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Abstract 

Multiple exciton generation (MEG), the generation of multiple electron-hole pairs from a single 

high-energy photon, can enhance the photoconversion efficiency in several technologies including 

photovoltaics, photon detection, and solar-fuel production1-6. However, the low efficiency, high 

photon-energy threshold (ℎ𝜈th) and fast Auger recombination impede its practical appication1, 7. 

Here, we achieve enhanced MEG with an efficiency up to 87% and ℎ𝜈th 2 times of bandgap (Eg) 

in the highly-stable, weakly-confined formamidinium tin-lead iodide perovskite nanocrystals 

(FAPb1-xSnxI3 NCs, x ≤ 0.11). Importantly, a MEG-driven increment of the internal photocurrent 

quantum efficiency exceeding 100% with a low threshold is observed in such NCs-sensitized 

photoconductor under UV light illuminations. The MEG-enhancement mechanism is found to be 

mediated by the slower cooling and reduced trapping of hot-carriers above the MEG threshold 

after the partial substitution of Pb by Sn. Our findings corroborate the potential importance of 

narrow-bandgap perovskite NCs for the development of optoelectronics that could benefit from 

MEG. 

  



 
 

Multiple exciton generation was observed in various semiconductor nanomaterials7-14. Several 

studies have further demonstrated in principle the MEG-induced photocurrent quantum efficiency 

exceeding unity in quantum dots (QDs) devices1-3. However, for these conventional strongly-

confined nanocrystals (NCs), e.g., PbSe and PbS QDs, most reported ℎ𝜈th to produce MEG is at 

least 3Eg with an efficiency (𝜂MEG) < 50%7-10. Note that rapid hot-carrier cooling (i.e., absence of 

phonon bottleneck15) and trapping compete directly with MEG process7, 16, which thus 

fundamentally limits its performance. Previous attempts to enhance MEG were usually focused on 

increasing quantum confinement9, enhancing it by suppressing hot-carrier cooling and/or trapping 

has not been well explored. However, fast Auger recombination (in tens of picoseconds7) in 

strongly-confined NCs would impede the transport and extraction of generated multiple carriers 

to multiply the photocurrent17. For efficient MEG utilization, a light absorber in practical devices 

with an ideal ℎ𝜈th of 2Eg and high 𝜂MEG is thus highly desirable but has not been reported in 

weakly-confined systems. 

Halide perovskite NCs, which have been demonstrated remarkable performance in 

optoelectronics18 and exhibited intrinsic phonon bottleneck with slow hot-carrier relaxation19, 20 

are promising MEG candidates to mitigate above challenges. Recently, MEG has been observed 

in colloidal FAPbI3
8 and CsPbI3 NCs21, 22 and multiple-photon excited CsPbBr3 NCs films23, in 

which the enhanced MEG was obtained in the smaller NCs with stronger confinement (along with 

larger Eg)
8, 22. Nevertheless, it remains challenging to achieve the efficient MEG in the narrower-

bandgap perovskite NCs and verify their inherent MEG in practical optical devices. Here we 

achieve the enhanced MEG in the weakly-confined, stable FAPb1-xSnxI3 NCs. The significant 

impact of MEG on the photocurrent quantum efficiency exceeding 100% with low-threshold is 

observed in such NCs-based photoconductors. 

In our experiments, α-phase FAPb1-xSnxI3 NCs (x = 0 to ~0.11) and bulk FAPbI3 counterpart are 

fabricated for comparative study. Considering the 12.3-nm exciton Bohr diameter of FAPbI3
8, 

average sizes of pristine and doped NCs are controlled at ~11.5 nm (Fig. 1a and Supplementary 

Figs. 1-3) to ensure they are in weak quantum confinement regime. Eg of NCs in this size (as 

determined by the peaks of transient absorption (TA) spectra, Supplementary Fig. 4) is reduced 

down to 1.55 eV with increasing Sn concentrations (Fig. 1b), which is consistent with our density 

functional theory (DFT) results (Supplementary Fig. 5). Substitution of Pb by Sn (namely SnPb) is 



 
 

supported by the fact that SnPb exhibits the lowest formation energy as compared with other 

possible doping types (see Supplementary Fig. 6 and Supplementary Note 2). Sn2+ concentrations 

are determined by X-ray photoelectron spectroscopy (XPS) measurements (Supplementary Fig. 7), 

in which no Sn4+ states are observed. In contrast to the prevailing view of the unstable and defective 

properties of Sn in halide perovskites, it is impressive that partial Pb substitution by Sn greatly 

improves the stability of FAPbI3 NCs (Supplementary Fig. 8) along with increased 

photoluminescence quantum yield (PLQY) and reduced non-radiative traps (Supplementary Fig. 

