs display enhanced optical per-
formance and stability compared with CsPbBr,I QDs. After
exposure to deionized water, the photoluminescence (PL) in-
tensity of Sn—Zn:CsPbBr,I QDs retained 76.75% of its ini-
tial value, significantly higher than the 38.59% observed for
Sn:CsPbBr;I QDs (the molar ratio of Pb/Sn is 0.90/0.10).

We fabricated hole-transport-layer-free photodetectors
FTO/dense TiO, layer (c-
TiO,)/mesoporous TiO;, layer (m-TiO,)/QD photosensitive
layer/carbon (C), using Sn—Zn:CsPbBr;1 QDs as the photosen-
sitive layer. Compared with the original device (with a photo-

with a vertical structure:

sensitive layer of CsPbBr,I QDs), the photocurrent increased
by 15.62% (from 7.17x107% A to 8.29x 107° A) and the dark
current decreased (from 5.30x10710 A to 1.51x10710 A).
Moreover, the specific detectivity and responsivity increased
by 133.9% and 15.8%, respectively. Under continuous 400 nm
illumination for 650 s, the photoresponse remained at 98% of
its initial value, far exceeding that of the original device.

2. Experiment
2.1. Materials

Lead bromide (PbBr;, 99.9%), cesium carbonate
(Cs,CO3, 99.9%), tin bromide (SnBrp, 99%), zinc bromide
(ZnBr,, 99%), octadecene (ODE, > 90%), trioctylphosphine
(TOP, 90%), oleylamine (OAM, 80%—-90%), oleic acid (OA,
> 99.8%) and methyl acetate (MeOAc, > 98%) were pur-
chased from Macklin (China). Lead iodide (Pbly, 99.999%)
was purchased from Xi’an Bath Solar Energy Technology
Co., Ltd. n-Octane (> 98%), n-hexane (> 97%), isopropanol
(> 99.7%), acetone (> 99.5%) and absolute ethanol (99.7%)
were purchased from China National Pharmaceutical Chem-
ical Reagents Co.,-Ltd. FTO was purchased from YouXuan
Technology Co., Ltd. Titanium diisopropoxide diacetylace-
tone (75%) was purchased from Sigma-Aldrich (USA). Low-
temperature carbon electrode paste and TiO, paste (30 NRD)
were purchased from Shanghai MaterWin New Materials Co.,
Ltd. The above materials were used directly without further
treatment.

2.2. Preparation of QDs

In this study, QDs were synthesized using a one-pot
method, with reproducibility confirmed through multiple ex-
periments. The detailed procedures are described below. For
the preparation of CsPbBr,1 QDs, the following reagents were
weighed inside a glove box and placed into a three-necked
flask: 0.559 mmol PbBr;, 0.2795 mmol Pbl, and 0.135 mmol
Cs,CO3. Then, 20 mL of ODE, 2 mL of OAM, 2 mL of
TOP and 2 mL of OA were added sequentially. The mix-
ture was stirred at 120 °C for 30 min. For Sn:CsPbBrI, Sn—
Zn:CsPbBr;I and Zn:CsPbBr,I QDs, varying molar amounts

of SnBr, and ZnBr, were introduced while proportionally re-
ducing the quantity of PbBr;, maintaining a total molar con-
tent of 0.8385 mmol. All other materials and conditions re-
mained identical to the procedure above. After the heating
and stirring step, the reaction mixture was rapidly cooled to
room temperature to obtain the crude solution. Purification
was performed by adding an equal volume of methyl acetate
to the crude solution, followed by centrifugation at 10000 rpm
for 5 min. The supernatant was discarded.. The precipitate
was redispersed in a mixture of n-hexane and methyl acetate
(volume ratio 1:2, total volume 15 mL), and.the centrifuga-
tion step was repeated. Finally, S5mL of n-hexane was added
and the solution was centrifuged at 3000 rpm for 5 min. The
resulting supernatant was collected and evaporated to dryness
with n-octane.

