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ABSTRACT 

Semiconductor heterostructures of multiple quantum wells (MQWs) have major applications in 

optoelectronics. However, for halide perovskites – the leading class of emerging 

semiconductors – building a variety of bandgap alignments (i.e. band-types) in MQWs has not 

yet been realized due the limitations of the current set of used barrier materials. Here, we 

introduce artificial perovskite-based MQWs using 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-

H-benzimidazole), tris-(8-hydroxyquinoline)aluminum, and 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline as quantum barrier materials. We show the structures of three different 5-

stacked perovskite-based MQWs each exhibiting a different band offset with CsPbBr3 in the 

conduction and valence bands, resulting in a variety of MQW band alignments, i.e., type-I or 

type-II structures. Transient absorption spectroscopy reveals the disparity in charge carrier 

dynamics between type-I and type-II MQWs. Photodiodes of each type of perovskite artificial 

MQWs shows entirely different carrier behaviors and photoresponse characteristics. Compared 

with bulk perovskite devices, type-II MQWs photodiodes demonstrated a more than 10-fold 

increase in the rectification ratio. Our findings open new opportunities for producing halide 

perovskite-based quantum devices by bandgap engineering using simple quantum barrier 

considerations. 
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Semiconductor heterostructures, having tailorable band structures, are important components 

for high-performance electronics and optoelectronics.[1–5] In such heterostructures, engineering 

the offsets of the conduction/valence bands at the hetero-interfaces between the incorporated 

semiconductors gives rise to widely tunable electronic behavior.[1] Typically, when 

semiconductors of distinctive bandgaps are stacked together, three types of heterostructures can 

be attained based on the designed band alignments, i.e. type-I (symmetric), type-II (staggered), 

and type-III (broken) alignments.[1,6] Generally, type-I heterostructures are obtained when the 

bandgap of one of the stacked semiconductors (i.e., the smaller bandgap one) is below that of 

the other semiconductor. In this case, both electrons and holes remain confined at the 

heterojunction as a result of the generated potential barrier at the interface.[7–9] On the other 

hand, type-II is obtained when either the conduction or the valence band edges of the smaller 

bandgap material, respectively, lie above or below those of the larger bandgap semiconductor. 

Type-II heterostructures allow for faster charge transfer and facilitate the separation of charge 

carriers at the interface, which can significantly enhance the efficiency of photovoltaics or the 

photoresponse characteristics.[6,10,11] While in the case of type-III alignment, the bandgaps cease 

to overlap because of the misaligned configurations, and thus the heterostructures behave as 

zero-gap materials (semimetal or narrow-gap materials).[1,4,6,12] The energy band alignment of 

the heterostructures is, thus, the crucial factor determining the heterostructure’s ability to 

control the motion of charge carriers and potential utility in devices. 

Over the past decades, semiconductor multiple quantum wells (MQWs) (heterostructures 

in which a thin semiconducting active layer is bound by insulating potential barriers) have been 

paramount to both fundamental studies and applications of electronic and optoelectronic 

devices such as transistors, infrared photodetectors, LEDs, and thin-film solar cells.[13–16] 

Quantum well structures afford the systematic control of the carrier dynamics and transport in 

optoelectronic devices. Efficient carrier recombination or extraction can also be achieved by 

carefully engineering the band alignment between the well and the barrier. For example, MQWs 

were proposed as electron reservoirs or hole-blocking layers to solve the asymmetric 

electron/hole mobility problem in optoelectronic devices;[17,18] parabolic and trapezoidal 

quantum wells were employed to enhance the carrier or photon confinement effect;[19,20] and 

super-lattice and type-II MQWs were reported to efficiently extract carriers from the active 

region of photovoltaic devices.[3,21] 

Recently, MQW structures of metal halide perovskite semiconductors have received 

considerable attention, due to their low-temperature processability and defects-tolerance, 

leading to applications in solar cells, LEDs, and non-linear optics [22–25]. Thus far, there are two 
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kinds of perovskite-based MQWs: i) two-dimensional (2D) layered perovskite phases (e.g. 