9 and Supplementary Table 1) with an optimal doping concentration of ~7%. A slight decrease of 

optical property at higher Sn-doping concentration (x = ~0.11) may be attributed to the Sn-related 

defects. X-ray diffraction (XRD) results (Supplementary Fig. 10) reveal the reduced lattice spacing 

due to the incorporation of the smaller Sn2+ and contraction of cubo-octahedral volume for stability 

improvement24. Our DFT calculations further confirm the decreased formation energy of crystals 

after Sn concentration up to 12.5% (Supplementary Fig. 11), indicating an increased phase stability. 

In addition, the potential reducing of Pb2+ to metallic Pb0 could be also suppressed by Sn2+ 

(Supplementary Fig. 7). Similar attempt to improve the optical property and stability using a small 

fraction of divalent metal cations (including Sn2+) to replace Pb without introducing additional 

defects was also demonstrated in other α-phase perovskites25-29, here Sn-doping can also reduce 

Eg of perovskite NCs favourable for MEG application. 

 



 
 

Fig. 1 | Efficient MEG in FAPb1–xSnxI3 NCs. a, Schematic of the crystal structure (top), high-

resolution transmission electron microscopy (bottom left) and corresponding Fourier 

transformation (bottom right) of FAPb0.93Sn0.07I3 NCs. b, Bandgap energies of FAPb1–xSnxI3 NCs 

(x = 0 to ~0.11) and bulk FAPbI3. The error bars represent the uncertainties of x determined from 

the XPS measurements (horizontal) and Eg from TA measurements (vertical). c, GSB dynamics 

normalized at the long decay tail under different pump photon energies with an average number 

of absorbed photons per NC of N0 = 0.22 in FAPb0.93Sn0.07I3 NCs (Eg = 1.56 eV). The solid lines 

are exponential decay fittings. d, RPOP (exciton population ratio) as a function of N0 under photon 

energies below and above the MEG threshold. The details of fitting (solid lines) are provided in 

Supplementary Fig. 12. The error bars represent the uncertainties in the determination of TA 

amplitudes. e, MEG yield (dots) as a function of relative pump photon energies (hν/Eg) for FAPb1–

xSnxI3 NCs and the bulk counterpart. The error bars represent the uncertainties during the fitting 

procedures of RPOP. The labelled MEG efficiencies (ηMEG) are obtained by fittings (dashed lines) 

using a model describing the competition between MEG and hot-carrier cooling processes 

(Supplementary Note 3). f, Calculated maximum PCEs (solid lines; Supplementary Note 1) under 

AM1.5 solar illumination as a function of the material Eg with different MEG thresholds and 

reported MEG efficiencies of CsPbI3 NCs (blue columns)21,22, FAPbI3 NCs (green columns)8 

and FAPb1–xSnxI3 NCs in this work (red columns). 

 

To evaluate the MEG process and determine its yield, TA spectroscopy probing the dynamics of 

ground-state bleach (GSB) are performed on the spin-coated FAPb1-xSnxI3 NCs and bulk FAPbI3 

films on quartz substrates. Under the small pump energy of hν < 2Eg at low-pump intensity (⟨𝑁0⟩ 

< ~0.3), GSB decay of NCs exhibits only single exponential decay with a lifetime > 10 ns, 

indicating the neutral single-exciton recombination (Supplementary Fig. 12). Existence of MEG 

at the higher photoexcitation energies above 2Eg is evidenced by the emergence of a fast decay 

with increased amplitudes (Fig. 1c). The lifetime of fast decay (320 ±10 ps) in FAPb0.93Sn0.07I3 

NCs is consistent with the biexciton Auger recombination lifetime (𝜏Aug) at the higher pump 

intensity and low photon energies < 2Eg (Supplementary Fig. 12). Such fast decay for the 11.5-nm 

NCs (consistent with our previously determined NC-volume dependent 𝜏Aug value8) persists at an 

extremely low-pump intensity of ⟨𝑁0⟩ < 0.1 at hv > 2Eg (Fig. 1d and Supplementary Fig. 12). 



 
 

Furthermore, MEG performance of NCs-film is found to be similar to that from NCs in stirred-

solution (Supplementary Fig. 13), indicating the retaining of quantum-confinement characteristics 

as well as low possibility of photocharging in our NC-solids. These observations clearly indicate 

the existence of MEG in FAPb1-xSnxI3 NCs. Figure 1e shows the determined MEG yield (QYMEG) 

as a function of the relative pump energy hv/Eg with ℎ𝜈th close to 2Eg. Among three Sn-doping 

concentrations, the maximum QYMEG is 1.53 ± 0.06 (at hv = 2.94Eg) in FAPb0.93Sn0.07 NCs with 

𝜂MEG of ~87%, while for FAPbI3 NCs it is determined to be 1.11 ± 0.04 (at hv = 2.88Eg) with lower 

𝜂MEG of ~40%. No MEG is observed at hv = 2.97Eg in the bulk counterpart. 