2.3. Preparation of the devices

In this study, QD photodetectors were fabricated via
spin coating, with reproducibility confirmed through multi-
ple experiments.  The FTO glass substrate was ultrasonically
cleaned in deionized water, isopropanol, acetone and anhy-
drous ethanol for 30 min, respectively, then stored in anhy-
drous ethanol. The m-TiO, precursor solution was prepared
by mixing TiO, and ethanol in a 1:5 mass ratio for 24 h,
while the c-TiO, precursor was made by mixing 0.1 mL diiso-
propyl alcohol diacetylacetone titanium with 1.9 mL ethanol
for 30 min. The spin-coating preparation of the device re-
quired ultraviolet ozone cleaning of the cleaned FTO glass
substrate for 20 min, and the c-TiO, precursor solution was
spin-coated on it. The rotation speed and time were 4000 rpm
and 30 s, respectively, followed by annealing at 150 °C for
10 min. This step was repeated, then the layer was annealed
at 500 °C for 30 min and cooled to room temperature. The
m-TiO, layer was deposited by spin-coating its precursor at
3500 rpm for 20 s, then annealing at 150 °C for 10 min and
500 °C for 30 min before cooling. The QD n-octane solution
was spin-coated on the electron transport layer at 1000 rpm
for 20 s, annealed at 80 °C for 10 min and cooled to form the
photosensitive layer. Finally, a carbon electrode with an area
of 0.04 cm? was screen-printed onto the photosensitive layer
and dried at 100 °C for 10 min.

2.4. Characterization

Transmission electron microscope (TEM) imaging was
done with a field emission high-resolution transmission elec-
tron microscope (JEM-2100F, JEOL, Japan) at an accelerat-
ing voltage of 200 kV. The crystal structure of the QDs was
measured by x-ray diffraction (XRD). The absorption prop-
erties of the QDs were measured with a UV-visible spec-
trophotometer (UV-2600, Shimadzu, Japan), and the PL prop-
erties were measured by steady-state PL spectroscopy (RF-
6000, Shimadzu, Japan). X-ray photoelectron spectroscopy
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(XPS) of the QDs was performed with an ESCALAB 250 Xi
(Thermo Fisher Scientific, USA). The cross-sectional image
of the photodetector was measured with a field emission scan-
ning electron microscope (SEM; JSM-7500F, JEOL, Japan).
Light with different wavelengths and powers was provided by
a monochromatic tunable light source (CME-OPS1000, Mi-
croenergy, China). Time-resolved photoluminescence (TRPL)
was measured with a spectrofluorometer (FS5, Edinburgh In-
struments, UK). The performance of the device was measured
with a Keithley 4200 semiconductor characterization system.

3. Results and discussion

In this study, CsPbBr,I QDs were synthesized in colloidal
form via a one-pot method at 120 °C. Figure 1 shows their
TEM morphology, with an inset presenting a photograph of
the corresponding colloidal solution. TEM results show that
the QDs are uniformly sized and well dispersed in n-hexane.
The TEM images of Sn:CsPbBr;I QDs and Sn—Zn:CsPbBr,1
QDs are shown in Figs. S1(b) and S1(c). The particle sizes of
the QDs are as follows: CsPbBr,I 10.06853 nm, Sn:CsPbBr;1
10.05917 nm, Sn—Zn:CsPbBr;I 10.05769 nm (Figs. S1(d)—
S1(f)). The small amount of doping has little effect on the
particle size of the QDs.

Fig. 1. TEM test diagram of CsPbBr,I QDs; the inset is a physical
image.