Ruddlesden–Popper, RP; and Dion–Jacobson, DJ) composed of atomically precise perovskite 

layers separated by organic molecular spacers,[25,26] and ii) artificial MQWs, where the 

thicknesses of the wells and barrier are arbitrary, and not bound by a specific phase 

relationship.[7] Unfortunately, band-type engineering has not been demonstrated in any 

perovskite-based MQW. 

In this work, we demonstrate CsPbBr3 perovskite-based artificial MQWs with three 

different types of band alignments and investigate their optical and photoresponse 

characteristics. A CsPbBr3 quantum well layer sandwiched between three different quantum 

barriers, namely, 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), tris-(8-

hydroxyquinoline) aluminum (Alq3), and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 

(Bathocuproine, BCP), shows different band offsets in the conduction and valence bands, 

resulting in structures with different types of band alignment (type-I and type-II) and distinct 

optical and electrical properties. Furthermore, 3-stacked MQW photodetectors are fabricated 

using these novel materials display unique device characteristics with a carrier behavior that 

varies distinctly with the barrier material. Our work demonstrates a simple approach to 

controlling the band alignment in perovskite-based MQWs and paves the way for future device 

applications with enhanced performances. 

To fabricate CsPbBr3 perovskite-based artificial MQWs with various types of bandgap 

alignment, we used three different organic molecules as quantum barriers: TPBi, Alq3, and BCP. 

Figure 1a shows the crystal structure of CsPbBr3 and the chemical structure of each quantum 

barrier. Figure 1b depicts the entire MQW structuring procedure performed using a thermal 

evaporator system. First, each quantum barrier powder was evaporated onto a glass substrate at 

a meticulously optimized evaporation rate of 0.2 Å/s under a chamber pressure of 4 × 10–6 Torr 

(Figure S1). CsPbBr3 single crystals, prepared by the inverse temperature crystallization (ITC) 

method,[27] were ground finely and evaporated onto the quantum barrier at a rate of 0.2 Å/s 

under the same chamber pressure. 

With this evaporation approach, we fabricated 5-stacked CsPbBr3-based MQWs with 

different quantum barriers. Figure 2a shows TEM images of the perovskite-based artificial 

MQWs formed using TPBi, Alq3, and BCP quantum barriers. For all three variants, the paired 

quantum barrier and CsPbBr3 perovskite layer were sequentially stacked multiple times on a 

glass substrate and terminated with a quantum barrier layer on top, resulting in CsPbBr3 

perovskite-based artificial MQW structures. Figure 2b,c shows cross-sectional TEM images of 

perovskite-based artificial MQWs and their energy-dispersive X-ray spectroscopy (EDX) 
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mappings. The ion signals, ascribed to CsPbBr3 (Br, Cs, and Pb), are plotted versus the scanning 

depth. All ion signals (Br, Cs, and Pb) assigned to CsPbBr3 exhibited strong enhancement when 

the CsPbBr3 single layer was reached and dropped sharply once it was crossed. The profiles of 

C components behaved analogously: the BCP layers displayed sharpness at both the top and 

bottom interfaces with CsPbBr3 quantum wells. 

To understand the band alignment in each MQW structure, we measured the respective X-

ray photoelectron spectra (XPS) (Figure 3).[28] First, we determined the core-level binding 

energy and valence-band maximum (VBM) of 50 nm-thick CsPbBr3 (138.28 and 1.20 eV, 

respectively) (Figure S2a). Next, we extracted the core-level binding energy and VBM values 

of 50 nm-thick TPBi (398.36 and 1.40 eV), Alq3 (399.43 and 0.80 eV), and BCP (398.65 and 

2.80 eV) by analyzing their XPS using Kraut’s method as shown in Figure S2b-d. To confirm 

the band offsets (ΔE) between CsPbBr3 (the well) and each quantum barrier, we calculated the 

binding energy difference between these two reference core levels (Pb 4f7/2 and N 1s) (Figure 

S2e-g. The bandgap energy of CsPbBr3 (2.30 eV) was optically estimated by 

photoluminescence (PL) spectroscopy, whereas the bandgap energies of TPBi (3.26 eV), Alq3 

