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Abstract: Halide perovskite quantum dots (QDs) have been considered one of the most 

promising materials for constructing low-cost high-performing optoelectronics. Tuning the 

bandgap of perovskite QDs can be accomplished through either size-dependent quantum 

confinement or altering chemical compositions. To unravel the differences and similarities 

between these two approaches, two types of QDs, namely CsPbI3 and CsPbI2.5Br0.5 QDs, were 

synthesized in this study with different sizes but with the same bandgaps of 1.85 eV. 

Aberration-corrected scanning transmission electron microscopy (STEM) study reveals 

extensive structural defects and non-perovskite phase in mixed-halide QDs, which correlate 

with the nonuniform strain distribution. Pressure-dependent photoluminescence (PL) study 

suggests lower structural stability and distinct lattice distortion in the mixed-halide QDs 

compared to the pure-halide ones. Furthermore, time-resolved PL and transient absorption 

measurements indicate longer carrier lifetimes in pure-halide QDs. Finally, the CsPbI3 QD 

solar cell delivered a significantly superior power conversion efficiency of 16.1% compared to 

the mixed halide counterpart (12.8%). Overall, this work provides valuable insights into 

tailoring quantum confinement and composition engineering strategies for achieving QDs with 

optimal optoelectronic performance. 

 

Keywords: quantum dots, quantum confinement, composition engineering, bandgap, solar 

cells.   



 

1. Introduction 

Halide perovskite (ABX3) quantum dots (QDs) have been extensively applied in high-

performing optoelectronic devices such as photovoltaic cells,1-9 light-emitting diodes 

(LEDs),10-19 detectors,20-22 lasers,23-25 and so on.26-31 One of the most attractive properties of 

perovskite QDs is their highly tunable optical characteristics, which are suitable for versatile 

applications.32-37 The bandgaps of perovskite QDs can be readily and extensively tuned by 

controlling the compositions of A, B, and X sites.38, 39 Consequently, identical bandgaps can be 

achieved by various combinations of chemical components such as mixed cations, mixed 

halides, or their combinations.40 At the same time, the bandgaps of perovskite QDs can be 

broadly adjusted by controlling their sizes through the quantum confinement effect.9, 41-43 For 

instance, perovskite CsPbI3 bulk film has an intrinsically fixed bandgap of 1.70 eV, while the 

bandgaps of CsPbI3 QDs can be flexibly modified from 2.13 eV to 1.73 eV by varying the size 

of the QDs.1, 44, 45 

Given the tunability of QD’s bandgaps through chemical compositions or quantum 

confinement, the question arises regarding which strategy is more effective in achieving 

desirable photophysical properties while keeping the same bandgaps in the context of solar 

energy to electricity conversion. Though the identical optical bandgaps of QDs enabled by 

nanoscale size tuning and composition engineering were reported,40 their similarities and 

differences along with their corresponding device performance have not been systematically 

compared and analyzed. These factors and the extracted insights are expected to play a vital 

role in advancing the understanding of the QD materials. 

In this study, we synthesized two types of halide perovskite QDs, namely CsPbI3 and 

CsPbI2.5Br0.5, with an identical optical bandgap of 1.85 eV via leveraging the quantum 

confinement effect and the halide composition tuning. Subsequently, the similarities and 

differences of their physical properties and solar cell performance were systematically 



 

investigated. Extensive structural imperfections and strain were directly observed in the mixed-

halide CsPbI2.5Br0.5 QDs, but they are largely absent in the single-halide CsPbI3 QDs. These 

findings are in line with the pressure-dependent and steady-state photoluminescence (PL) 

measurement results. Furthermore, CsPbI3 QDs exhibited significantly longer carrier lifetimes 

and faster carrier transfer rates, as characterized by time-resolved PL (TRPL) and transient 

absorption spectrum (TAS). Finally, the solar cells of CsPbI3 QDs achieved a significantly 

superior power conversion efficiency (PCE) of 16.1% compared to the mixed halide 

counterpart (12.8%). This insight into the QD engineering strategies was further underscored 

by measurements on two batches of halide perovskite QDs with the same bandgap of 1.95 eV 

by varying the halide ratio and the QD size.  