We studied the effect of Sn>t doping on the absorp-
tion and fluorescence of the QDs, with Pb/Sn molar ratios
of 0.95/0.05, 0.90/0.10, and 0.85/0.15. Figures 2(a) and 2(b)
show the absorption and PL spectra of Sn:CsPbBr,I QDs with
Pb/Sn ratios of 1/0, 0.95/0.05, 0.90/0.10, and 0.85/0.15. The
PL spectra were excited at 400 nm. Despite a slight decrease
in absorption, the 0.90/0.10 sample exhibited a 48.28% higher
fluorescence intensity than the CsPbBr;I QDs, indicating a
significant enhancement. The 0.85/0.15 sample showed in-
creased absorption, but its fluorescence intensity decreased
significantly. This is likely due to excessive doping, which can
introduce interstitial ions and defect sites, thereby reducing PL.
efficiency.3%! Therefore, the 0.90/0.10 sample was selected for
further study and is hereafter referred to as Sn:CsPbBr;1 QDs.

To enhance the structural stability of the QDs, Zn>t
was co-doped with Sn?>* due to its smaller ionic radius. In
Figs. S2(a) and S2(b), we show the absorption and PL spec-
tra of QDs with Pb/Sn/Zn molar ratios of 0.87/0.10/0.03,
0.85/0.10/0.05 and 0.82/0.10/0.08, respectively. Among them,
the sample with a Pb/Sn/Zn molar ratio of 0.85/0.10/0.05
exhibits the best optical performance and was therefore se-
lected for further experiments. These co-doped QDs are here-
after referred to as Sn—Zn:CsPbBr,1 QDs.-The XRD patterns
of CsPbBr;1, Sn:CsPbBr,I, Zn:CsPbBr,I (with a Pb/Zn mo-
lar ratio of 0.95/0.05) and Sn—Zn:CsPbBr,I'QDs are shown
in Fig. 3(a). These results confirm that the cubic phase of
the QDs is retained, regardless.-of single or co-doping. All
the diffraction peaks remain consistent with the standard cu-
bic phase CsPbBr; (PDF #54-0752). The PL and absorp-
tion spectra of CsPbBr>1, Sn:CsPbBr,1, Zn:CsPbBr,I and Sn—
Zn:CsPbBr;1 QDs are presented in Figs. 3(b) and 3(c), respec-
tively. Although Zn>* doping alone leads to the strongest
absorption, the significant decrease in fluorescence intensity
must also be considered. This is attributed to the difference
in ionic radii between Pb*t and Zn?", which introduces addi-
tional defects and promotes non-radiative recombination. [*!]
However, co-doping with Sn?>* helps alleviate this size mis-
match. Compared with the Sn:CsPbBryI QDs, the Sn—
Zn:CsPbBr;I QDs exhibit significantly higher absorption and
their PL intensity increased by 79.47%. The combination of
Zn>* and Sn”* effectively suppresses the formation of deep-
level defects, reduces non-radiative recombination centers and
ultimately enhances the optical performance of the QDs.
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Fig. 2. (a) Absorption spectra and (b) PL spectra of Sn:CsPbBr,1 QDs
(1/0, 0.95/0.05, 0.90/0.10, 0.85/0.15).
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Fig. 3. (a) XRD test results, (b) absorption spectra and (c) PL spectra of CsPbBr,1, Sn:CsPbBr;1, Zn:CsPbBr,1 and Sn—Zn:CsPbBr,1 QDs.
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Fig. 4. PL spectra of QDs in deionized water: (a) Sn:CsPbBr,I QDs
and (b) Sn—Zn:CsPbBr;1 QDs.

To evaluate the effect of doping on QD stability, we added
deionized water corresponding to 3% of the total volume to
colloidal solutions of Sn:CsPbBr;1 and Sn—Zn:CsPbBr,1 QDs.
PL measurements were taken every 5 min. After 30 min the
results stabilized under a constant test wavelength of 400 nm.
As shown in Figs: 4(a) and 4(b), the PL intensity of Sn—
Zn:CsPbBr,I QDs retained 76.75% of its original value in
deionized water, significantly higher than that of Sn:CsPbBr,I
QDs (38.59%). This result demonstrates that the Sn—Zn dual-
doping strategy markedly enhanced the structural stability and
environmental resistance (against moisture and oxygen) of the
QDs; thereby significantly improving the retention of their op-
tical performance under humid conditions.