 

Fig. 2 | Enhanced photocurrent conversion efficiency by MEG in FAPb1–xSnXI3 NCs. a, Schematic 

of the structure of a photoconductive device with NC-sensitized m-TiO2. b, I–V characteristics of 

photoconductors sensitized by FAPb0.93Sn0.07I3 NCs (red), FAPbI3 NCs (blue) and bulk FAPbI3 

(black) under 254 nm illumination. c, Photocurrent as a function of incident powers with different 

wavelengths at an applied voltage of 4 V. The dots are the experimental data and the dashed lines 

are the best linear fits to extract the slopes. d, Net absorbance of perovskites in the devices. The 

dashed line is the absorbance of FAPb0.93Sn0.07I3 NCs dispersed in hexene for comparison. e, IQE 

as a function of relative photon energies in photoconductors. The error bars represent the standard 

deviation from at least five independent devices and the measure of centre is the mean. f, 



 
 

Normalized photocurrent (Iph) as a function of time measured in ambient air at room temperature 

at 4 V.  

It is worthy to note that the relatively long 𝜏Aug (320 ps vs tens of ps in traditional and previous 

perovskite MEG NCs7, 21, 22) is favorable for multiple-carriers transportation and collections. In 

addition, for the effects of ℎ𝜈th and Eg, Fig. 1f compares 𝜂MEG of various perovskite NCs together 

with the theoretical maximum power conversion efficiency (PCE) under AM1.5 (1 sun) 

illumination. It shows that MEG has a more obvious impact on the overall efficiency improvement 

when ℎ𝜈th  is 2Eg. These results thus demonstrate the promising prospect of weakly-confined 

perovskite NCs for the practical applications of MEG in devices and Sn-doping provides an 

effective strategy to reduce Eg as well as enhancing MEG.  

To demonstrate the successful utilization of MEG in devices, photocurrent internal quantum 

efficiency (IQE) > 100% is considered to be key evidence. Here photoconductors are applied to 

assess the photocurrent IQE to ensure that the high-energy photons can directly incident on our 

NCs absorber rather than being absorbed by electrodes and/or charge transporting layers in normal 

photovoltaics (PVs). Photoconductors with the active layers of FAPb1-xSnxI3 NCs sensitized-

mesoporous TiO2 (m-TiO2) together with FAPbI3 NCs and bulk counterpart as controls are 

fabricated and tested. m-TiO2 is widely used as electron transportation layer in perovskite devices 

with its high electron injection efficiency30, multiple electrons generated from the NCs can be 

extracted by m-TiO2 and drift to electrode under applied electric field (with strength of ~KV cm-1 

and close to the internal built-in field in PVs), leading to photocurrent generation (Fig. 2a). 

Sensitization process, SEM and TEM images as well as the photographs of perovskites on m-TiO2 

are provided in Supplementary Figs. 14-17. Loading amounts of perovskites in m-TiO2 are 

carefully controlled by NCs-solution concentrations and absorption measurement, which are 

almost identical in different devices to obtain a fair comparison. After sensitization on TiO2 

surfaces, a strong PL quenching along with a fast GSB decay of hundred ps (𝜏NCs/TiO2
) is observed 

(Supplementary Fig. 18) due to the electron transfer from perovskites to TiO2. Such fast charge 

transfer ensures the efficient exciton dissociation and collection of multiple electrons (created by 

MEG in NCs) by TiO2 to produce the photocurrent prior to Auger recombination. Multiple electron 

injection efficiency from NCs with biexcitons to TiO2 is estimated to be ~80% (by 𝜂i = 1 −

𝜏NCs/TiO2 /𝜏Aug) when ⟨𝑁0⟩ = 1.8 (Supplementary Fig. 19). 



 
 

 

Fig. 3 | Roles of hot-carrier cooling and trapping on MEG. a, Schematic of the MEG process 

competing with the cooling and trapping of hot carriers (HCs). GS, ground state; ES, excited state. 

b, GSB relaxation-time difference (Δτrelax) as a function of excess energy of hv − 2Eg. The error 

bars represent the uncertainties in the fittings of the rise time. c, TA spectra at 1–2 ps delay time 

normalized at the peak of the band-edge GSB and probed in the NIR region below the band edge 

of FAPb0.93Sn0.07I3 NCs (left) and FAPbI3 NCs (right) in stirred solutions under 310 nm (solid dots) 

and 550 nm (open dots) photoexcitation with a pump fluence of N0 ≈ 0.2.  

Figure 2b shows the representative current-voltage (I-V) curves of photoconductors under 254 nm 

(4.88 eV) illumination above MEG threshold. The linear I-V behavior in the dark indicates an 

ohmic contact at the TiO2/Au interface, which is favorable for efficient charge collection. 