 

2. Results and Discussion 

The perovskite QDs were synthesized using a hot-injection method, as described in 

Figure 1a. Through tuning QD’s composition and size, large-sized CsPbI2.5Br0.5 and small-

sized CsPbI3 QDs exhibit the same optical bandgaps of 1.85 eV (details are given in Supporting 

Information). As shown in Figure S1a, both QD solutions showed very similar absorption 

behaviors with the calculated bandgaps of 1.85 eV, and the photos in Figure S1b indicate very 

similar colors in solutions. Furthermore, photoluminescence quantum yield (PLQY) was 

measured to be 56% for CsPbI2.5Br0.5 and 84% for CsPbI3 QDs in purified solution. X-ray 

photoelectron spectroscopy (XPS) was employed to verify the elemental percentages of QDs. 

Figure S2 shows the full XPS and elemental core spectra. The elemental percentages are 

summarized in Table S1, which indicates the stoichiometry of the synthesized QDs consistent 

with the precursors. 



 

 

Figure 1. (a) Schematic illustration of the process for synthesizing different-sized CsPbI2.5Br0.5 

and CsPbI3 QDs with the same bandgap. CsPbI3 (b) STEM images, the in-plane strain (c) εxx 

(d) εyy and (e) εxy distribution in the CsPbI3 QD, CsPbI2.5Br0.5 QDs (f) STEM image, the in-

plane strain (g) εxx, (h) εyy and (i) εyy distribution in the CsPbI2.5Br0.5 QD, as generated by GPA 

analysis. (Scale bar: 5 nm) 

Transmission electron microscopy (TEM) was used to investigate the QD morphologies 

and size distributions. Figures S3a and b show that CsPbI2.5Br0.5 and CsPbI3 QDs possess cubic 

morphology with a uniform size distribution. The calculated average size is 12.6 ± 0.3 nm for 

CsPbI2.5Br0.5 and 9.7 ± 0.4 nm for CsPbI3 QDs, as shown in Figure S3c and 3d, in good 

agreement with the reported results.46, 47 Notably, both types of QDs demonstrated narrow size 

distributions, ensuring that the size factor alone would not influence their photophysical 

properties and device performance. To investigate the atomic structures, aberration-corrected 

scanning TEM (AC-STEM) was performed, as shown in Figure S3e-f.48 It was observed that 

extensive atomic-scale defects exist in the mixed halide QDs, as marked by the red circles in 



 

Figure S3e while that CsPbI3 QDs demonstrate a cubic atomic structure without defects 

(Figure S3f). As shown in Figure S3g, it was found that the typical defect areas can be 

classified as lattice defects of perovskite (see Figure Sg-1) and non-perovskite phase (see 

Figure Sg-1) existing in the [100] orientated perovskite. Additionally, to investigate the lattice 

distortions, we performed geometric phase analysis (GPA) based on the atomic-resolution 

STEM images which can provide the insights for the comparation of both types of QD.49, 50 As 

shown in Figure 1c-e, all the in-plane strain εxx, the out-of-plane strain εyy, and the xy plane 

distribution exhibit almost no concentration for CsPbI3 QDs due to color contrast is very small. 

However, the existence of defects in CsPbI2.5Br0.5 QDs (Figure 1f) leads to remarkable strain 

concentration across the QD due to color contrast is clear (Figure 1g-i). The observed imperfect 

atomic structures and lattice distortions can presumably cause differences in terms of structural 

instability under external stimuli, carrier transport and recombination, as well as device 

performance, which will be discussed in details. 

PL behaviors under hydrostatic pressure provide valuable clues to the structures and 

properties of perovskites without any chemical intervention.51-54 According to previous works,  

the bandgap of halide perovskites is primarily determined by the lead and halide orbitals, which 

are highly sensitive to the change of lattice contraction and tilting of octahedra.52 Generally, 

the lattice contraction and octahedra tilting would increase and reduce overlapped orbitals of 

the constituent elements, resulting in reduced and enlarged bandgaps, respectively.55 When 

high pressure is applied to the QDs, both bond length and bond angle might be altered, which 

in turn affects the PL properties (see Figure 2a). This makes hydrostatic pressure a useful tool 

for investigating the evolution of QD structures.56  

Prior to the application of pressure, the PL peaks of both types of QDs are located at 

approximately 670 nm, indicating intrinsic bandgaps of 1.85 eV. However, as the pressure 

increased, the two types of QDs showed distinct variations in their PL responses (Figure 2b 