We also used XRD to study Sn:CsPbBr,I and Sn—
Zn:CsPbBrpI QDs after their exposure to air, to evaluate
their structural stability under these conditions. Films of
Sn:CsPbBrpI and Sn—Zn:CsPbBr,I QDs were prepared on
glass substrates and stored in ambient air. As shown in
Figs. 5(a) and 5(b), both types of QDs initially exhibited a
clear cubic structure, but partially transformed into the or-
thorhombic phase after 120 h. Sn:CsPbBr,I QDs show more
impurity peaks between 20° and 30° than Sn—Zn:CsPbBr;I,

consistent with the PbSnO3 phase (PDFE #17-0607). The addi-
tion of Zn>* helps inhibit the oxidation-of Sn>* to Sn**.
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Fig. 5. Comparison of the XRD stability of QD films before and after stor-
age in air for 120 h: (a) Sn:CsPbBr,I QDs and (b) Sn—Zn:CsPbBr;1 QDs.
XPS was used to compare the elemental binding energies
of Sn:CsPbBr;I and Sn—Zn:CsPbBr,I QDs to understand the
enhanced stability of the co-doped material. High-resolution
spectra of Cs 3ds 5, Pb 4f; 5, Br 3ds 5, Br 3d3, I 3ds >, and
I 3d;/, are presented in Figs. 6(a)-6(d). After Zn>* doping,
the Cs 3ds, peak position remains unchanged, whereas those
of I, Pb, and Br all shift slightly toward higher binding en-
ergy. The binding energy shifts for Pb 4f;/, and Pb 4fs/,
were 0.20 eV and 0.29 eV, those for Br 3ds/, and Br 3d; ),
were 0.21 eV and 0.18 eV, and those for I 3ds5/, and I 3d;/,
were 0.11 eV and 0.14 eV. These consistent shifts suggest that
Zn>* doping enhances the chemical interaction between Pb>+
and halide ions. As shown in Fig. 6(e), the interaction energies
for Sn:CsPbBr;I and Sn—Zn:CsPbBr,1 QDs were calculated to
be —82.147 eV and —133.837 eV, respectively. The stronger
chemical bonding inhibits ion diffusion and dissociation, re-
duces internal defects, and ultimately improves the photoelec-

tric performance of the QDs.
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Fig. 6. XPS high-resolution spectra of different elements in Sn:CsPbBr,I and Sn—Zn:CsPbBr,I QDs: (a) Cs, (b) Pb, (c) Br and (d) L. (e) The results of

interaction energy calculation for Sn:CsPbBr;1 and Sn—Zn:CsPbBr,1 QDs.

The TRPL spectra in Figs. S3(a) and S3(b) demonstrate
a longer fluorescence lifetime for the Sn—Zn:CsPbBr;I QDs
(16.45 ns) than for the Sn:CsPbBr;I QDs (13.21 ns) (the
structure is ordinary glass/QDs). This enhancement is due
to effective lattice passivation by Sn>* and Zn>* co-doping,
which suppresses defect-mediated non-radiative recombina-
tion. These findings confirm that the Sn—Zn:CsPbBr;1 QD film
possesses superior crystallinity and fewer defects, which paves
the way for high-performance photodetectors.

(a)

Fig. 7. (a) SEM scanning image of the cross-section of the device.
(b) Schematic diagram of the device hierarchical structure.

CsPbBrpl QDs, Sn:CsPbBryI, Zn:CsPbBrI, and Sn—
Zn:CsPbBr;1 were used to fabricate hole-transport-layer-free
photodetectors in a vertical structure. As shown in the cross-
sectional SEM image in Fig. 7(a), the device consists of
an FTO/c-TiO,/m-TiO,/QD photosensitive layer/C structure,
The c¢-TiO,
layer is approximately 50 nm thick, while the combined m-

with clear stratification and no visible cracks.