(2.70 eV), and BCP (3.50 eV) were adopted from the literature.[7,29,30] Lastly, the band offset 

values for the conduction band (ΔECB) and valence band (ΔEVB) were calculated to be 0.41 eV 

and 0.55 eV for CsPbBr3/TPBi, 0.32 eV and 0.08 eV for CsPbBr3/Alq3, -0.21 eV and 1.41 eV 

for CsPbBr3/BCP, respectively. These XPS results show that CsPbBr3-based artificial MQWs 

fabricated by changing quantum barrier materials lead to different ΔE and various types of 

quantum wells, namely, type-I (CsPbBr3/TPBi and CsPbBr3/Alq3) and type-II (CsPbBr3/BCP) 

band alignments. 

Figure 4 presents the evolution of the PL peak position with the CsPbBr3 quantum well 

thickness (LQW) in single quantum well (SQW) structures containing various quantum barrier 

materials (TPBi, Alq3, and BCP). With the quantum barrier thickness fixed at 5 nm, the LQW 

was varied from the size of a CsPbBr3 particle to 2 nm. Figure S3 shows the normalized PL 

spectra of the corresponding structures. With decreasing LQW, the PL peak position was 

systematically blue-shifted in all three cases. Interestingly, the degree of PL blue-shift was 

found to be sensitive to the quantum barrier (Figure 4a-c). CsPbBr3/TPBi SQW, CsPbBr3/Alq3 

SQW, and CsPbBr3/BCP SQW displayed changes in the PL peak position up to 147 meV, 72 

meV, and 66 meV, respectively, relative to that of a 20 nm-thick CsPbBr3 perovskite film 

(Figure 4d-f). We attribute this variation of the transition energy with LQW to the different 

bandgap alignments in the three SQW structures due to their various quantum barriers. In 

particular, each SQW may have a distinct effective carrier mass (m), obeying the equation Ee-h 
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= ħ2π2/2mL2, as described by a “particle-in-a-box” model, due to the different boundary 

conditions associated with quantum barriers. All perovskite-based MQWs with TPBi, Alq3 and 

BCP maintain high stability. The constant PL peak position for each PL spectrum was observed 

after 60 days of storage in nitrogen atmosphere (Figure S4). Also, Figure S5 shows the 

reproducible transient absorption (TA) characteristics of the CsPbBr3/BCP MQWs after 60 days 

of storage. 

The charge carrier dynamics of MQW structures is expected to vary strongly with the 

confinement energy, which can be directly explored  by femtosecond transient absorption (fs-

TA) spectroscopy, one of the most convenient  techniques used to probe and decipher charge  

carrier recombination processes.[7] The fs-TA experiment was conducted after exciting close to 

the band edge at 475 nm. The experimental details of the fs-TA setup are reported elsewhere[31] 

(see also Experimental Section). Figure 5a-c displays the fs-TA spectra of the CsPbBr3 

MQWs obtained at different delay times in response to 475 nm optical excitation. The ground-

state bleaching (GSB) with maxima at 504, 502, and 504 nm for the CsPbBr3 MQWs with TPBi, 

Alq3, and BCP barriers, respectively, are consistent with the steady-state absorption spectra of 

the corresponding structures. To interpret the quantum confinement effect, we compared the 

charge recombination kinetics at GSB maxima (Figure 5d). The GSB kinetics are well fitted 

using a biexponential decay function. The decay time components for the TPBi and BCP 

quantum barriers vary from tens (29 and 15 ps for TPBi and BCP, respectively) to hundreds 

(277 and 725 ps, respectively) of ps. However, for the Alq3 quantum barrier, charge 

recombination occurs much faster (4.2 and 46 ps) compared with that observed for the TPBi 

and BCP barriers. The different charge recombination dynamics of the CsPbBr3 perovskite-

based MQWs can be explained in terms of their band alignment. The abovementioned XPS 

study indicates that CsPbBr3 forms type-I quantum well structures with TPBi and Alq3 barriers, 

whereas it forms a type-II structure when a BCP barrier is used. Moreover, the largest Stokes 

shift in the PL spectra was observed with BCP-barrier CsPbBr3 MQWs having the same 