 

and 2c). It is found that the PL peak position of CsPbI3 QDs initially undergoes a redshift from 

669 nm to 676 nm under the pressure from 0 to 0.74 GPa, followed by a blueshift from 676 nm 

to 644 nm under the pressure from 0.74 GPa to 2.5 GPa. These shifts in the two pressure 

regimes can be attributed to bond length contraction and bond angle distortion, respectively.53, 

55, 57 Notably, PL signals could not be detected once the pressure exceeds 2.5 GPa, suggesting 

a phase transformation of the QDs into an amorphous state without light-emitting properties.58  

 

Figure 2. (a) Pressure-dependent structural and PL behaviors of perovskite QDs under pressure. 

PL emission curves of (b) CsPbI2.5Br0.5 QDs and (c) CsPbI3 QDs under varying pressures. The 

derived PL peak wavelengths as functions of different pressures for (d) CsPbI2.5Br0.5 QDs and 



 

(e) CsPbI3 QDs. 

In contrast, for the mixed-halide CsPbI2.5Br0.5 QDs, the PL peak exhibits an initial 

blueshift from 670 nm to 646 nm under pressure from 0 to 0.39 GPa. Subsequently, the peak 

gradually redshifts from 646 nm to 676 nm from 0.39 GPa to 1.3 GPa, indicating an evolution 

of the bond angle distortion and bond length contraction opposite to the CsPbI3 QDs. Similarly, 

the PL signals could not be detected upon pressure over 1.3 GPa in the mixed-halide QDs.  

The transition pressures to the amorphous state are 2.5 GPa and 1.3 GPa for CsPbI3 

QDs and CsPbI2.5Br0.5 QDs, respectively, indicating that the mixed-halide QDs are more prone 

to losing long-range ordered structures and transitioning to the amorphous state under pressure. 

The PL peak evolutions of two types of QDs under pressure are given in Figure 2d and e. Our 

results disclose that CsPbI2.5Br0.5 and CsPbI3 QDs demonstrated different behaviors under 

pressure. Notably, the pressure-induced PL peaks are reversible, suggesting that both QDs did 

not degrade during pressure measurements though the PL intensities decreased in both QDs 

upon the pressure release (see Figure S4), which aligns with previous reports.59-61 

The size of QDs is known to play a critical role in determining the phase transition 

pressure. Typically, smaller-size halide perovskite QDs exhibit lower transition pressures due 

to their shorter fluctuation length scales and stronger surface fluctuations.57, 59 However, in our 

case, we observed that the transition pressure of CsPbI3 QDs (2.5 GPa) is unexpectedly larger 

than that of CsPbI2.5Br0.5 QDs (1.3 Gpa), despite the smaller size of CsPbI3 (9.7 nm) QDs 

compared to CsPbI2.5Br0.5 QDs (12.6 nm). Previous studies have also reported a transition 

pressure from the crystalline to amorphous state of CsPbBr3 QDs at 2.09 Gpa.54 This suggests 

that the mixed-halide QDs have lower structural stability against pressure compared to both 

single-halide CsPbBr3 and CsPbI3 QDs, which probably results from the atomic structural 

imperfections such as non-perovskite phase and defects as evidenced by the spherical 

aberration corrected TEM images.  



 

Temperature-dependent steady-state PL properties of both types of QDs were further 

investigated. As shown in Figure 3a-b, the normalized PL peaks of both QDs demonstrated a 

continuous redshift with decreasing temperature from 275K to 77 K, which resulted from an 

interplay of contributions of the lattice thermal shrinking and electron-phonon coupling. The 

dominant influence of lattice thermal shrinking resulted in the interaction between orbitals in 

the valence band maximum, leading to an enlargement in the valence bandwidth and a reduced 

bandgap.62-64 Since quantum dot sizes vary only slightly between CsPbI3 QDs (9.7 ± 0.4 nm) 

and CsPbI2.5Br0.5 QDs (12.6 ± 0.3 nm), the modulation of the Huang-Rhys factor should be 

negligible.65 Therefore, the variations of carrier-phonon coupling and Huang-Rhys factor are 

not invoked in this work. 