Negligible photoelectric response is observed in the pure m-TiO2 photoconductor as a control, 

suggesting that TiO2 only serves as a charge transportation medium for photocurrent generated by 

perovskites. The incident power dependent I-V curves below and above MEG ℎ𝜈th of three types 

of devices can be found in Supplementary Fig. 20. The photocurrent (Iph = Ilight – Idark) increases 

linearly with the incident light power (Po) in a range from 0 to ~0.5 µW (Fig. 2c) under different 

excitation wavelengths. Notably, FAPb0.93Sn0.07I3 NCs sensitized device exhibits the significant 

enhancement of Iph at the same incident power and increased slopes with photon energies. 

As the photocurrent could be multiplied by the photoconductive gain (Gph) when one type of 

charge carriers is able to recirculate through an external circuit before it recombines with its 

opposite carrier. External quantum efficiency with much larger than unity was thus observed in 

many photoconductors. It is given as 𝐺ph = 𝜏life/𝜏transit = 𝜇𝜏life𝑈/𝑑2 , where 𝜏life  is carrier 

lifetime and 𝜏transit transient time, 𝜇 carrier mobility of the photoconductor, U applied voltage 



 
 

across the separated electrodes with a distance of d. However, in order to verify whether MEG can 

induce the photon-to-current conversion efficiency exceeding unity, a device without such 

photoconductive gain is more suitable. m-TiO2 is known with a low mobility in the order of ~10-

4-10-3 cm2 V-1 s-1,30 if we take the photoexcited carrier lifetime measured from TA of ~25 ns in 

NCs sensitized m-TiO2 (Supplementary Fig. 19), U of 4V and d of 4 µm, 𝐺ph would be in the order 

of 10-4. Such low value thus ensures that there are no additional internal gains in our 

photoconductors. The linear increase of Iph with bias voltages also rules out the electric field-

induced avalanche multiplication. Photocurrent IQE in our device, the number of charge carriers 

converted from the absorbed photons, can thus be obtained as:  

IQE =
𝐼ph/𝑒

𝑃o𝜂ab/ℎ𝜈
= 𝜂i × 𝜂c × QYMEG                                             (1) 

where QYMEG  is MEG yield of absorber, 𝜂c  is charge collection efficiency, 𝜂ab  is fraction of 

incident light absorbed by perovskites in the illuminated channels, calculated by 𝜂ab = 1 − 10−𝐴,2 

where A is net absorbance of perovskites (Fig. 2d) after subtracting the parasitic absorptions from 

inactive materials (e.g., TiO2 and electrodes). The relative shapes and positions of absorption 

spectra of NCs in the device are similar to those of NCs dispersed in solution, indicating the 

identical properties of NCs. It is also reflected by nearly unshifted PL positions but only quenched 

intensities in perovskites/TiO2 heterostructures (Supplementary Fig. 18).  

As shown in Fig. 2e, FAPb0.93Sn0.07I3 and FAPb0.96Sn0.04I3 NCs-based photoconductors exhibit an 

obvious enhancement of IQE exceeding 100% above a ℎ𝜈th of ∼2Eg, which consistent with the 

onset of MEG determined by TA. Considering the similar device architecture with pristine NCs, 

the enhanced IQE is thus related to MEG at high photon-energies. If we assume the efficient 𝜂c of 

1, take 𝜂i of 80% and QYMEG of ~150% at 2.9Eg from TA measurements (Fig. 1e), the resultant 

IQE would be ~120%, reasonably close to the measured value from device. Note that ℎ𝜈th in our 

weakly-confined NCs-based devices is smaller than those using strongly confined conventional 

QDs (Supplementary Fig. 21). Furthermore, FAPb0.93Sn0.07I3 NCs based device exhibits the 

obviously longer stability in ambient air under continuous 254-nm illumination (Fig. 2f). The 

decease of IQE at the higher Sn concentration (x = 0.11) might be due to additional defects as 

reflected by above mentioned PLQY and TRPL results. The overall much smaller IQE of bulk 



 
 

counterparts would be related to lower 𝜂i  as reflected by longer charge transfer time 

(Supplementary Fig. 18) and more traps.  

