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Abstract  

Understanding electron and hole (e,h) transport at semiconductor interfaces is paramount to 

developing efficient optoelectronic devices. Halide perovskite/semiconductor quantum dots 

(QDs) have emerged as smart hybrid systems with a huge potential for light emission and 

energy conversion. However, the dynamics of generated e-h pairs are not fully understood. 

Ultrafast UV-VIS transient absorption and THz spectroscopies have enabled us to unravel the 

processes of the e-h recombination within a hybrid film of methylammonium lead triiodide 

(MAPbI3) interacting with different amount of PbS/CdS core/shell QDs. To accurately analyse 

the complex behaviour, we applied a new model for e-h events in this hybrid material. The 

results obtained with sample having a high concentration of QDs (7.3 mass percentage) 

indicate: (i) a large population (92%) of the photogenerated charge carriers are affected by QDs 

presence. The main part of these carriers (85% of the total) in perovskite domain diffuse towards 

QDs, where they transfer to the interface (electrons) and QD´s valence bands (holes) with rate 

constants of 1.2×1010 s-1 and 4.6×1010 s-1, respectively. 7% of these affected charged entities 
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are excitons in the perovskite domain in close vicinity of the interface, and show a 

recombination rate constant of 3.7×1010 s-1. (ii) The carriers not affected by QDs presence (8%) 

recombine through known perovskite deactivation channels. Lowering the QDs mass 

percentage to 0.24 causes a decrease of electron and hole effective transfer rate constants, and 

disappearance of excitons. These results provide clues to improve the performance of 

perovskite/QD based devices.  

 

Keywords: Perovskite; quantum dots; LEDs; Lighting; hybrid nanostructures; electron and 

hole dynamics. 

 

Abbreviations: THz – terahertz 

                           TRTS – time-resolved terahertz spectroscopy  

                           TAS – time-resolved transient absorption spectroscopy  

                           IRF – instrumental response function  

                           wt% – mass percentage 

     ph/cm2 – photons per cm2 

 

1. Introduction 

 Over the past few years semiconductor colloidal quantum dots (QDs) and trihalide 

perovskites have been intensively studied [1-6]. The outstanding properties of semiconductor 

QDs, such as the tunability of the optical band gap across a wide range of energies and their 

high light absorption coefficient, make them attractive for heterojunction solar cells, light-

emitting diodes (LEDs) and lasers [1-3, 7, 8]. Halide perovskites solar cells have achieved 

photoconversion efficiencies (PCE) higher than 22% [9], and the performance of LEDs, 

photodetectors and lasers based on halide perovskites has improved continuously over the past 

few years [4, 10-17]. Beyond this scenario, a combination of materials with different natures 

could provide interesting synergistic interactions that would produce advanced configurations 

enhancing the performance of related optoelectronic devices. In this sense, the composites of 

perovskite and semiconductor QDs have shown strong potential in lighting and photovoltaic 
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conversion [18-27]. QDs solar cells showed a significant but lower efficiency than that of other 

photovoltaic devices due to the low charge carrier mobilities and high surface trap density [28-

31]. By combining the efficient charge generation in QDs and the e-h high mobility in the 

perovskite, efficient colloidal QDs solar cells were fabricated [20-22]. 

The use of perovskite as a passivating agent for QDs surfaces led to a material that can 

act as a highly conductive matrix to increase the power conversion efficiency (PCE) of 

photovoltaic devices based on lead trihalides [19, 27], as well as the efficiency of IR LEDs [25] 

and photodetectors [26]. Perovskite and small core/shell QDs have been combined to prepare 

voltage tunable LEDs that exhibit exciplex emission, which could be used for developing 

advanced solar cell configurations, such as intermediate band gap ones [23]. In addition to that  

PbS QDs have been used as seeds to grow perovskite solar cells with larger grain sizes, 

significantly increasing the performance of the solar cells [19, 24]. These results clearly show 

the enormous potential of combining perovskite and QD materials to develop highly efficient 

advanced optoelectronic devices. However, detailed studies of the photoinduced processes that 

occur in these composites are lacking. Understanding the ultrafast events in perovskite/QDs 

interfaces, such as charge carrier transfer and recombination dynamics, is paramount to 

improving the overall efficiency of optoelectronic devices based on these materials. However, 

the real-time observation of the interfacial processes remains unexplored.  

Herein, we report on studies of thin polycrystalline films of methylammonium lead 

triiodide (MAPbI3) matrix embedded with different concentrations of PbS/CdS (core/shell) 

QDs, using ultrafast time-resolved transient visible-NIR absorption and terahertz (THz) 

spectroscopies (TAS and TRTS, respectively). By photogenerating charge carriers over the 

band gap of MAPbI3 (~1.55 eV) in the MAPbI3/QDs hybrid material, we observed fast and 

efficient charge carrier deactivation due to their transfer to QDs. The initial (< 1 ps) population 

and mobilities of electrons and holes in the perovskite domain are not affected by the presence 
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of QDs. To accurately elucidate the complex electrons and hole events within the material, we 

propose a new kinetic model. We found that: (i) the majority (~90 %) of photoexcited electrons 

and holes diffuse towards QDs and is afterwards transferred to the interface and QDs, 

respectively, (ii) few percent of them fast recombine as excitons in the close vicinity of the 

interface, and (iii) a small part of the photoexcited charges is not affected by the presence of 

QDs, and therefore follows the typical perovskite deactivation channels. Lowering the QDs 

concentration increases the carrier diffusion time, and thus slows down their effective transfer 

to the interface and QDs, and decreases the concentration of excitons. These results show high 

collection efficiency of electrons and holes by these QDs in this hybrid material, and the 

relevance of MAPbI3/QDs interface states in charge carrier transition/trapping processes. We 

propose that further optimization of perovskite/QD system requires a reduction of the interface 

traps. Of not less importance, the proposed kinetic model can be used to characterize the 

electron-hole events in other complex hybrid structures. 