 
Figure 3. Normalized steady-state PL behaviors of (a) CsPbI2.5Br0.5 QDs and (b) CsPbI3 QDs 

under different temperatures. (c) PL peak position as a function of temperature for both types 

of QDs. Normalized TRPL decay curves of (d) CsPbI2.5Br0.5 QDs and (e) CsPbI3 QDs. (f) 

Lifetimes τ1 and τ2 of these two types of QDs as functions of temperature.  

The temperature-dependent full width at half maximum (FWHM) PL intensity data 

displayed in Figure 3c was used to assess the effective strength of coupling to phonons and the 

contribution from inhomogeneous broadening using the equation: Γ(T) = Γinh + γacT   + 



 

γLO(exp(ELO/kbT) − 1)-1. Here, Γ(T) is expressed as the sum of three terms: temperature-

independent inhomogeneous broadening (Γinh), acoustic (γacT) phonon contributions and 

temperature-dependent longitudinal optical (LO) phonon scattering (γLO(exp(ELO/kbT) − 1)-1).66, 

67 γac represents the coupling strength to acoustic phonons, which is mainly related to a 

deformation potential interaction in materials with cubic symmetry. ELO is the energy of the 

LO phonon, and kB is Boltzmann’s constant. Through the fitting, the parameters are displayed 

in Table 1, revealing that the contribution of acoustic phonon scattering to PL broadening is 

zero and photon energy is very similar for both QDs (45.1 ± 15.9 meV vs. 42.5 ± 6.6 meV). 

Additionally, Γinh of CsPbI3 QDs is larger than that of mixed-halide QDs (72.9 ± 3.2 meV vs.  

55.7 ± 2.2 meV), which is probably due to the fact that the CsPbI3 QDs have slightly a larger 

size distribution. Importantly, the longitudinal optical phonon scattering in mixed-halide QDs 

is much higher than that in CsPbI3 (321.5 ± 105.3 meV vs. 231.9 ± 179.7 meV). A higher rate 

of longitudinal optical phonon scattering would increase the carrier–phonon coupling, leading 

to increased carrier scattering and non-radiative recombination.  

Table 1. The extracted parameters by fitting to the temperature-dependent FWHM PL data. 

 

Moreover, TRPL measurements were performed under varying temperatures. Figure 

3d-e show the TRPL decay curves of mixed-halide and CsPbI3 QDs, respectively. A bi-

exponential model was used to fit the decay curves to determine τ1 and τ2, which represent non-

radiative recombination and radiative lifetimes, respectively. As shown in Figure 3f, both 

lifetimes, τ1 and τ2 monotonously increased with temperature. More importantly, both lifetimes 

in CsPbI3 QDs are remarkably longer than those in the mixed-halide counterpart, which is in 

line with the lower lattice imperfections observed in CsPbI3 QDs.  

QD Types Γinh /meV γac/meV γLO/meV ELO /meV 

CsPbI3 72.9 ± 3.2 0 231.9 ± 179.7 45.1 ± 15.9 

CsPbI2.5Br0.5 55.7 ± 2.2 0 321.5 ± 105.3 42.5 ± 6.6 



 

Since device applications are often based on film quality, both types of QDs films were 

prepared on FTO substrates using the same depositing method and were characterized for 

comparisons. To obtain electronically coupled QD films, insulating organic ligands, including 

oleic acid and oleylamine of pristine QDs, were removed using methyl acetate (MeOAc) 

treatment. Initially, Fourier-transform infrared spectroscopy (FTIR) measurements were 

performed on both QD pristine films (pristine) and ligand removed (LR) films (2 spots 

measured on the films). As depicted in Figure S5, the signal intensities of C-H modes at 2851 

and 2921 cm−1 are very similar for both QD pristine films and LR films, while they were 

remarkably reduced in both treated films. This reduction indicates the successful removal of 

native long-chain ligands following the MeOAc treatment, eliminating the impact of insulating 

ligands on charge transport.68 Subsequently, atomic force microscopy (AFM) images (see 

Figure S6a-b) demonstrate that both QD films have uniform surface morphologies, with an 

average roughness of 4.12 nm and 4.01 nm for the mixed-halide and CsPbI3 QD films, 

respectively. Furthermore, scanning electron microscopy (SEM) characterizations revealed that 

both QD films were dense and compact without any cracks and pinholes (see Figure S6c-d). 