To gain further insights into the MEG-enhancement mechanism in Sn-doped FAPbI3 NCs, the 

MEG competing channels i.e., the cooling and trapping of hot-carriers excited above ℎ𝜈th (as 

shown schematically in Fig. 3a) are examined. Specifically, the hot carrier (or exciton) with Eex 

(excess energy above the bandgap, i.e., hv − Eg) larger than Eg is able to convert its kinetic energy 

and re-excite another carrier from ground state to excited state for producing MEG. Under the 

similar MEG rates (as governed by the NC size9), the slower cooling of these hot carriers from 

initial excitation to the MEG threshold thereby increases the probability of MEG occurrence. Such 

interval hot-carrier relaxation time is obtained from Δτrelax = τrelax(hv) − τrelax(2Eg), where τrelax(hv) is 

the total hot-carrier relaxation time to the band edge and τrelax(2Eg) is the relaxation time under 

photoexcitation at hv = 2Eg obtained from GSB build-up dynamics (Supplementary Fig. 22). As 

shown in Fig. 3b, Δτrelax increases gradually with excess energies, thereby resulting in the growth 

of QYMEG (Fig. 1e and see Supplementary Note 3 for more explanation), and FAPb0.93Sn0.07I3 NCs 

exhibit a longer Δτrelax up to 185 ± 15 fs thus with a higher QYMEG.  

https://www.nature.com/articles/s41467-018-06596-1#Fig4


 
 

 

Fig. 4 | Calculations of hot-carrier relaxation dynamics and defects formation. a, Calculated energy 

levels of 3 × 3 × 3 FAPbI3 (blue), FAPbI3 with one SnPb (red) and one VPb (black) at the R point 

(valence band maximum (VBM) is set to zero energy). CBM, conduction band minimum. b, Time 

evolution of hot-electron relaxations to the energy levels just above the MEG threshold (MEGth) 

of 2Eg (corresponding to the processes represented by the dashed purple arrows in a). c, Calculated 

formation energy of VPb as a function of Sn-doping concentrations. The insets show the position 

of VPb and the supercell structures corresponding to different Sn concentrations under periodic 

calculations. 

 

Meanwhile the hot-carrier trapping dynamics is monitored by near-infrared (NIR) TA 

spectroscopy. Clear photobleaching (PB) tails below the band edge (Fig. 3c and Supplementary 

Fig. 23) are observed. These tails (with PB signal appeared in 1ps) from the trap states31 obviously 

become stronger under high-energy photoexcitation, indicating that they act as hot-carriers traps 

due to the increased driving force between hotter carriers and defect level16. Comparing with 



 
 

pristine NCs, the hot-carrier traps are effectively suppressed in FAPb0.93Sn0.07I3 NCs as reflected 

by greatly reduced amplitudes of PB tails (for instance, PB intensity at 950 nm is around one-third 

of that in the pristine one under 310-nm excitation). Such PB tail also closes with the calculated 

energy-level position of Pb vacancy (VPb) which has the lowest formation energy under iodine-

rich growth condition of our NCs (Supplementary Fig. 24). These results thus imply that VPb could 

be the hot-carrier trap, and doped Sn could occupy the VPb and thereby suppress the hot-carrier 

trapping. Consequently, the slower hot-carrier cooling together with fewer hot-carrier traps 

account for its higher QYMEG and MEG efficiency in our weakly-confined FAPb1-xSnxI3 NCs. 

Nonadiabatic molecular dynamics (NAMD) simulations and DFT calculations are further carried 

out to understand the MEG-enhancement mechanism. Figure 4a illustrates the calculated energy 

levels of three types of perovskites together with schematic relaxation process (purple arrows) of 

hot-carriers with Eex > Eg. Consistent with the experimentally observed trend, hot-carrier relaxation 

above MEG threshold in FAPb0.963Sn0.037I3 is obviously slower as compared with the pristine one 

and FAPbI3 with a VPb (Fig. 4b), arising from the weaker electron-phonon nonadiabatic (NA) 

couplings (Supplementary Fig. 25). Note that these high-energy hot carriers (e.g., between 

CBM+21 and CBM+39) for producing MEG relax via phonon emission through the vibrations of 

inorganic frameworks. The physical origin behind the reduced NA coupling in Sn-doped one can 

be understood from the reduced lattice vibrations with shorter Sn-I bond (see Supplementary Fig. 

26). Our DFT calculation results also reveal that Sn-doping could effectively suppress the 

formation of VPb as reflected by the increased formation energies (Fig. 4c), which lends further 

support for the observed reduction of hot-carrier cooling and trapping for MEG enhancement. 

In summary, we have demonstrated enhanced MEG in the narrower-bandgap, weakly-confined 

FAPb1-xSnxI3 NCs (x ≤  0.11). MEG-induced photocurrent IQE exceeding 100 % with a low 

threshold is achieved by using mesoporous-TiO2 as a transportation medium. The mechanism of 

MEG improvement is attributed to the slower cooling of hot-carriers and reduced hot-carrier traps 

after Sn-doping as revealed by our both TA measurements, DFT calculations and NAMD 

simulations. Our findings deepen the understanding of MEG mechanism and shed light on the 

development of efficient photodetection and light-harvesting devices utilizing MEG. Further 

optimization of perovskite NCs via composition and defect engineering to obtain the narrower Eg 



 
 

while retaining their high MEG performance would be particularly interesting for practical 

application of perovskite MEG PVs in the future. 
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Fig.1 | Efficient MEG in FAPb1-xSnxI3 nanocrystals. a, Schematic crystal structure (upper), 