CsPbBr3 thickness, confirming a staggered band alignment (i.e., type-II). In the case of the type-

I quantum well structure, the photogenerated electrons and holes are localized in the CsPbBr3 

quantum well. Consequently, direct recombination between the electron and hole is the main 

deexcitation change that occurs in the active material after photoexcitation. In contrast, for the 

type-II quantum well structure, the photogenerated charge carriers are no longer localized in 

the CsPbBr3 layer; instead, they are delocalized owing to a staggered band alignment.[32] For 

the BCP-barrier CsPbBr3 quantum well, the conduction band (CB) minima of the BCP lies 

below the CB of the CsPbBr3. Therefore, the photogenerated electrons are no longer localized 
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in the CsPbBr3 well. As a result, slower charge recombination is observed in the CsPbBr3 

quantum well with a BCP barrier due to the decoupling of the photogenerated electrons and 

holes.[33] 

To investigate the effect of band alignment engineering on the photoelectric behavior of 

the synthesized MQWs, we fabricated four different vertically structured photodetectors and 

examined their photoresponse at a representative wavelength of 400 nm. The typical device 

architecture is illustrated in Figure 6a, where the photoactive layer (either bulk CsPbBr3 or one 

of its MQWs) is sandwiched between a hole transport layer of 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) (p-type), with a gold (Au) 

electrode on top, and an electron transport layer of GaN (n-type) on a sapphire substrate. The 

transparent sapphire substrate allowed for illumination from the bottom, as illustrated in Figure 

6a. For comparison, the thickness of each quantum well (CsPbBr3) and that of the barriers (i.e., 

organic molecule) within a 3-stacked MQW structure were fixed at 7 and 5 nm, respectively. 

In contrast, the thickness of the bulk CsPbBr3 film was fixed at approximately 20 nm, i.e., 

equivalent to three 7 nm-thick CsPbBr3 films. The photodetector fabrication details are 

provided in the Materials and Methods section. It is worth mentioning that we intentionally 

selected a simple structure with average fabrication standards and very thin CsPbBr3 layers to 

clearly distinguish the performance of the CsPbBr3-based MQWs from that of their bulk 

counterpart, based only on the intrinsic properties of the photoactive material. 

Next, we probed the photodetection performance of our p-i-n (PIN) CsPbBr3-based bulk 

and MQWs devices under ambient conditions. Figure 6b-e displays the current-voltage (I-V) 

characteristics of CsPbBr3, 3-stacked CsPbBr3/TPBi, 3-stacked CsPbBr3/Alq3, and 3-stacked 

CsPbBr3/BCP MQW photodetectors measured in the dark and under illumination at 400 nm 

with different light intensities. Notably, all of the photodetectors showed a dark current within 

the same order of magnitude (approximately 10-7 A at -1 V) except for the CsPbBr3/Alq3 MQWs 

(approximately 10-6 A at -1 V). This discrepancy is attributed to the higher conductivity induced 

by the Alq3 polymer,[34] leading to a higher tunneling current across the quantum well, as well 

as the small differences in the band edges of the corresponding type-I MQWs. In contrast, the 

dark current of the other type-I MQWs (TPBi-based one) was approximately 100 nA lower than 

that of the bulk CsPbBr3 due to the large differences in the band edges. Upon illumination, the 

current gradually increased as the incident light intensity was varied from 0.1 to 3.2 mW/cm2 

due to the increase in the number of excited carriers. The corresponding photocurrents (Iph) 

obtained at -1 V under different light intensities are presented in Figure S4. Considering the 

very small thicknesses of the photo-absorbing CsPbBr3 layer, the photoresponse was quite low 
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for all the devices. Interestingly, all the photodetectors exhibited distinct diode-rectifying 

behavior in the dark, which was retained upon illumination. Furthermore, these photodiodes 

also exhibited noticeable photovoltaic behavior, as indicated by the increase in the open-circuit 

voltage (Voc) under optical excitation.[35] This finding also indicates the existence of an internal 

electric field, which is necessary for a photovoltaic effect.  