TiO, and QD photosensitive layer has a total thickness of
about 750 nm. Thanks to its porous structure, the m-TiO,
layer not only promotes electron transport but also provides
ample space for infiltration of QDs, thereby enhancing both
carrier transport efficiency and light absorption. A schematic
diagram of the device layout is presented in Fig. 7(b).

The photoelectric performance of the devices was evalu-
ated to study the effect of double-doping on the QD-based

photodetectors.  The photocurrents and dark currents of

CsPbBr,I; Sn:CsPbBr,I, Zn:CsPbBr;I and Sn—Zn:CsPbBr,I
QDs are shown in Figs. 8(a) and 8(b), respectively. QD de-
vices were measured at 400 nm illumination and 0 V bias.
The results indicate that the double-doped device exhibits the
best performance. Compared with the CsPbBr,1 QD detector,
its photocurrent increased by 15.62%, from 7.17 x 107 A
t0 8.29 x 107% A. Meanwhile, the dark current decreased by
71.51%, from 5.30 x 1071* A to 1.51 x 107! A. In contrast,
single doping with either Sn>* or Zn?* has a limited effect on
device performance. In fact, Zn>* doping alone even reduces
the photocurrent, which can be attributed to the significantly
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Fig. 8. (a) Photocurrent curves (0 V bias, 400 nm light) and

(b) dark current curves of CsPbBr;I, Sn:CsPbBr,I, Zn:CsPbBr,1 and
Sn—Zn:CsPbBr,1 QD photodetectors.
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lower PL intensity of Zn:CsPbBr,I QDs. A lower PL inten-
sity indicates a higher non-radiative recombination rate. Since
non-radiative recombination consumes a large portion of the
photogenerated carriers, it ultimately suppresses photocurrent
generation.

Box plots of the photocurrent and dark current of the QD
devices are shown in Figs. 9(a) and 9(b). Based on these re-
sults, the responsivity and specific detectivity of the devices
were calculated using

Dight — lgark

Here, R represents responsivity (in A/W), hione and Igark
are the photocurrent and dark current, P, is the incident
light power density, S is the effective device area, D* is

1/2 yw-

the specific detectivity [in cm-Hz ! (Jones)] and e is

the elementary charge. The calculated results are shown
in Figs. 9(c) and 9(d). The average responsivity values of
CsPbBr,I, Sn:CsPbBr,I, Zn:CsPbBr;I and Sn—Zn:CsPbBr,I
QDs are 0.38 A/W, 0.41 A/W, 0.31 A/W and 0.44 A/W, while
the average specific detectivity values are 6.07x10'? Jones,

8.15%x 1012 Jones, 6.12x10!2 Jones and 1.42%10'3 Jones, re-

R= P,S (1) spectively. Compared with the CsPbBr,l QD device, the Sn—
RVS Zn:CsPbBr,lI device shows a 15:79% higher responsivity and
* p—
D= V2elgak 2) a 133.94% higher specific detectivity.
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Fig. 9. Photoelectric performance box line statistics for CsPbBr,1, Sn:CsPbBr;1, Zn:CsPbBr,I and Sn—Zn:CsPbBr,I QD photodetectors (0 V
bias, 400 nm illumination): (a) photocurrent, (b) dark current, (c) responsivity and (d) specific detectivity.
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Fig. 10. SCLC test curves of CsPbBr,1I, Sn:CsPbBr;1, Zn:CsPbBr,I and
Sn—Zn:CsPbBr,1 QDs.