 

2. Materials and Methods 

2.1. PbS/CdS core-shell QD synthesis 

Core/shell quantum dots (QDs) were synthesized according to a previously reported 

procedure [24, 32]. Briefly, a mixture of 0.9 g (4 mmol) of PbO, 2.7 g (9.6 mmol) of oleic acid 

(OA) and 36 ml of 1-octadecene (ODE) in a three-necked round-bottom flask was heated to 

150°C under N2 to form Pb-oleate moieties. The solution was degassed for 30 min under 

vacuum, then opened to N2, and 3 ml (6.7 mmol) of trioctylphosphine (90 %) was injected. A 

mixture of 0.42 ml (2 mmol) of hexamethyldisilathiane (HMDS) and 4 ml of ODE was quickly 

injected to the flask when the temperature dropped to 110°C. The solution was left to cool to 

room temperature. The reaction product was cleaned three times with ethanol/acetone (1:1, v/v), 

centrifuged (3000 rpm for 10 min) and dispersed in toluene (100 mg/ml). 
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For the growth of the CdS shell, a flask containing 0.34 g (2.6 mmol) of CdO, 1.85 g 

(6.5 mmol) of OA and 40 ml of ODE was heated to 220°C in air to dissolve CdO, cooled to 

150°C and then degassed for 1 hour under vacuum. After that, the temperature was reduced to 

70°C. 5 ml of the as-prepared PbS QD suspension (100 mg/ml in toluene) was rapidly injected 

to the flask. The reaction was kept at 70°C for 5 min then stopped by adding the non-solvent 

mixture (ethanol/acetone, 1:1, v/v). The product was washed following the same washing steps 

used for PbS nanocrystals and dispersed in octane for the ligand exchange. After this process, 

PbS/CdS QDs 3 nm in size were prepared.  

 

2.2. Ligand exchange and perovskite, perovskite/QDs solution preparation 

1.5 ml (10 mg/ml) of PbS/CdS core-shell QDs in octane was mixed with 0.5 ml of 

dimethylformamide (DMF) containing 58.3 mg of PbI2 and 25 mg of methylammonium iodide 

(MAI). The as-mixed solution separated into 2 phases: at the top, QDs in octane (brown) and 

(PbI2 + MAI) in DMF at the bottom (yellow). After stirring for 30 min, the QDs transferred 

from the top octane phase to the bottom DMF phase, resulting in a color change: transparent at 

the top and dark at the bottom. The octane solution was removed and the QD solution was 

washed three more times using the same solution to remove the organic residue. Subsequently, 

the QDs were precipitated adding toluene. After removing all the liquids, the QDs were dried 

under vacuum and dispersed in perovskite solution (0.4 M) to form a MAPbI3/QDs solution. 

The amount of CQDs was varied from 2 to 200 mg/ml. The 0.4 M MAPbI3 reference solution 

(without QDs) was prepared by dissolving 0.438 mmol of PbI2 and 0.438 mmol of MAI in a 

mixture of 1 ml of DMF and 95 μl of dimethyl sulfoxide (DMSO). Further details have been 

published in the relevant reference [24].  
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2.3. Perovskite and perovskite/QDs film preparation 

Glass substrates were cleaned with soap, sonicated in distilled water, ethanol and 

isopropanol for 15 min and then treated with an UV−O3 lamp for 15 min. MAPbI3 or 

MAPbI3/QD films were spin coated at 9000 rpm from 50 µl of MAPbI3 or MAPbI3/QD 

solution, respectively. Diethyl ether was poured on a film after the spin coater was running for 

4 sec. The films were annealed for 1 min at 65°C then for 2 min at 100°C. The deposition was 

carried out inside a glovebox filled with N2. 

 

2.4. SEM and XRD measurement 

The morphology and structural properties of the films were analyzed using a field 

emission scanning electron microscope (JSM7001F, JEOL) and a Bruker AXS D4 X-ray 

diffractometer using Cu Kα radiation. 

 

2.5. UV-VIS-NIR absorption spectroscopy 

The UV-VIS-NIR absorption spectra of the MAPbI3, MAPbI3/QDs and QDs were 

measured using a standard spectrophotometer (JASCO V-670). To eliminate the contribution 

of the scattered light, we carried out diffuse reflectance measurements using a 60-mm 

integration sphere (ISN-723).  

 

2.6. Femtosecond transient absorption spectroscopy 

The used femtosecond (fs) transient  UV-VIS-IR absorption setup has been described 

elsewhere [33]. Briefly, it consists of a Ti:sapphire oscillator (TISSA 50, CDP Systems) 

pumped by a 5 W diode-laser (Verdi 5, Coherent). The oscillator output pulses (30 fs, 480 mW 

at 86 MHz) centered at 800 nm were guided to a regenerative amplifier (Legend-USP, 

Coherent) and used as a seeding signal. The amplified fundamental beam (50 fs, 1 W at 1 kHz) 
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was then directed through an optical parametric amplifier (OPA, CDP Systems) for wavelength 

conversion and an additional 1-mm BBO crystal for frequency doubling to obtain 400, 600, 700 

and 740 nm pulses. The pump intensities ranged from ~ 40 to 250 μW. The transient absorption 

measurements were performed in the spectral ranges of 450 – 780 nm. All the spectra analyzed 

in the visible-NIR region were corrected for the chirp of the white light continuum. To avoid 

sample degradation, the samples were moved during the measurement using the XY 

translational stage. The measured instrument response function (IRF) of the system was ~ 70 

fs. All the experiments were performed at 293 K [34].  

 

2.7. Sub-picosecond time-resolved terahertz spectroscopy 

The terahertz (THz) experiments were done using the same laser setup described in the 

previous paragraph (Legend-USP regenerative amplifier seeded by the Ti:sapphire oscillator). 

The amplified fundamental beam centered at 800 nm (50 fs, 1 W, 1 kHz) was divided into three 

parts. The first one (~ 700 mW) was directed through an OPA and additional 1-mm BBO crystal 

for frequency doubling to obtain 600 nm pulses. The resulting beam is sent through a long (up 

to 10 ns) delay line (H2W Technologies) to pump the sample in the time-resolved THz 

experiment. The second part of the amplified output beam (~ 200 mW) generates the THz probe 

in a ZnTe crystal by optical rectification. The third part (~ 1 mW) is used for electro-optic 

detection of the THz signal in another ZnTe crystal. During the measurements, the setup was 

continuously purged with dry nitrogen gas. The experiments are performed without any 

additional illumination and at 273 K. The IRF of the setup is < 1 ps [34].  

 

2.8. Flash Photolysis Spectroscopy 

The nanosecond (ns) flash photolysis experimental setup was described previously [35]. 