HRTEM (lower left) and corresponding Fourier transformation (lower right) of FAPb0.93Sn0.07I3 

NCs. b, Bandgap energies of FAPb1-xSnxI3 NCs (x = 0 to ~0.11) and bulk FAPbI3. The error bars 

represent the uncertainties of x determined from XPS measurements (horizontal) and Eg from TA 

measurements (vertical). c, Ground state bleaching (GSB) dynamics normalized at the long decay 

tail under different pump photon energies with an average number of absorbed photons per NC 

⟨𝑁0⟩ = 0.22 in FAPb0.93Sn0.07I3 NCs (Eg = 1.56 eV). The solid lines are exponential decay fittings. 

d, RPOP (exciton population ratio) as a function of ⟨𝑁0⟩ under photon energies below and above the 

MEG threshold. The details of fitting (solid lines) are provided in Supplementary Fig. 12. The 

error bars represent the uncertainties in the determination of TA amplitudes. e, MEG yield (dots) 

as a function of relative pump photon energies (hν/Eg) for FAPb1-xSnxI3 NCs and bulk counterpart. 



 
 

The error bars represent the uncertainties during the fitting procedures of RPOP. The labeled MEG 

efficiencies (𝜂MEG) are obtained by fittings (dashed lines) using a model describing competition 

between MEG and hot-carrier cooling processes (Supplementary Note 3). f, Calculated maximum 

PCEs (solid lines, see Supplementary Note 1 for details) under AM1.5 solar illumination as a 

function of material Eg with different MEG thresholds and reported MEG efficiencies of CsPbI3 

NCs (blue columns)21, 22, FAPbI3 NCs (green columns)8, and FAPb1-xSnxI3 NCs in this work (red 

columns).  

 

Fig.2 | Enhanced photocurrent conversion efficiency by MEG in FAPb1-xSnxI3 nanocrystals. 

a, Schematic structure of the photoconductive device with NCs-sensitized m-TiO2. b, I-V 

characteristics of photoconductors sensitized by FAPb0.93Sn0.07I3 NCs (red), FAPbI3 NCs (blue) 

and bulk FAPbI3 (black) under 254-nm illumination. c, Photocurrent as a function of incident 

powers with different wavelengths at an applied voltage of 4 V. Dots are experimental data and 

dashed lines are best linear fits to extract the slopes. d, Net absorbance of perovskites in the devices. 

The dashed line is the absorbance of FAPb0.93Sn0.07I3 NCs dispersed in hexene for comparison. e, 

IQE as a function of relative photon energies in photoconductors. The error bars represent the 

standard deviation from at least five independent devices and the measure of centre is the mean. f, 

Normalized photocurrent (Iph) as a function of time measured in ambient air at room temperature 

at 4 V. 

 

Fig. 3 | Roles of hot-carrier cooling and trapping on MEG. a, Schematic MEG process 

competing with cooling and trapping of hot carrier (HC). GS: ground state, ES: excited state. b, 

GSB relaxation-time difference (Δτrelax) as a function of excess energy of hv − 2Eg. The error bars 

represent the uncertainties in the fittings of the rise time. c, TA spectra at 1-2 ps delay time 

normalized at the peak of band edge GSB and probed at near infrared region below the band edge 

of FAPb0.93Sn0.07I3 NCs (left panel) and FAPbI3 NCs (right panel) in the stirred solutions under 

310-nm (solid dots) and 550-nm (open dots) photoexcitation with pump fluence of <N0> ~0.2.  

 

Fig. 4 | Calculations of hot-carrier relaxation dynamics and defects formation. a, Calculated 

energy levels of 3×3×3 FAPbI3 (blue), FAPbI3 with one SnPb (red) and one VPb (black) at the R-



 
 

point (valence band maximum (VBM) is set to zero energy). b, Time evolution of hot-electron 

relaxations to the energy levels just above MEG threshold (MEGth) of 2Eg (corresponding to the 

processes represented by the dashed purple arrows in a). c, Calculated formation energy of VPb as 

a function of Sn-doping concentrations. Insets show the position of VPb and the supercell structures 

corresponding to different Sn concentrations under periodic calculations. 
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Methods 

Materials 

Formamidine acetate (99%, Xi’an Baolaite). 1-octadecene (ODE, tech. grade, 90%), Oleic acid 

(OA, technical grade, 90%), Tin(Ⅱ) iodide (SnI2, 99.99%), Toluene (anhydrous, 99.8%), N,N-



 
 

Dimethylformamide (anhydrous, 99.8%), Chlorobenzene (anhydrous, 99.8%) and Propionic acid 

(ACS reagent, ≥99.5%) were purchased from Sigma-Aldrich. Oleylamine (OLA, 80%-90%), 

Acetonitrile (anhydrous, 99.8%), Methyl acetate (MeOAc, anhydrous, 99.5%) and n-Hexane 

(anhydrous, 98%) were purchased from Aladdin. Lead (ii) iodide (PbI2, ≥99.99%), Formamidine 

Hydroiodide (FAI, ≥99.5%) and TiO2 nanoparticles paste (anatase phase, 18NR-T, Dyesol) were 

purchased from ’i'an Polymer Light Technology Corp. ODE, OA and OLA were dried at 120 ºC 

for 1 hour under vacuum condition. Other reagents were used without further purification.  