These observations of very similar film morphologies eliminate the influence of surface 

variations as a factor for the different physical properties. Moreover, steady-state PL 

measurements under continuous laser illumination were carried out on both QD films to 

investigate their phase segregation behaviors, and the data indicate that phase segregation did 

not occur in both QD solid films with PL peaks showing no shift (Figure S7).  

To compare the physical properties of the QD films, UV-vis spectra, and space-charge-

limited currency (SCLC) measurements were carried out. Figure S8a shows that both QD films 

have very similar light absorption behaviors, including absorption intensity and range. The 

defect density calculated from the SCLC data based on the structure of 

FTO/TiO2/QDs/PCBM/Ag is 6.5 × 10-16 cm-3 and 3.8 × 10-16 cm-3 for the CsPbI2.5Br0.5 QD film 



 

and CsPbI3 QD film (Figure S8b), respectively, indicating a higher defect density in the mixed-

halide QD film, consistent with the TEM and PL measurement results. 

To further investigate the carrier dynamic behaviors, TRPL lifetime mappings were 

conducted on both LR-treated QD films at room temperature (approximately 300 K). The 

results, as depicted in Figures 4a and b, demonstrate that the carrier lifetime is uniformly 

distributed in both films. Using bi-exponential fitting of TRPL decay in Figure 4c, the 

calculated carrier lifetime τ1, representing the carrier recombination rate, is 1.1 ns for 

CsPbI2.5Br0.5 QD films and 1.4 ns for CsPbI3 QD films; meanwhile, τ2, symbolizing the carrier 

transfer rate, is measured as 5.1 ns for CsPbI2.5Br0.5 QD films and 3.7 ns for CsPbI3 QD films.69, 

70 The carrier lifetime τ1 in the CsPbI3 QD film is longer, suggesting that the CsPbI3 QD film 

has fewer non-radiative centers, while the carrier lifetime τ2 in the CsPbI3 QD film is shorter, 

facilitating carrier transport and extraction compared to the mixed halide QD film. To gain a 

deeper understanding of the radiative and non-radiative processes, femtosecond transient 

absorption (fs-TA) measurements were performed. As shown in Figure 4d, e, the CsPbI3 QD 

film exhibits a ground-state bleaching time longer than that of the mixed halide one, 

demonstrating improved charge separation in this film. The corresponding time-resolved 

components extracted from the dynamics at 660 nm are shown in Figure 4f. Importantly, 

CsPbI3 QD film has a longer decay time relative to the mixed-halide one (τ: 2578.7 ps for 

CsPbI3 and 1624.3 ps for CsPbI2.5Br0.5), demonstrating the less non-radiative recombination in 

the CsPbI3 QD film. The above results indicate that CsPbI2.5Br0.5 QDs have higher defect 

density and slower carrier transportation compared to the single-halide counterparts, which is 

consistent with the differences in their structural and optical properties.  



 

 
Figure 4. Carrier lifetime mapping of (a) CsPbI2.5Br0.5 QD and (b) CsPbI3 QD films. (c) TRPL 

decay of both QD films. 2D time-wavelength-dependent TA color maps of (d) CsPbI2.5Br0.5 QD 

and (e) CsPbI3 QD films. (f) normalized TA dynamics of the ground-state bleach (GSB: 660 nm) 

for both QD films. 

Considering the critical role of energy levels in device performance, ultra-violet 

photoelectron spectrum (UPS) was measured to determine the Fermi level and valence band 

position of both QD films. Figure S9 shows the UPS spectra of the cutoff and valence band 

edge regions. The Fermi level, ϕ = 21.22 − Ecutoff, was found to be −4.10 eV and −4.30 eV for 

the mixed halide QD film and the CsPbI3 QD film, respectively.71-74 In addition, the valence 

band maximum, VBM = 21.22 − (Ecutoff − Eonset), was calculated to be −5.49 eV for 

CsPbI2.5Br0.5  QD film and −5.50 eV for the CsPbI3 QD film. Combining with the bandgaps, 

the conduction band minimum was located at −3.69 eV for CsPbI2.5Br0.5 QD and −3.70 eV for 

the CsPbI3 QD film. From the results above, the Fermi level of CsPbI3 QD film is located at 

the middle of the bandgap, which indicates that the CsPbI3 QD film is more intrinsic than the 

mixed-halide one, suggesting a lower defect density, in line with the SCLC, TRPL decay and 

TA results.  