To evaluate the performance of the fabricated photodiodes, their responsivity (R), external 

quantum efficiency (EQE), and specific detectivity (D*) were extracted at a bias voltage of -1 

V under different light intensities, as depicted in Figure S4. The calculations were performed 

as indicated in previous reports, where the dark current is typically dominated by shot noise.[36–

39] To properly highlight the differences in the behavior of the photoactive materials (i.e., bulk 

CsPbBr3 and/or its MQWs), we considered specific parameters, i.e., Voc and rectification ratio 

(RR), which depend solely on the intrinsic properties of the photoactive material regardless of 

device quality. Figure 6f manifestly demonstrates the sharp contrast between the Voc of the bulk 

CsPbBr3 photodiode and that of the type-I and type-II MQW photodiodes. For instance, the 

induced band alignments in the two type-I MQWs, i.e., CsPbBr3/TPBi and CsPbBr3/Alq3, led 

to decreases in the Voc (at 2.5 mW/cm2) of approximately 90 and 250 mV, respectively, relative 

to the Voc of the bulk perovskite. In contrast, in the case of the type-II MQWs, the Voc at the 

same light intensity increased by approximately 20 mV relative to that of its bulk counterpart. 

Generally, Voc is governed by the band structure of the system as well as the leakage current 

(dark current). Thus, as a result of its high leakage current (very small shunt resistance), the Voc 

associated with the presence of the Alq3 barrier was quite low. In contrast, the incorporation of 

BCP led to lower leakage current, hence a much higher Voc. The boost in the Voc of the type-II 

MQW versus its type-I sisters by approximately 110 and 270 mV is attributed to the slowed 

carrier recombination dynamics in the former.[40,41] Such a superior photovoltaic effect in the 

CsPbBr3/BCP MQWs relative to that observed in the bulk CsPbBr3 and the two type-I MQWs 

correlates well with the longer electron-hole recombination lifetime possessed by the type-II 

MQWs (see Figure 5). 

Moreover, the RR, i.e., a figure of merit for collating the efficacy of rectification,[34,39] was 

also calculated for the four devices. As shown in Figure 6g, the RR of the MQWs starkly differ 

from each other. On the one hand, the RR (±1 V, in the dark) of both type-I MQWs 

(CsPbBr3/TPBi and CsPbBr3/Alq3) significantly dropped from approximately 760 for bulk 

CsPbBr3 to approximately 7.4 and 4.6 for the TPBi-based and Alq3-based MQWs. On the other, 

the RR of the type-II BCP-based MQWs strikingly increased by more than one order of 

magnitude, i.e., from approximately 760 to 8564. This surge in the RR of the CsPbBr3/BCP 
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MQWs, at a low turn-on voltage, is ascribed to the negative ΔECB attained, which led to 

smoother charge carrier transport and higher carrier mobility. Meanwhile, the apparent collapse 

in the rectifying behavior of the type-I MQWs is attributed to the higher carrier transport barrier 

introduced by the quantum barrier (TPBi or Alq3), hindering the flow rate of the carriers. It is 

worth noting that all the photodiodes maintained nearly the same rectifying behaviors in the 

dark as they did under illumination.  

In summary, we demonstrated band-type alignment engineering in halide perovskite-based 

MQW. We fabricated and tested various artificial perovskite-based MQWs using different 

quantum barrier materials, namely, TPBi, and Alq3, and BCP. These barrier materials have 

different band offset with respect to CsPbBr3 and are compatible with simple evaporation 

approaches. 5-stacked CsPbBr3-based MQWs with these quantum barriers were successfully 

fabricated using a thermal evaporator and various types of quantum well structures. Each type 

of quantum well demonstrated different PL peak positions with a disparity in carrier decay time 

between type-I and type-II MQWs. The variation in the transition energy with LQW is attributed 

to the quantum confinement effects associated with the bandgap alignments induced by various 

quantum barriers. Consequently, photodiodes fabricated from those perovskite-based MQWs 

exhibited distinctive photoreponse characteristics and completely different carrier dynamics 

depending on their engineered band structures. Our results highlight the impact of bandgap 

engineering in perovskite MQWs and enable the applications of perovskite materials in 

heterostructure optoelectronic devices. 
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Experimental Section 

Materials and methods: Chemicals and reagents. Dimethylsulfoxide (DMSO, ≥99.9%, 

anhydrous), lead bromide (≥98%), and cesium bromide (99.9% trace metal basis) were 

purchased from Sigma Aldrich. TPBi, Alq3, and BCP were purchased from Ossila. All 

chemicals were used as received without any further purification.  