Briefly, it consists of an LKS.60 laser flash photolysis spectrometer (Applied Photophysics) 
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and a Vibrant (HE) 355 II laser (Opotek). Pulses from Vibrant are used as an input of light for 

an optical parametric oscillator (OPO) pumped by a Q-switched Nd:YAG laser (Brilliant, 

Quantel) generating excitation pulses at 460 nm. The probing light source is a 150W xenon arc 

lamp. The light transmitted through the sample is dispersed by a monochromator and detected 

by visible photomultipliers (Applied Photophysics R928) coupled to a digital oscilloscope 

(Agilent Infiniium DS08064A, 600 MHz, 4 GSa/s). The measured IRF of the system is ~8 ns.  

 

3. Results and discussion 

3.1. Morphology, structure and absorption spectra 

The morphology and structure of MAPbI3 and MAPbI3/QDs (6.3 wt%, QDs size ~ 3nm) 

films were characterized by SEM (Figure S1, for wt% calculation, see Equations S1). Both 

samples show comparable fine polycrystalline structure (grains size ~30 – 100 nm). The 

thicknesses of MAPbI3 and MAPbI3/QDs films are 80±10 and 120±10 nm, respectively. Proper 

perovskite crystalline structure of both samples was proved also using XRD technique (Figure 

S2a).  Signal peaks at 14°, 28° and 32° detected on MAPbI3 and MAPbI3/QDs correspond to 

{110}, {220} and {310} atomic planes of MAPbI3, respectively [19, 27, 36]. Steady-state 

absorption spectra of MAPbI3, MAPbI3/QDs (6.3 wt%) and QDs not attached to perovskite 

matrix are presented in Figure S2b. The spectra of MAPbI3 and MAPbI3/QD are comparable 

and very similar to those already published on this type of perovskite [24, 37]. The presence of 

QDs is mainly manifested by differences in the absorption of MAPbI3 and MAPbI3/QDs films 

in the spectral region > 800 nm.  

 

3.2. Femtosecond time-resolved transient absorption spectroscopy 

Time-resolved transient absorption (TA) spectroscopy was used to characterize and 

elucidate the charge carrier processes in excited MAPbI3/QDs films. To obtain a clear picture 
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of the involved events, we have studied MAPbI3/QDs materials containing various QD 

concentrations (CQDs): 0, 0.12, 0.18, 0.24, 0.30, 0.59, 1.2, 2.6, 4.6, 6.3 and 7.3 wt%. Samples 

were excited at different excitation wavelengths: 400, 600, 700 and 740 nm, using the constant 

fluence of the absorbed photons 8.21012 photons per cm2 (ph/cm2, for more detail, see 

Supplementary information). The fluence dependences of TA decays observed for 

MAPbI3/QDs (6.3 and 0.3 wt%) are also presented (600 nm, 1.5 – 161012 ph/cm2).  

 

3.2.1. Transient spectra and decays 

To begin with, we first show and discuss the results of neat perovskite and MAPbI3/QDs 

film containing 6.3 wt% of the QDs upon excitation at 600 nm, using fluence of the absorbed 

photons 8.21012 ph/cm2. The TA spectrum of MAPbI3 film consists of two photobleaching 

bands (PB) with intensity maxima located at approximately 480 nm (PB1) and ~763 nm (PB2), 

and positive band (photoinduced absorption, PIA) in the region 520 – 700 nm (Figure 1a). This 

result is in agreement with previous reports on neat perovskite films [38-40]. The initial 

negative signal at 760 nm (PB2) shifts slightly towards longer wavelengths upon increasing 

pump-probe delay time (up to 700 fs) due to the band filling process (Figure S3a) [41-43]. No 

further spectral changes of PB2 were recorded. The TA spectra of the MAPbI3/QDs and 

MAPbI3 films exhibit the same features (Figures 1a and S3a,b). The only difference is a blue-

shift (5 nm) of MAPbI3/QDs PB2 when compared to that of MAPbI3 one. The excitation of neat 

QDs film does not lead to the appearance of any TA signal in the visible region (under the same 

excitation conditions). Therefore, the observed spectral photobehavior of MAPbI3/QDs sample 

originates from excitation of perovskite domain and not from QDs excitation. This statement is 

also supported by the comparable initial TA signal of MAPbI3 and MAPbI3/QDs (Figure 1a). 

Consequently, the blue shift in the PB2 band of MAPbI3/QDs is due to changes in the electronic 

and/or crystallographic structure of MAPbI3 in presence of the QDs. Such modifications were 
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observed after passivation by the QDs due to the lattice mismatch between the two materials 

[18, 21, 44, 45]. The interpretation of the blue shift also agrees with reported band gap 

expansion of MAPbI3 related to structural deformation [46]. 

Figures 1b,c show the two-dimensional pseudo-color maps of the transient absorption 

signal of neat perovskite and MAPbI3/QDs in the visible regime. It can be seen that while the 

signal of both PIA and PB2 bands in the former sample stays up to the ns regime, those of 

MAPbI3/QDs strongly decrease in sub-ns. This clearly shows the influence of fast decaying 

channels in the transients of MAPbI3/QDs. The dynamics of PIA and PB2 in the TAS of 

perovskite film are closely related [38, 40, 47]. Thus, to analyze the involved photoevents, we 

focus on PB2 fs-transients of both samples (gating at 760 nm).  

Figure 1d exhibits that the signal of excited MAPbI3 slowly decays losing approximately 

35% of its initial value at 1.5 ns. This behavior is caused by the presence of monomolecular 

(trap-assisted), bimolecular and Auger charge carrier deactivation processes [34, 42, 48-50]. It 

is known that the contribution of each process to the overall decay depends on perovskite 

composition and concentration of charge carriers. We have quantified the recombination rate 

constants of these events adopting a kinetic model applied previously for neat perovskite 

materials (Equation S3, for more details see Supplementary information) [40, 42, 51, 52]. The 

obtained values of the rate constants (kmono = 1.6×107 s-1, kbimol = 8.1×10-11 cm3s-1 and kAuger = 

2.9×10-28 cm6s-1) are comparable to previously published ones [51-53].  