Synthesis and purification of FAPb1-xSnxI3 NCs 

Colloidal perovskites NCs were synthesized by a modified hot-injection method32, 33. 

Formamidinium acetate (0.13 g) and propionic acid (2.5 mL) were mixed in a 25 mL round-bottom 

flask and stirred at 80 ºC for 30 mins to form the formamidine propionate precursor solution (FA-

PA), and the temperature was dropped to 75 ºC before further using. In another 25 mL three-

bottom flask, PbI2 (0.086 g), SnI2 (0.005 - 0.043 g) and ODE (5 mL) were dried under vacuum for 

1h at 120 ºC. After above processes, 1 mL OA and 0.55 mL OLA were mixed and injected into 

the above solution under N2 condition. When the PbI2 and SnI2 were fully dissolved, the system 

was cooled down to 75 ºC. The FA-PA precursor solution (1 mL) was swiftly injected into the 

flask, and immediately quenched in an ice-water bath to obtain the FAPb1-xSnxI3 NCs crude 

solutions. To purify the NCs, briefly, the MeOAc was added into the above crude solution (volume 

ratio 1:1). The mixed solution was centrifuged for 10 mins at a relative centrifugal force (RCF) of 

6440 ×g (with a rotor radius of 4 cm), the supernatant was discarded, and the precipitate was re-

dispersed in hexene as fresh samples for other experiments.     

Photoconductor fabrication 

The photolithography and sputtering were applied to prepare the interdigitated electrodes of Cr/Au 

(5/40 nm) on cleaned 200nm-SiO2/Si substrate with channel length of 4 μm and width of 1 mm. 

The total channel area is 0.05 mm2 in the device with a size of 0.1 mm2. The TiO2 particle paste 

(diluted by 4 times with adding ethyl alcohol) was spin coated on the patterned electrodes (after 

15-minus O2-plasma treatment) at a rate of 2000 rpm for 30s, followed by annealing at 500 ºC for 

30 min to form the mesoporous TiO2 (m-TiO2) film with thickness of around 300 nm. The m-

TiO2/electrode was immersed direly into the NCs in hexane for 3 days to obtain NCs-sensitized 

TiO2/electrode followed by rinsing with hexane and drying with N2 gas. For the bulk FAPbI3/m-



 
 

TiO2 photoconductor, the FAPbI3 solutions in DMF was deposited on the TiO2 electrodes followed 

by chlorobenzene antisolvent dripping.  

Material characterizations 

Powder X-ray diffraction (XRD) characterization was carried out by Rigaku SmartLab with 

monochromatized Cu-Ka radiation (λ = 1.54Å). Transmission electron microscopy and energy 

dispersive X-ray spectrometer (EDS) mapping of NCs were measured by a field emission scanning 

transmission electron microscopy (STEM, JEOL Model JEM-2100F) operated at 200 kV. The 

photoluminescence (PL) spectrum and absolute PLQY were recorded by an Edinburgh 

photoluminescence spectrometer (FLS920) equipped with an integrating sphere under excitation 

from Xe lamp. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron 

spectroscopy (UPS) were measured by Thermo Scientific Nexsa. Absorbance (obtained from 

log 1/R, where R is the diffuse reflectance, i.e., the ratio of the diffuse light power reflected from 

the sample to that from the reference material) of samples was measured by the diffuse reflectance 

measurement of PerkinElmer UV-vis-NIR spectrometer (Lambda 1050) equipped with an 

integrating sphere. The surface morphology and thickness of photodetectors are characterized by 

field emission scanning electron microscope (FESEM, Tescan MAIA3). 