Preparation of samples: Single-crystalline CsPbBr3 was synthesized by inverse temperature 

crystallization. Briefly, a 1 M solution of CsBr/2PbBr2 in DMSO was slowly heated from 60 

oC to 100 oC over several hours and then filtered into a new vial through a 

polytetrafluoroethylene (PTFE) filter with a pore size of 0.22 µm. The filtered solution was 

heated to 110 oC, and single-crystalline CsPbBr3 grew in a few hours. CsPbBr3 perovskite single 

crystals were ground into a fine powder using a mortar and pestle. The perovskite powder and 

organic molecules were deposited by a thermal evaporator at an optimized evaporation rate of 

0.2 Å/s under a chamber pressure of 4 × 10–6 Torr. 

Device fabrication: We grew 5 µm-thick n-type gallium nitride (GaN) thin films on a double-

polished sapphire substrate through a metal-organic vapor-phase epitaxy (MOVPE) method for 

use as an electron transfer layer. Before the MQW evaporation process, an indium electrode 

was formed at the edge of the GaN thin films. After we evaporated the MQWs by thermal 

evaporation, a hole transport layer of spiro-OMeTAD (p-type) was spin-coated onto the MQWs. 

Lastly, a 100 nm-thick Au layer was thermally evaporated on top of the spiro-OMeTAD layer 

as an electrode. 

TEM: TEM lamellae were prepared on a Helios Nano Lab 400S FIB/SEM dual-beam system 

from ThermoFisher Scientific that was equipped with a Ga+ ion source. Pt/C layers were 

deposited on the surface region of interest by Electron & Ion beam for sample protection. 

samples were thinned down to a relative thickness of 80 nm using progressively decreasing ion 

beam energies in the FIB down to 5 keV. The prepared specimens were then analyzed using 

double aberration corrected TEM of model Titan ThemisZ from ThermoFisher Scientific. 

During the analysis, the microscope was operated in dark-field scanning TEM (DF-STEM) 

mode at the acceleration voltage of 300 kV. DF-STEM images have been generated using the 

annular dark field STEM detector of model 3000 from E. A. Fischione, Inc. Whereas, the EDX 

data has been collected using high efficiency 4-sector EDX detector of model SuperX from 

ThermoFisher Scientific. The entire data acquisition and subsequent post processing have been 

done in Software Package of model Velox of version 2.2. 
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PL: The PL spectra were characterized using a Horiba JY LabRAM ARAMIS spectrometer 

with an Olympus 50× lens in a Linkam THMS600 stage. A 473 nm laser was used as the 

excitation source.  

XPS: XPS studies were carried out on a Kratos Axis Supra spectrometer equipped with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate, 

and a delay line detector under a vacuum level of 10-9 mbar. All spectra were recorded using an 

aperture slot measuring 300 μm × 700 μm. Survey spectra were collected using a pass energy 

of 160 eV and a step size of 1 eV. A pass energy of 20 eV with a step size of 0.1 eV was used 

to collect high-resolution spectra.  

fs-TA: Femtosecond transient absorption (fs-TA) spectroscopy was performed on timescales of 

0.1 ps to 6 ns using a multipass amplified Ti:sapphire laser (800 nm laser pulses with an energy 

of 7 mJ/pulse and a ~100-fs pulse width at a repetition rate of 1 kHz, Astrella from Coherent) 

in conjunction with Helios spectrometers. The excitation pump pulses at 475 nm were generated 

after passing the pulses through a fraction of an 800 nm beam into a spectrally tunable 