First-principles calculations based on density functional theory (DFT) were carried out 



 

to theoretically describe the electronic properties of CsPbI3 and CsPbI2.5Br0.5 QDs as a function 

of their characteristic size L and the applied pressure (Figure 5).75 The size-dependent trend of 

theoretical bandgap (Eg) shown in Figure 5a qualitatively mirrors the quantum confinement 

effects on the optical band gaps that were observed in the experiments. Besides the monotonous 

decrease, an abrupt shrinking of Eg is unexpectedly revealed when the QD characteristic size 

increases from 1.9 to 2.5 nm. We did not calculate for any QD size larger than 2.5 nm due to 

the constraint of computing power, but the computation result is sufficient to conclude that the 

confinement effect for large QDs is much weaker compared to the ones with smaller size L. 

Importantly, the effects of composition on Eg were also qualitatively reproduced by our DFT 

calculations. In general, presenting the same optical bandgap, the CsPbI3 QDs possess a smaller 

characteristic size than the mixed-halide ones (Figure 5a). More specifically, by applying 

numerical interpolation to our DFT results, we found that an optical bandgap of 1.8 eV was 

obtained for CsPbI3 QDs of L = 3 nm and mixed-halide QDs of L = 12 nm. Although the exact 

values of L cannot be accurately reproduced by the DFT calculation, the composition-

dependent trend of Eg is consistent with the experimental result. This compositional effect on 

the optical bandgap is a consequence of the fact that the s-p electronic orbitals of Br ions, whose 

energy is very close to the top of the valence band, are more localized in space than those of I 

ions, as shown in the densities of electronic states (Figure 5b-c). Consequently, the optical 

bandgap of mixed-halide QDs widens up as compared to that of CsPbI3 QDs, impacting their 

optoelectronic properties and device performances.  

Regarding the influence of pressure on the calculated bandgaps, we observed two 

different trends in bulk CsPbI3 and CsPbI2.5Br0.5 (Figure 5d). In CsPbI3, Eg first slightly 

decreases under small compression and then increases almost linearly at pressures larger than 

~0.7 GPa. In CsPbI2.5Br0.5, on the other hand, the band gap monotonously decreases under 

pressure. These theoretical bandgap results closely resemble our experimental PL 



 

measurements (recall that Eg~1/λ), except for the redshift observed in the mixed-halide 

perovskite QDs in the high-pressure regime (Figure 2d). The causes of this composition-

dependent discrepancy may be two folds: (1) the distinct polymorphs considered for each 

material in our DFT calculations (i.e., orthorhombic for CsPbI376, 77 and tetragonal and cubic 

for CsPbI2.5Br0.511, 47, 78), and (2) an anomalous elastic behavior observed in CsPbI3 under 

pressure.79-81 In particular, we found that the pressure-induced variation of one of the lattice 

parameters in orthorhombic CsPbI3 follows the same trend as Eg, namely it anomalously 

increases at pressures larger than ~0.7 GPa (Figure 5e). Such an elastic anomaly, namely, 

da/dP >0, is not observed in CsPbI2.5Br0.5 (Figure 5f). Meanwhile, the variation of the halide 

octahedra rotation and I-Pb-I and Pb-I-Pb angles in CsPbI3 are continuous and monotonous 

under compression (Figure 5g-h), in contrast to the elastic anomaly of the lattice parameter. 

Finally, a conjectural reason for the redshift experimentally observed in CsPbI2.5Br0.5 but not 

reproduced by our DFT calculations may be related to the presence of halide vacancies (not 

considered in our Eg simulations),82, 83 which according to our DFT formation energy 

estimations are more likely to form under pressure (Figure 5i). The pressure-induced formation 

of in-gap defect levels may shrink the bandgap, leading to the experimentally observed redshift 

in the high-pressure regime.  