The defect properties of the QD films were evaluated

using the space charge limited current (SCLC) method. As
shown in Fig. 10, the trap-filling limit voltage (VrgpL) val-
ues for the CsPbBr;I, Sn:CsPbBr;I, Zn:CsPbBr;I and Sn—
Zn:CsPbBr,;I QD films are 1.087 V, 0.694 V, 0.879 V and
0.572 V, respectively. The defect density (M) of each film was
then calculated using

2€0& VTEL

N =
t qu

; 3

where € is the vacuum permittivity, & is the relative dielectric
constant of the all-inorganic perovskite,*?! ¢ is the elementary
charge and L is the thickness of the film. The calculated defect
state densities for the CsPbBr;I, Sn:CsPbBr;1, Zn:CsPbBr;I
and Sn—Zn:CsPbBr;I QD films are 3.394 x 105 cm~3,

2.167x10" cm™3,2.745 x 10" cm™—3 and 1.786x 10" ¢cm 3
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respectively. The Sn—Zn:CsPbBr,I QDs exhibit the lowest
defect state density. This is attributed to the co-doping of
Sn?* and Zn*, which effectively occupy the Pb>* vacancies
formed during synthesis. This occupation eliminates deep-
level defects, thereby enhancing device performance. 3!

The above results confirm that Sn—Zn:CsPbBr;I QDs
To fur-
ther compare their device performance, the response time
curves of both types of QD-based photodetectors are shown
in Figs. 11(a) and 11(b), where ¢, represents the rise time and
t; represents the fall time. The rise time is defined as the time

possess superior stability to Sn:CsPbBraI QDs.

taken for the signal to increase from 10% to 90% of its max-
imum value, while the fall time is the time taken to decrease
from 90% to 10% of its maximum value. The Sn:CsPbBr;I
QD detector has a rise time (green shaded area) of 48 ms and
a fall time (brown shaded area) of 47 ms. In comparison, the
Sn—Zn:CsPbBr,I QD detector shows a faster response, with
rise and fall times of 37 ms and 36 ms, respectively. These
results indicate that the double-doped device responds more
quickly to signal changes and exhibits higher sensitivity.

The light stability of the devices was tested over a pe-
riod of nearly 650 s, as shown in Figs. 12(a)-12(f). The Sn—
Zn:CsPbBr;I QD device maintained a stable photoresponse
with no attenuation, whereas the Sn:CsPbBr;I QD device de-
cayed to 90% of its initial value under prolonged illumination.

This decline is attributed to increased recombination losses un-

der continuous light exposure.

(a)
o
=
g
. —@—Sn:CsPbBr»l
]
B t, =48 ms
e
3 ty=47 ms
O
. I . !
18.8 20.8
Time (s)
_|®
38
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O
. I . !
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Fig. 11. Response time of QD photodetectors: (a) Sn:CsPbBr,1 QDs
and (b) Sn—Zn:CsPbBr;1 QDs.
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Fig. 12. The light on/off response characteristics of the photodetectors during the 650 s test cycle. (a)—(c) Sn:CsPbBroI QDs: (a) 10-35 s,
(b) 0-650s, (c) 580-650 s. (d)—(f) Sn—Zn:CsPbBr,1 QDs: (d) 10-35 s, (e) 0-650 s, (f) 580-650 s.

4. Conclusion

In summary, we successfully synthesized Sn>* and Zn*
co-doped CsPbBr;I QDs.
cal results demonstrate the superiority of this dual-doping ap-

Both experimental and theoreti-

proach in enhancing the optical properties and stability of the
QDs.
firm an increase in binding energy. XRD analysis reveals that

Theoretical calculations and XPS measurements con-

Zn** doping effectively suppresses the oxidation of Sn>* and

improves the structural stability of the QDs. The photodetector
based on double-doped QDs also exhibits excellent stability.
The device can maintain 98% light response stability under
continuous illumination at 400 nm wavelength for 650 s. In
this study, we improved both the stability and optical proper-
ties of CsPbBr;I QDs through a double-doping strategy. This
approach significantly enhances the environmental tolerance
of CsPbBr,1 QDs in optoelectronic devices, offering a new di-
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rection for designing high-performance and long-lasting per-
ovskite QD photodetectors.
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