(240−2600 nm) optical parametric amplifier (Newport Spectra-Physics). The pump fluence of 

the excitation laser source was adjusted using a neutral density (ND) filter to avoid multiple 

charge carrier generation. Probe pulses (UV-visible and NIR wavelength continuum, white light) 

were generated by passing another fraction of the 800 nm pulses through a 2-mm-thick calcium 

fluoride (CaF2) crystal. Before white-light generation, the 800 nm amplified pulses were passed 

through a motorized delay stage. Depending on the movement of the delay stage, the transient 

species were detected following excitation on different timescales. The white light was split 

into two beams (referred to as the signal and reference) and focused into two fiber optic cables 

to improve the signal-to-noise ratio. The excitation pump pulses were spatially overlapped with 

the probe pulses on the samples after passing through a synchronized mechanical chopper (500 

Hz), which blocked an alternative pump pulse. The absorption change (A) was measured with 

respect to the time delay and wavelength (). All spectra were averaged over a period of 2 s for 

each time delay. 
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Figures 

 

Figure 1. a) The stacking of CsPbBr3 perovskite (quantum well) and selected organic 

molecules (quantum barriers): 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBi), tris-(8-hydroxyquinoline)aluminum (Alq3), and  2,9-dimethyl-

4,7-diphenyl-1,10-phenanthroline) (BCP) in the multiple quantum well (MQW) 

structure. b) The structuring steps involved in producing the CsPbBr3 perovskite-based 

MQWs using a thermal evaporator. 
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Figure 2. Scanning Transmission electron microscopy (STEM) analysis of the 

CsPbBr3 perovskite-based artificial MQWs. a) Bird-view DF-STEM images of the 

CsPbBr3 perovskite-based artificial MQWs using TPBi, Alq3, and BCP quantum 

barriers, respectively. STEM-EDX elemental mapping of the CsPbBr3/BCP MQW for 

b) Br, Cs, and Pb and c) C and Br. 

 

 

 

 

 

 

 

 

 

 

 

 

 



   Submitted to  

 14 

 

Figure 3. Bandgap alignment in CsPbBr3 perovskite-based artificial MQWs. The 

energy band diagrams of a) CsPbBr3/TPBi type-I, b) CsPbBr3/Alq3 type-I, and c) 

CsPbBr3/BCP type-II MQWs estimated from the corresponding X-ray photoelectron 

spectra (XPS) using Kraut’s method. 
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Figure 4. The evolution of the photoluminescence (PL) peak position with the quantum 

well thickness in a) CsPbBr3/TPBi, b) CsPbBr3/Alq3, and c) CsPbBr3/BCP SQWs. 

Insets: Schematic band diagrams of the corresponding SQW structures. PL spectra of 

20 nm-thick CsPbBr3 and d) CsPbBr3/TPBi, e) CsPbBr3/Alq3, and f) CsPbBr3/BCP 

SQWs with a 2 nm-thick CsPbBr3 layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   Submitted to  

 16 

 

Figure 5. fs-TA spectra at multiple time delays of a) CsPbBr3/TPBi, b) CsPbBr3/Alq3, 

c) CsPbBr3/BCP MQWs in response to close to the band edge (475 nm) excitation. d) 

Normalized kinetics monitored at ground state bleaching (GSB) maxima of the 

CsPbBr3 MQWs at 504, 502, 504 nm, respectively, for TPBi (red), Alq3 (green), and 

BCP (blue) quantum barriers. 
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Figure 6. a) Schematic structure of the fabricated photodiodes illuminated at 400 nm. 

Semi-log I-V characteristics of b) bulk CsPbBr3, c) CsPbBr3/TPBi, d) CsPbBr3/Alq3, 

and e) CsPbBr3/BCP photodiodes, respectively, in the dark and at different intensities 

of 400 nm light with a bias voltage of ±1 V. Comparison between f) the open-circuit 

voltage and g) the rectification ratio of the bulk CsPbBr3 and MQW photodiodes under 

different light intensities at a wavelength of 400 nm. 
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