 

 
Figure 5. First-principles calculation results based on the density functional theory. (a) 

Calculated energy band gap of halide perovskite QDs as a function of the inverse of the 

characteristic length L. Experimental Eg points are indicated with solid triangles. (b) The 

density of electronic states (DOS) of bulk CsPbI3 and (c) CsPbI2.5Br0.5 at equilibrium and under 

pressure. Atomic contributions to the DOS are indicated with different colors and the bottom 

of the conduction bands with solid arrows. (d) Bandgap of bulk CsPbI3 and CsPbI2.5Br0.5 as a 

function of pressure. Lattice parameter variations as induced by pressure in bulk (e) CsPbI3 and 

(f) CsPbI2.5Br0.5. (g) Out-of-phase (I6-) and in-phase (I6+) halide octahedra rotation variations 

in bulk CsPbI3 as a function of pressure. (h) I-Pb-I and Pb-I-Pb angle variations in bulk CsPbI3 

as a function of pressure. (i) Halide vacancy formation energy variation in CsPbI2.5Br0.5 as a 

function of pressure. “Eq” and “Ap” stand for equatorial and apical point defect positions, 

respectively. The variations of all quantities are referred to as the corresponding values 

estimated at zero pressure.  

Based on thorough experimental and theoretical characterizations of both QDs, two 

batches of solar cells were fabricated with an architecture of FTO/TiO2/QDs/PTAA/Au to 

compare their device performance. Figure 6a gives the cross-sectional SEM images of the 



 

complete solar cells made from two different QDs. Both batches of solar cells have identical 

thicknesses of each layer. The energy levels of two types of devices are given in Figure S9c, 

and the energy levels of TiO2 and PTAA are from the reported works.84, 85 Current density-

voltage measurements were carried out to test the device performance, and 21 devices for each 

batch of solar cells were constructed. As shown in Figure 6b, clearly, all parameters, including 

voltage (Voc), current density (Jsc), and fill factor (FF), were superior in CsPbI3 solar cells. The 

champion cells of CsPbI3 QDs achieved the highest efficiency of 16.1% with a Voc of 1.26 V, 

a Jsc of 16.4 mA/cm2, and an FF of 0.78, while the champion efficiency of CsPbI2.5Br0.5 QD 

solar cell is 12.8% with a Voc of 1.23 V, a Jsc of 14.5 mA/cm2, and an FF of 0.73. The statistics 

of all device parameters are summarized in Table 2, showing that the average efficiency is 15.3% 

for CsPbI3 cells and 12.0% for CsPbI2.5Br0.5 devices. To further verify the Jsc, the external 

quantum efficiency (EQE) test was performed. As shown in Figure 6c, the CsPbI3 solar cell 

delivered a higher EQE in the whole response light spectrum, and the integrated Jsc are 15.5 

mA/cm2 and 13.7 mA/cm2 for CsPbI3 and mixed-halide QD devices, respectively. Notably, 

both devices demonstrated an identical EQE spectrum range, indicating that both QDs have the 

same electronic bandgap, which is consistent with the light absorption results. However, the 

Urbach energy calculated from EQE is 25.4 meV for CsPbI3 and 39.8 meV for the mixed-halide 

QDs (see Figure S10a), indicating that the defect density is lower in CsPbI3 QDs than that of 

mixed-halide QDs. Both types of QD solar cells were measured from forward bias to reverse 

bias step and from reverse bias to forward step as shown in Figure S10b, showing that there is 

negligible hysteresis in both types of QD cells. 



 

 
Figure 6. (a) Cross-sectional SEM images of CsPbI3 and CsPbI2.5Br0.5 QD cells (Scale bar: 

200 nm). (b) J-V curves, (c) EQE curves, (d) VOC as a function of incident light intensity, (e) 

TPC, and (f) TPV of both solar cells. 

Moreover, in order to gain insight into the charge recombination and charge transport 

in the QD solar cells, we measured the light intensity-dependent Voc, transient photovoltage 

(TPV), and transient photocurrent (TPC) for both solar cells. The light intensity dependence 

on VOC follows the relation: VOC∝ηkT/q, where ηkT/q is the slope of the light-dependent Voc 

plot, and depends on the charge recombination mechanism in solar cells.86, 87 Here, K, T, and q 

are the Boltzmann constant, temperature in Kelvin, and the elemental charge, respectively. 