 In contrast to the TA spectra, the decays of excited MAPbI3/QDs are significantly 

affected by the presence of QDs (Figure 1d). Except the long-lasting residual signal ~10% (after 

1.2 ns), the decay is being done within the first ~200 ps (only 20% of the initial intensity is left 

after 100 ps). While the origin of this behavior will be discussed in more detail further, we 

briefly assign it to the following events. The fast decay is mainly caused by diffusion and 

subsequent transfer of the photoexcited holes from the perovskite valence band (VB) to the one 
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of the QDs, and the electrons from perovskite conductive band (CB) to the MAPbI3/QDs 

interface.  The residual signal is related to charge carriers in the perovskite domain of 

MAPbI3/QDs, not affected by the presence of QDs. It is evident that charge carriers diffusion 

and transfer from MAPbI3 to QDs dominates the dynamics in this composite material (Figure 

S3c). A new kinetic model is necessary to analyze the photoevents, and related electrons and 

holes dynamics in the excited MAPbI3/QDs film.   

Analyzing the short-time scale (< 1ps), the TA signals of the MAPbI3 and MAPbI3/QDs 

(6.3 wt%) show ultrafast rising components (Figure S3d). We were able to fit the rising part 

using a monoexponential function obtaining s time constant of ~150 fs for both MAPbI3 and 

MAPbI3/QDs films. Such behavior of the TA signal during the first 100s fs after excitation is 

typical for perovskite materials, and it reflects hot charge carrier cooling [41, 54, 55]. Since we 

recorded the same risetime and comparable OD changes within 1 ps after excitation of both 

MAPbI3/QDs and MAPbI3 films, we conclude that in the sub-ps regime, the charge carrier 

dynamics in the perovskite domain is not affected by the presence of QD during the initial 

cooling phase in the MAPbI3/QDs film. 

 

3.2.2.  Influence of QDs concentration  

To elucidate the effect of QDs presence on charge carriers deactivation, we have 

recorded and analyzed the TA decays of excited MAPbI3/QDs containing different CQDs. Figure 

2 presents the TA decays (observed at 760 nm) of the samples containing: 0, 0.12, 0.18, 0.24, 

0.30, 0.59, 1.2, 2.6, 4.6, 6.3 and 7.3 wt% of QDs, under the same experimental conditions of 

excitation (600 nm, fluence of the absorbed photons 8.21012 ph/cm2). The samples were 

prepared under similar conditions (for more details, see the sample preparation in Materials 

and Methods). In agreement with the behavior shown in Figure 1d, the decays become shorter 

upon increasing CQDs. The most significant change starts from CQDs ~0.24 wt%. The TA decays 
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of samples containing CQDs lower than 0.18 wt% were governed by the behavior of neat 

perovskite. The dependence of TA decays on CQDs clearly demonstrates that their shortening 

reflects a charge deactivation processes related to the presence of QDs in the film.  

 

3.3. Kinetic model for MAPbI3/QDs 

3.3.1. Description of the model 

To accurately analyze the observed dynamics, we propose the following model (Figure 

3). Because the QDs do not occupy all the perovskite domain, we divided the probed part (width 

~ 100 µm) in two areas (Figure 3a): area where the photoexcited charges can be affected by the 

presence of QDs (domain 1, D1), and area (D2) where these carriers do not interact with the 

QDs. Figures 3a,b and c illustrate our concept, and the processes taking place in D1 and D2. 

Note that for clarity, the scheme in Figure 3b is simplified, and in D1 the photoexcited 

population may still follow the dynamics described in Figure 3c.     

To begin with, we describe the events happening in D1: (i) charge carriers transport and 

transfer from perovskite domain to QDs and MAPbI3/QDs interface (Figure 3b), (ii) exciton 

recombination (Figure 3b), (iii) electron and hole recombination processes in perovskite (Figure 

3c), and (iv) recombination of transferred charge carriers (Figure 3b).  

(i) According to the reported energy diagram of MAPbI3 containing PbS/CdS QDs of 3 

nm size, the CB and VB edges of perovskite and QDs are located at –3.93 eV and –5.43 eV, 

and –3.68 eV and –5.23 eV, respectively [23] [37]. Therefore, only holes can be easily 

transferred from the perovskite domain to QDs.  The electrons deactivation can follow several 

paths. Firstly, because the initial energy of some excited electrons at 600 nm (2.1 eV) in the 

perovskite domain is higher than the energy difference between the edges of the VB in 

perovskite and the CB in QDs (~ 1.75 eV), the ultrafast transition of these hot charge carriers 

to the CB of the QDs is possible. However, the occurrence of this process is unlikely due to the 
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presence of highly competitive ultrafast electron cooling in perovskite domain, which has much 

shorter time (<1 ps, Figure S3d) [38, 40] than that of TA decay in MAPbI3/QDs  (~200 – 500 

ps, Figure 2). Secondly, the electrons in the CB of perovskite domain may recombine directly 

with the holes transferred to the QDs VB (via no vertical transitions). However, presence of 

such fast recombination process would be in contradiction with long and efficient PL 

conversion observed in this material [23]. Moreover, very similar spectral shapes and positions 

of the PB2 bands in the MAPbI3 and MAPbI3/QDs films suggest that the ultrafast electron-hole 

recombination occurs mostly in the perovskite domain. Thirdly, electrons can be transferred 

and subsequently trapped in perovskite/QDs interface. Indeed, it has been reported that, in the 

presence of QDs, the crystallographic structure of the MAPbI3 lattice might be different inside 

the crystallite and at the interface with the QDs, thus, new trap states will appear [18, 21, 44]. 

The presence of interfacial electron trap states in MAPbI3/PbS was also proved by the density 

functional theory calculations [18]. This conclusion is in agreement with our steady-state 

absorption measurements in the near IR region (the absorption of MAPbI3/QDs at > 800 nm, 

Figure S2b). It is important to note that before the carriers can be transferred, they need to be 

transported to MAPbI3/QDs interface first. Therefore, not only the transfer processes affect the 

fact deactivation of charges in D1, but also the transport time of charge carriers. We label the 

combination of both these effects as effective charge carrier transfer.  