Transient absorption and time-resolved PL 

Transient absorption (TA) spectroscopy was measured with an amplified Ti: sapphire femtosecond 

laser (800 nm wavelength, 50 fs, 1 kHz repetition; Coherent Libra) and a Helios pump/probe setup 

(Ultrafast Systems) with minimum step size of 2.8 fs. The white-light probe continuum was 

generated by focusing the partial of the fundamental 800-nm beam from Ti: sapphire laser onto a 

sapphire plate (2-mm thick for visible light) or 1 cm sapphire crystal rod (for NIR light), and the 

probe beam was focused (50 μm in diameter) at the center of the pump beam (2 mm in diameter) 

on the sample. The probe beam was collected using CMOS sensor for visible region (400 nm-800 

nm) and InGaAs sensor for NIR region (790 nm-2000 nm). The pump pulses were generated from 

an optical parametric amplifier (Coherent TOPAS). For the measurements of NCs-film, the NCs 

in hexene are spin-coated on the quartz-substrate (1cm×1cm) with thickness of ~100 nm. The 

samples were kept in a N2-filled quartz chamber on a motorized translating holder. The holder was 

moved with designed paths to prevent the sample degradation or photocharging. Time-resolved 

PL (TRPL) was measured by a streak camera system (Optronis). The excitation source is from 



 
 

regenerative amplifier and optical parametric amplifier as described above. All measurements 

were performed at room temperature. 

Photodetector characterizations 

The current-voltage curves of the photodetector were performed at a voltage range of -5 to 5 V by 

LakeShore cryogenic probe station at room temperature in ambient air with relative humidity of 

~50-60%. The light source is from a 500-W Hg lamp with different band-pass filters (254, 310, 

365, 405, 435, 490 nm, see Supplementary Fig. 27 for each optical spectrum). Light power was 

measured by a photodiode power sensor (Ophir-PD300-UV). The incident light power 𝑃O  is 

obtained from the product of pump fluence and the effective device area of 0.1mm2. The net 

absorbance A of perovskites in the illuminated channels of device was obtained from the 

absorbance difference between the pure m-TiO2 device with size of 1 mm2 and the one after NCs 

sensitization and then times the fraction of channel in the device of 50%. 

Density Functional Theory (DFT) calculations 

DFT calculations were performed by the projector-augmented wave (PAW) method as 

implemented in the Vienna Ab initio package (VASP) code. The gradient approximation 

(GGA)/Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was applied. A uniform 

grid of 6×6×6 k-mesh in the Brillouin zone was used to optimize the crystal structure of cubic-

phase FAPbI3 bulk. A 3×3×3 supercell of FAPbI3 was used for the defect and doping formation 

energy and charge-transition level calculations (the details are given in Supplementary Note 2). To 

study the doping concentration effects, a Pb atom was substituted by a Sn atom in the FAPbI3 

supercells with different sizes (i.e., 2×2×2, 3×2×2, 3×3×2, 3×3×3, 4×3×3, and 4×4×3). The 

Brillouin zone was sampled by a 2×2×2 k-mesh for all the FAPbI3 supercells. The plane-wave 

basis set cutoffs of the wavefunctions were set at 500 eV for the FAPbI3 bulk and 400 eV for the 

FAPbI3 supercells. The atomic positions of all supercells were fully relaxed until the supercells 

had forces on each atom less than 0.02 eV/Å. 

Nonadiabatic molecular dynamics (NAMD) calculations 

The crystal structures of pristine and Sn-doped FAPbI3 supercells were optimized at GGA/PBE 

level using the PWSCF code as implemented in the Quantum ESPRESSO (QE) package34. 

Ultrasoft pseudopotentials were employed and uniform Brillouin zone grids of 4×4×4 k-mesh for 

FAPbI3 bulk and 1×1×1 k-mesh for the FAPbI3 supercells were used. The plane-wave basis set 



 
 

cutoffs for the wavefunctions and charge density were set at 25 Ry and 200 Ry, respectively. The 

optimized crystal structures of pristine and Sn-doped FAPbI3 supercells were considered as the 

starting point for obtaining the molecular dynamics trajectories. The Andersen thermostat was used 

to control the temperature of the system at 300 K. The initial 1000 fs for the trajectories (time step 

= 1 fs) were obtained for nuclear thermalization and the subsequent 2000 fs (time step = 1 fs) were 

used for the NAMD calculations. Note that including the spin-orbit coupling (SOC) in the NAMD 

calculations would accelerate the intraband relaxation processes of perovskite system35, and lead 

to a better agreement with the experimental values36, but it would not affect our conclusions. 

NAMD calculations for the pristine and doped FAPbI3 were performed using the PYXAID2 

code.37, 38 The fewest-switches surface hopping (FSSH) algorithm39 implemented within time-

dependent DFT was used to investigate the hybrid perovskite systems40-44. Starting from the time-

dependent Schrödinger equation iℏ
∂

∂t
Ψn(r, t) = H(r, R, t)Ψn (r, t)  and Kohn-Sham orbitals 

Ψn (r, t) =  ∑ Ck
n(t)Φk(r; R, (t))k , the relaxations of hot carriers were studied by calculating the 

average energy and population of hot carriers from high excited states (~1Eg) for the pristine and 

doped FAPbI3. The probability of transition between adiabatic state i and j can be calculated using 

the wavefunction expansion coefficients and coupling, defined as dij = −iℏ ⟨Φi|
∂

∂t
|Φj⟩.

37, 38 
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