Normally, a larger η value indicates the presence of more defect trap states. As shown in Figure 

6d, the CsPbI3 cells exhibit a smaller n value compared to that of the mixed-halide cell (1.32 

vs 1.62), unravelling that the trap-related recombination was lower in CsPbI3 cells. We use a 

single exponential function to fit the TPC and TPV decay curves and extract the lifetimes 

(Figure 6e, f). TPC results show that the CsPbI3 solar cell has a shorter lifetime of 7.1 µs, while 

the CsPbI2.5Br0.5 QD solar cell has a lifetime of 8.5 µs, revealing that the CsPbI3 QD solar cell 

has a higher carrier transport rate. TPV results indicate that the CsPbI3 QD solar cell has a 



 

longer lifetime of 2.11 ms, while the mixed halide solar cell has a lifetime of 1.32 ms, indicating 

that the CsPbI3 solar cell has a slower carrier recombination rate. In addition, TPC and TPV 

results demonstrate that the carrier collection efficiency in the CsPbI3 solar cell was higher 

compared with that in the mixed-halide cell. These results hint that the CsPbI3 QDs are superior 

in reducing charge recombination loss in cells as a result of the lower defect density, in line 

with the optical and electrical characterization results. 

Table 2. Summary of performance statistics for both solar cells. (The champion parameters in 

parenthesis and 21 devices for each type) 

Device Type VOC (V) JSC (mA∙cm-2) FF PCE (%) 

CsPbI3 1.25 ± 0.04 (1.26) 16.1 ± 0.6 (16.7) 0.76 ± 0.02 (0.78) 15.3 ± 0.5 (16.1) 

CsPbI2.5Br0.5 1.20 ± 0.04 (1.23) 13.9 ± 0.7 (14.5) 0.72 ± 0.03 (0.73) 12.0 ± 0.5 (12.8) 

 

To further confirm the universal differences and similarities between the QDs 

synthesized using quantum confinement effect and composition engineering, two batches of 

halide perovskite QDs with the same bandgap of 1.95 eV were synthesized, named 1.95-CsPbI3 

QDs (size: 6.5 nm) and 1.95-CsPbI2.3Br0.7 QDs (Size:13.9 nm). The comparisons in terms of 

time-resolved PL, TEM, and solar cell performance are shown in Figure S11. First, lattice 

defects were not observed in 1.95-CsPbI3 QDs but were observed in 1.95-CsPbI2.3Br0.7 QDs. 

Secondly, carrier lifetime mapping measurements indicated that the average carrier lifetime is 

longer in 1.95-CsPbI3 QDs than that in 1.95-CsPbI2.3Br0.7 QDs. Moreover, both QD PL peaks 

are located at 635 nm, suggesting that the bandgaps of both QDs are 1.95 eV. Finally, the 

champion solar cells of 1.95-CsPbI3 QDs achieved a power conversion efficiency of 12.3% 

while the counterpart delivered a power conversion efficiency of 9.5%. Therefore, the results 

obtained in QDs with 1.95 eV bandgaps are consistent with those with 1.85 eV bandgaps, which 

further gives support to our conclusion on the QD engineering strategies. 

3. Conclusion 

In summary, we synthesized and extensively investigated two types of all-inorganic 



 

perovskite QDs, i.e., CsPbI3 and CsPbI2.5Br0.5. Despite having the same optical bandgaps, these 

QDs showed different lattice defects, pressure responses, and carrier dynamics. Experimental 

characterizations and DFT simulations revealed the similarities and differences in perovskite 

QDs tuned by size and chemical composition engineering. The solar cells made from CsPbI3 

QDs achieved a superior PCE of 16.1%, much higher than that of mixed-halide one (12.8%), 

which is a result of the coherent lattice structures, suppressed defect density and faster carrier 

transfer in the single-halide QDs. Armed with these results and valuable insights, further 

research efforts will propel the advance of judiciously engineered perovskite QDs with tailored 

properties for next-generation optoelectronic applications.  
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