(ii) It is well known that the binding energy of excitons in MAPbI3 is below the thermal 

energy at ambient conditions (25.7 meV) that should lead to efficient formation of free charge 

carriers as a result of the photoexcitation [52]. However, the changes in the perovskite lattice 

in the close vicinity of QDs, can induce and increase localization of photoexcited charges, 

related excitons bounding energy and Langevin coefficient [56, 57]. This may result in an initial 

formation of excitons able to survive several picoseconds without dissociation in the close 

vicinity of QD. We believe that this behavior is the origin of the observed initial fast TA decay 
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(first few ps) of excited MAPbI3/QDs film (Figure S3c) [34]. Appearance of the interface 

structural defects in MAPbI3/QDs films were already discussed in Section 3.2.1. The presence 

of excitons was also verified by the fluence dependence of TA decays and comparison of THz 

measurements of MAPbI3/QDs that show the absence of the initial fast signal decrease (vide 

intra, Section 3.7.). This agrees with the reports of TA signal decay in neat PbS/CdS quantum 

dots, interpreted on the basis of a surface exciton deactivation model [58].  

(iii) For the fast and efficient charge deactivation in MAPbI3/QDs, the recombination 

processes (monomolecular trap-assisted, bimolecular and Auger) normally happening in neat 

perovskite should be significantly suppressed. However, they are still present where the charge 

carriers are part of perovskite domain.   

(iv) The transferred holes and trapped interfacial electrons can recombine through trap-

assisted processes. However, radiative recombination between both types of transferred carriers 

is more likely. This assumption is in agreement with recent observation of a new NIR 

luminescence peak when perovskite and PbS/CdS QDs are combined [23]. The energy of the 

emitted photons corresponds to the difference between positions of shallow electron traps at the 

MAPbI3/QDs interface and QDs VB.   

Now, we describe the processes in D2 (Figure 3). The TA decays show a residual signal 

at times longer than several 100s ps (Figure 1d). Because, the signal gated at 760 nm is mainly 

sensitive to the charges in perovskite, this signal is most probably caused by the photoexcited 

charges (in D2) not transferred to the interface or QDs interior. Their presence in the perovskite 

domain might by due to their low mobility (e.g. trapped in shallow states of perovskite band 

gap) or lack of interaction with QDs [34, 46, 59]. However, the comparable features of TA and 

THz signals suggest that these charges keep their mobility during the gating time (up to 1.5 ns). 

Thus, the latter explanation seems to be the most plausible one (vide intra, Sections 3.4. and 

3.7.). These charges should follow standard perovskite recombination processes (Equation S3). 
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In addition to the discussed processes above, the electron transfer from QDs to 

MAPbI3/QDs is also possible. However, taking into account the absence of TA signal of neat 

QDs layers, and comparable initial TA values of excited neat perovskite and MAPbI3/QDs at 

760 nm, the contribution of such transfer to the signal should be negligible.  

 

3.3.2. Mathematical model 

To quantify the processes in D1, we propose a following set of kinetic equations based 

on previous information [59-61]:  

𝑑𝑛𝑒

𝑑𝑡
= 𝐺𝑒 − 𝑛𝑒𝑘𝑚𝑜𝑛𝑜 −  𝑛𝑒𝑛ℎ𝑘𝑏𝑖𝑚𝑜𝑙 − 𝑛𝑒

2𝑛ℎ𝑘𝑎𝑢𝑔𝑒𝑟 − 𝑛𝑒𝑘𝑒𝑡𝑟𝑎𝑛𝑠,                       (1𝑎) 

𝑑𝑛ℎ

𝑑𝑡
= 𝐺ℎ − 𝑛ℎ𝑘𝑚𝑜𝑛𝑜 −  𝑛𝑒𝑛ℎ𝑘𝑏𝑖𝑚𝑜𝑙 − 𝑛ℎ

2𝑛𝑒𝑘𝑎𝑢𝑔𝑒𝑟 − 𝑛ℎ𝑘ℎ𝑡𝑟𝑎𝑛𝑠,                      (1𝑏) 

𝑑𝑛𝑥

𝑑𝑡
=  𝐺𝑥 − 𝑘𝑥𝑛𝑥,                                                                            (1𝑐) 

𝑑𝑛𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝑑𝑡
=  + 𝑛𝑒𝑘𝑒𝑡𝑟𝑎𝑛𝑠 − 𝑛𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝑛𝑄𝐷𝑘𝑄𝐷𝐼𝑛,                                         (1𝑑)  

𝑑𝑛𝑄𝐷

𝑑𝑡
=  + 𝑛ℎ𝑘ℎ𝑡𝑟𝑎𝑛𝑠 − 𝑛𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝑛𝑄𝐷𝑘𝑄𝐷𝐼𝑛                                                (1𝑒) 

where ne, nh and nx are the concentrations of free electrons and holes in CB and VB of perovskite 

domains, and excitons in the perovskite domain in close vicinity of the interface, respectively. 

Ge, Gh and Gx refer to the generation factors of these entities. According to this model, the 

overall generation factor, G, should be equal to the sum of the generation factors of free charges 

and excitons. The effective transfer rate constants of holes to QDs and electrons to 

MAPbI3/QDs interface are given by khtrans and ketrans, respectively; while the recombination rate 

constant of excitons is described by kx. The ninterface and nQD reflect the concentrations of 

electrons trapped in the interface and holes transferred to the VB of QDs, respectively. The 

recombination rate constant of these two carriers is given by kQDIn. However, because the TA 

signal at 760 nm is only sensitive to the charge carriers in the perovskite domain, and we did 

not observe any TA signal from QDs, we are not able to determine the value of kQDIn.  
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The overall decay of observed TA signal should be given by the sum of those in D1 and 

D2: 

        𝑇𝐴 𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑛𝑡𝑜𝑡𝑎𝑙(𝑡) =  𝑃𝐷1(𝑛𝑒(𝑡) + 𝑛ℎ(𝑡) +  𝑛𝑥(𝑡)) + 𝑃𝐷2𝑛(𝑡)                   (2)  

 PD1 and PD2 characterize the population fractions of charge carriers in D1 and D2 areas. We 

call n(t) the population of the charge carriers in D2, as described in Equation S3. To simplify 

the model, we did not take into account the ultrafast dynamics of charge carrier generation, their 

thermalization and cooling. These events happening commonly in less than 1 ps [52]. 

 

3.3.3. Analysis of the transient absorption decays  

Figure 2 shows the fits of the TA decays using the kinetic model, and Table 1 gives the 

obtained data from the best fits (for TA decays converted to charge carrier concentration, see 

Figure S4). The values of kmono, kbimol and kAuger used in the fits were taken from the analysis of 

the photobehavior of neat perovskite and related known model  (for more information about the 

of the model, see Supplementary information) [60, 61].  

Firstly, we discuss the observed dependence of khtrans and ketrans values on CQDs (Table 

1). The dependence is visualized in the Figure S5. It is clear that upon increasing the CQDs (0.24 

to 7.3 wt%) the values of khtrans and ketrans (1010 s-1) increase from 0.81 to 4.6 and from 0.22 to 

1.2, respectively. While the probability of carrier transfer should be independent on CQDs, the 

observed dependence can be explained by a change in charge carrier diffusion time before 

reaching QDs. According to the diffusion theory [62] and Wigner-Seitz radius calculation [63], 

both effective transfer rate constants should be proportion to CQDs
2/3 (see Supplementary 

information, Equations S4-6). Figure S5 shows the agreement of the observation with the 

theory. The ratio of the khtrans/ketrans is constant and equal to approximately 4 in the wide range 

of CQDs (7.3 – 0.24 wt%, Figure S5 inset). Two remarks: (i) its independence on CQDs is in 

agreement with the diffusion theory. (ii) Its value reflects a combined effect of higher transfer 
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efficiency of holes to QDs VB, in contrast to the electrons transfer to interface states and small 

differences in charge carriers mobilities (see Supplementary information). khtrans and ketrans rate 

constants behavior for CQDs < 0.24 wt% is not discussed because of the strong signal from the 

neat perovskite.   

Secondly, the fitting parameters (Table 1) suggest that 92% all charge carriers in 

MAPbI3/QDs (7.3 wt%) film should be generated in D1. This value slightly decreases to 88% 

for sample containing 0.24 wt% of QDs. The fitting also shows comparable concentrations of 

photoexcited holes and electrons (52:48) in D1, suggesting that no ultrafast and fast interaction 

of photoexcited charges with traps or dark carriers is the present in MAPbI3/QDs films.  The 

sample with low CQDs (<0.18 wt%) showed only weak contribution of D1 region causing a weak 

acceleration of perovskite-like TA decay.  

The analysis also shows that the population fraction of the excitons (Px) in D1 depends 

on CQDs. The Px is 7% for the sample with the highest QDs concentration and vanishes at CQDs 

lower than 4.6 wt%. Considering that the excitonic states are located in close vicinity of QDs, 

this result is in agreement with our model. The value of kx is almost constant in all samples (~ 

3.5×1011 s-1).  

 

3.4. Transient absorption: fluence dependence 

To support the kinetic model, we measured the TA decays of MAPbI3/QDs films 

containing high (6.3 wt%) and low (0.3 wt%) concentration of QDs, using different fluences of 

the absorbed photons. Figure 4a shows the decay of TA signal converted to the concentration 

of charge carriers of MAPbI3/QDs (6.3 wt%) upon excitation at 600 nm, using fluences of the 

absorbed photons: 1.5×1012, 8.2×1012 and 16×1012 ph/cm2. The similarity of the decays proves 

that non-monomolecular deactivation channels are significantly closed, and the electron/hole 

deactivation processes should be primarily driven by the interaction between the perovskite and 
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QDs (Figure S6a). In fact, bimolecular and especially the Auger processes are fluence 

dependent, and thus their contribution would cause significant shortening of the TA decays at 

a higher fluence of the excitation [48]. It is noteworthy that the amount of charge carriers 

responsible for the TA residual signal at longer times (> 400 ps) increases almost linearly with 

the fluence, and does not saturate even at the used highest fluences of the absorbed photons. 

Thus, these carriers should not be related to the localized states in perovskite domain, but they 

are more likely free charge carriers not affected by QDs. In fact, concentration of trap states in 

perovskite domain was reported to be lower than photons absorbed per laser pulse using highest 

pump fluence [52]. The only difference between the recorded decays is their small shortening 

within the first ~5 ps, when decreasing the fluence of the absorbed photons (Figure 4a, inset). 

While the influence of bimolecular or Auger processes would have exactly opposite effect, this 

behavior is also suggesting the suppression of higher order processes in MAPbI3/QDs [48]. We 

interpret this behavior in terms of rapid deactivation of charges related to limited amount of 

states that show saturation under stronger excitation. This is in agreement with our suggestion 

of excitonic states presence in perovskite domain of D1 in close vicinity to the MAPbI3/QDs 

interface. All the decays in Figure 4a were successfully fitted using the proposed kinetic model. 

The obtained data are shown in Table S1. Taking into account that doubling the fluence of the 

absorbed photons from 8.2×1012 to 16×1012 ph/cm-2 causes only small increase of exciton 

amount in MAPbI3/QDs (6.3 wt%), the concentration of excitonic states in this sample can be 

estimated as ~ 5×1016 cm-3.  

Comparable results were observed for MAPbI3/QDs containing low CQDs (0.30 wt%) 

(Figure 4b, S6b and Table S1). However, as the inset of Figure 4b shows, there is no variation 

of the decays with excitation fluence at short time regime indicating a lack of excitons (low 

CQDs).  
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The risetimes of the MAPbI3/QDs (6.3 wt%) TA signal increases from 110 to 230 fs 

(longer than the IRF ~ 70 fs) when the fluence of the absorbed photons varies from 1.5×1012 to 

16×1012 ph/cm2 (Figure S6c, Table S2).  The observed behavior is not caused by QDs presence, 

but it is the result of state saturation and the phonon bottleneck processes happening in 

perovskite as it has been previously reported [41, 54, 55]. This explanation is also supported by 

the very similar behavior of the neat perovskite film (Figure S6d, Table S2).  

 

3.5. Transient absorption: excess energy of excitation 

To elucidate the role of the excess energy of the photogenerated charge carriers on their 

transport and recombination mechanisms in MAPbI3/QDs, we have analyzed the TA decays of 

MAPbI3/QDs (6.3 wt%) upon excitation at 400 (3.1 eV), 600 (2.1 eV), 700 (1.8 eV), and 740 

nm (1.7 eV) (all over band gap excitations). The TA signal was observed at 760 nm. The fluence 

of the absorbed photons was fixed at 8.2×1012 ph/cm2, and the result is shown in Figure S7. In 

contrast to the excitation with the lowest energy (740 nm), the first three excitations are able to 

create hot electrons with energy higher than that of QDs CB (~ 1.75 eV). The TA decays show 

similar behaviors independently on the excess energy, suggesting no apparent transfer of hot 

electrons from perovskite domain to QDs CB within the temporal resolution of our experiments 

(Table S3). In addition to that, we observed an increase in the TA rising time from 70 to 420 fs 

when increasing the excess energy of the charge carriers (Figure S7 inset and Table S4). This 

effect is due to cooling of hot charge carriers in perovskite, and it is not caused by the presence 

of QDs, as we explained above [38, 40].  

 

3.6. Flash photolysis 

To get information on the longer-lived species, we used the nanosecond-millisecond 

flash photolysis technique. We excited the films at 460 nm and observed the decays at 580 nm. 

For the MAPbI3 film, the fit of the decays requires two exponential components showing time 
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constants of P = 50 ns and  P2 = 560 ns, which are attributed to the recombination of the 

trapped charge carriers from the surface and the internal trap states of perovskite crystals, 

respectively (Figure S8). These results are in agreements with previous reports [12, 40, 52, 64]. 

However, accurate multi-exponential fit of the MAPbI3/QDs (6.3 wt%) decay needs four 

components: two of them are similar to those of neat perovskite (P1 = 50 ns and P2 = 560 ns), 

and two others in the microsecond regime (P3 = 3.8 s and P4 = 45 s). The appearance of 

these additional components is a result of the interactions between both materials, allowing 

longer deactivation processes which could be attributed to the transitions involving the electrons 

states on the interface, holes in QDs and exciplex states [23]. The presence of long lived 

interface states is also in good agreement with proposed mechanisms of photoexcited electron 

transfer. 

 

3.7. Time-resolved Terahertz Spectroscopy 

The charge carrier mobility and its time evolution are key parameters shaping the 

efficiency of optoelectronic devices. Therefore, we used ultrafast time-resolved THz 

spectroscopy to explore the dynamics of photoconductivity in neat MAPbI3 and MAPbI3/QDs 

(IRF < 1 ps). To begin with, Figure S9a presents the photoconductivity decays of the MAPbI3 

film upon excitation at 600 nm, using a fluence of the absorbed photons of 8.2×1012 ph/cm2. 

The initial mobility has s value of 16.5 cm2 V-1 s-1, which is in the range of previously reported 

results for this material (for mobility calculation, see Supplementary information, Equation S7) 

[65-67]. The THz decays show similar temporal evolution as the TA signal of neat perovskite 

in the 1.5 ns time window (Figure S9a). This result indicates that only a change in charge carrier 

population is responsible for the photoconductivity decrease [34]. Thus, we converted the THz 

signal to charge carrier concentration, and fitted the decay using the known kinetic model for 

perovskite (Equation S3) obtaining, kmono = 1.6×107 s-1, kbimol = 1×10-10 cm3s-1 and kAuger = 

2.9×10-28 cm6s-1. 
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 Figure 5a shows the fluence dependence of the photoconductivity decays in the 

MAPbI3/QDs film (6.3 wt%) under experimental conditions similar to those used for neat 

perovskite film. The excitation of neat PbS/CdS QD layer under conditions similar to those 

used for MAPbI3/QDs does not lead to a detectable photoconductivity, which indicates that the 

measured photoresponse of the latter is due to the photoconductivity signal in the perovskite.  

The values of the initial charge carrier mobilities using different fluences of the absorbed 

photons (1.5 – 16×1012 ph/cm2) are similar to that in the neat perovskite and ranges from 15 – 

21 cm2 V-1 s-1. These results reflect the limited influence of QDs on the initial concentration 

and properties of the electrons and holes, in agreement with the TA data (Figure 1a, S3d). The 

only difference between the TA and THz decays of MAPbI3/QDs (Figure 5b) is the absence of 

the 3-ps decaying component in the THz signal (Figure 5b inset). This absence cannot be caused 

by the different risetimes of TA and THz signal that are also related to the IRFs of both 

techniques (TA ~ 70 fs, THz ≤ 1 ps), because similar behavior was not observed in the case of 

neat perovskite film (Figure S9a inset). While, charge carriers in excitonic form show negligible 

photoconductivity, also these measurements suggest the presence of fast dissociating excitons 

in MAPbI3/QDs film. Comparable difference between decays of TA and THz signals was 

previously observed in formamidinium lead triiodide, and also interpreted in terms of excitons 

presence [48, 68]. Moreover, comparable magnitude of the normalized TA and THz residual 

signals suggests high mobility of charge carriers even at the later stage of the decays and 

supports the concept of D2 area within MAPbI3/QDs. We also converted the photoconductivity 

decay of MAPbI3/QDs to charge carrier concentration, and analyzed it using our kinetic model 

(Figure 5a, S9b, Table S1). The obtained parameters are similar to those using the TA 

technique, only lacking the ultrafast excitonic component.  

 The obtained values of charge carrier mobilities in neat perovskite and MAPbI3/QDs, 

and related rate constants of charge deactivation processes, using TA results, were used to 
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calculate the diffusion lengths LD of these carriers (for more information, see Supplementary 

information, Equation S8-9). The results are in Table S5, where the LD increases from 38 to 87 

nm, when CQDs in MAPbI3/QDs decreases from 7.3 to 0.24 wt%. The values of LD are 

significantly lower than that of neat perovskite film (318 nm). This result is in full agreement 

with the presence of additional deactivation sides (QDs) in the hybrid material. The LD in neat 

perovskite film is within the range of reported values (105 – 460 nm) [38, 69, 70]. 

        Optimization of any kind of optoelectronic device demands the reduction or suppression 

of non-radiative recombination processes. We have shown that ultrafast characterization of 

promising perovskite/QD systems for new LEDs fabrication provides key information on the 

electron and hole dynamics. Further development of perovskite/QD hybrid materials requires 

reduction of non-radiative recombination at the perovskite grains and the perovskite/QDs 

interfaces. This optimization will require the control of interfacial defects at the surfaces of both 

perovskite and QDs. Different methods could be explored to attain this objective, including the 

passivation of defects using chemical surface engineering, photon curing control and a further 

development of the methods to embed the QDs within the perovskite material. 

 

4. Conclusions 

In summary, we have characterized the ultrafast dynamics of photoexcited charge 

carrier transfer and recombination processes in a MAPbI3 thin polycrystalline film containing 

PbS/CdS (core/shell) QDs using ultrafast time-resolved transient visible-NIR absorption and 

terahertz spectroscopies. We used a kinetic model to analyze the complex behavior of this 

promising hybrid material for electro-optical devices. We observed that 85 – 89% of both 

electrons and holes were transferred to the perovskite/QDs interface trap states, and to the 

valence band (VB) of the QDs with effective transfer rate constants of 0.22 – 1.2×1010 s-1 (83 

– 455 ps) and 0.81 –  4.6×1010 s-1 (22 – 123 ps), respectively. Up to 7% charges formed excitons 
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in perovskite domain in the close vicinity of interface showing recombination rate constant of 

3.7×1011 s-1 (3 ps). A small fraction of photoexcited charges (8 – 15%) were not affected by the 

presence of QDs, and thus, their deactivation followed the standard processes of neat 

perovskite. The changes in the values are related to the QDs concentration of the matrix. We 

observed that towering the QDs concentration from 7.3 to 0.24 wt% increases the carrier 

decrease the values of charge carrier effective transfer rate constants to the interface and QDs, 

and the concentration of excitons. No significant variation in the charge carrier dynamics upon 

excitation at different energy levels was detected. While the initial (< 1 ps) mobility of charge 

carriers was not affected by the addition of embedded QDs, the photoconductivity decay was 

remarkably faster in contrast to the behavior in neat perovskite. The analysis of the data shows 

the important role of trap states and gives clues for the further improvement of this hybrid 

system. In addition to that the observation of the preservation of the initial charge carrier 

mobility like in perovskite film is a very important result highlighting the potentiality of this 

system in different applications of energy saving. The results here provide clear hints to 

improve the performance of electronic devices (solar cells, LEDs, photodetectors, etc.) by 

optimization of QDs concentration and by the passivation of the perovskite/QD interface.  
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Figure 1. (a) Transient absorption spectra of MAPbI3 (red dashed dotted line) and 

MAPbI3/QDs (blue solid line, 6.3 wt%) films at 1 ps pump-probe delay. Two-dimensional 

pseudo-color mOD map of (b) MAPbI3 and (c) MAPbI3/QDs films (6.3 wt%) as a function 

of both observation wavelengths and pump–probe delay time. (d) Normalized transient 

absorption decays of MAPbI3 and MAPbI3/QDs observed at 760 nm. Data were obtained 

upon excitation at 600 nm. Used fluence of the absorbed photons was 8.2×1012 ph/cm2. The 

solid lines in (d) are from the best fits using the kinetic models described in the text.   
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Figure 2. (a) Normalized transient absorption decays of MAPbI3/QDs thin polycrystalline films 

containing QDs of: 0, 0.12, 0.18, 0.24, 0.30, 0.59, 1.2, 2.6, 4.6, 6.3 and 7.3 wt% (mass 

percentage). Data were observed at 760 nm, upon excitation at 600 nm, and using fluence of 

the absorbed photons 8.2×1012 ph/cm2. (b) is a zoom of (a) to show the decays up to 250 ps. 

Solid lines are from the best fits using the kinetic model described in the text.   
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Figure 3. (a) SEM of MAPbI3/QDs and the cartoon showing the areas of QDs influence (D1) 

and without their influence (D2) upon excitation over the band gap of perovskite. (b) Energy 

diagram showing the dynamics of photoexcited charge carriers in MAPbI3/QDs film in D1 area 

and (c) D2 area upon excitation over the band gap. For clarity, (b) only shows the processes 

involving the influence of QDs, while those in (c) representing the classical events in neat 

perovskite. ketrans and khtrans characterize the effective transfer processes of charge carriers from 

perovskite to the interface or/and QDs. kx is the exciton recombination rate constant. kQdIn is the 

recombination rate constant between trapped electrons and holes in QDs. The positions of the 

energy levels are taken from references [23, 37]. See text for details.  
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Figure 4. Decays of transient absorption signal converted to charge carrier concentration of 

MAPbI3/QDs thin films containing (a) 6.3 wt% and (b) 0.30 wt% of QDs.  Data were observed 

at 760, upon excitation at 600 nm. Used fluences of the absorbed photons were: 1.5×1012 (black 

squares), 8.2×1012 (red circles) and 16×1012 (blue triangles) ph/cm2. The insets are the 

normalized zooms of (a) and (b) to show the short-time behaviour. The solid lines are from the 

best fit using the kinetic model described in the text.  
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Figure 5. (a) Photoconductivity decays of MAPbI3/QDs film (6.3 wt%) excited at 600 nm and 

using fluences of the absorbed photons: 1.5×1012 (black squares), 8.2×1012 (red circles) and 

16×1012 ph/cm2 (blue triangles). (b) Normalized photoconductivity and transient absorption 

decays of MAPbI3/QDs film (6.3 wt%), excited at 600 nm and using a fluence of the absorbed 

photons of 8.2×1012 ph/cm2. The insets are zooms to show the short-time behaviour. The TA 

signal was observed at 760 nm. The solid lines are from the best fits using the kinetic model 

described in the  text. 
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Table 1. Values of the effective transfer rate constants, khtranst and ketrans, and D1 and D2 

population fractions (PD1, PD2) obtained using the kinetic model described in the text to fit the 

transient absorption decays of MAPbI3/QDs film, containing the indicated concentration of 

QDs (Figure 2). TA data were observed at 760, upon excitation at 600 nm, and using fluence 

of the absorbed photons 8.2×1012 ph/cm2. The population fractions of excitons (Px) in D1 in 

samples containing CQDs of 7.3, 6.3 and 4.6 wt% are 7, 6 and 4%, respectively. For these 

samples, the recombination rate constants of the excitons, kx, are ~ 3.5×1011 s-1. For CQDs lower 

than 4.6 wt% the Px = 0. 

 

 

 

 

Transient absorption, pump = 600 nm, obs = 760 nm  

CQDs 

(wt%) 
khtrans (1010 s-1) ketrans (1010 s-1) PD1 (%) PD2 (%) 

7.3 4.6 1.2 92 8 

6.3 4.3 1.04 90 10 

4.6 3.0 0.87 90 10 

2.6 2.1 0.54 89 11 

1.2 1.5 0.37 89 11 

0.59 1.2 0.29 89 11 

0.30 0.95 0.24 88 12 

0.24 0.81 0.22 88 12 

0.18 0.39 0.002 85 15 

0.12 0.13 0.002 5 95 

0 -- -- -- 100 


