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Abstract

Perovskite-based materials have gained significant attention in the last few years both in nanotechnology and optoelectronic 
applications. The interface between perovskites and electron (or hole) transport layers (ETL or HTL) plays a critical role in the 
charge transport properties in perovskite-based devices which eventually govern the final efficiency of the device. Therefore, 
it is extremely important to understand the interfacial charge transfer/transport processes in these materials. In this mini-
review, we summarize the ultrafast interfacial charge transfer processes from perovskites to electron/hole quenchers and 
highlight the importance of the surface coupling of such quenchers on the charge transfer and solar cell efficiency. A few 
examples of ETL and HTL and their effect on the device performance have been discussed. Therefore, the review will provide 
a platform to understand the importance of interfacial charge transfer processes and their effect on the final device efficiency 
in perovskite-based materials. 
  
Keywords: Perovskite; Interface; Ultrafast Charge Transfer; Electron and Hole Transport Layer; Surface Coupling

Abbreviations: LEDs: Light-Emitting Diodes; PCE: Power 
Conversion Efficiency; ETL; Electron Transport Layers; HTL: 
Hole Transport Layers; TA: Transient Absorption.

Introduction

Lead-halide perovskites have gained significant 
attention in the last few years due to their easy solution 
processability and interesting optoelectronic properties [1-
3]. This leads to their multi-dimensional use in solar cell 
technology, light-emitting diodes (LEDs), photocatalysis, 
etc [4-6]. Perovskite-based thin-film solar cell was first 
demonstrated by Miyasaka and co-workers in 2009 where 

power conversion efficiency (PCE) of 3.8% was reported 
[7]. Since then research on perovskite-based materials has 
expanded in several dimensions. Lead-halide perovskites 
have ABX3 crystals structure where A is a monovalent 
organic or inorganic cation, usually occupying the octahedral 
void; B is divalent cation (e.g. Pb2+) and takes the body center 
of the octahedral; while the corners of the octahedral are 
occupied by the X- anion, usually halides (Figure 1a). One 
of the intriguing property of lead-halide perovskites is easy 
halide exchange leading to color tunable optical properties 
in the entire visible region [8]. Such unique properties 
make them ideal candidates for low-cost and high-efficiency 
photovoltaic and optoelectronic technology.
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Figure 1: a) Crystal structure of lead-halide perovskite. b) Schematic of the energy structure of perovskite/ETL and perovskite/
HTL and the corresponding interfacial charge transfer processes.

While using semiconductors in optoelectronic devices, 
e.g. solar cells or LEDs, it is extremely important to understand 
and tailor the interfacial charge transport properties [9-13]. 
The electron (and hole) transport properties are found to 
be the limiting factors in perovskite-based devices for the 
final efficiency [14,15]. Therefore, the researcher came up 
with the idea of using electron and hole transport layers 
(ETL and HTL) on top of the perovskites to accelerate the 
charge transport processes along with the suppression of 
detrimental carrier recombination (Figure 1b) [16-18]. For 
example, in 2012, Park et. al. reported using a sub-micron 
thick TiO2 layer as ETL, MAPbI3 as a perovskite absorber, 
and 2,2′,7,7′-tetrakis (N,N-di-p-methoxyphenylamine)-9,9′-
spirobifluorene (spiro-OMeTAD) as HTL [19]. The usage 
of ETL and HTL enables faster electron and hole transport 
through the interface, giving rise to as high as 9.7% PCE along 
with 500 h ambient air stability. Although the use of ETL and 
HTL was found to be beneficial for overall performance in 
photovoltaics, however, the interface between perovskite 
and ETL/HTL may limit the charge transport properties. 
Importantly, how the electron and hole quencher couple to the 
perovskite surface and how such surface coupling modulates 
the charge transfer processes needs to be understood 
equally. In this mini-review, we summarize interfacial charge 
transport processes in perovskite-based heterostructures, 
which often take place in ultrafast timescales. The surface 
coupling mechanism of electron/hole quencher and the 
consequent effect on charge transfer and PCE have been 
discussed. A few examples of ETL and HTL and their effect 
on PCE have been discussed. Overall, we think the review will 
provide a very good platform for researchers to understand 
the importance of the interfacial charge transport properties 
for optoelectronic applications.

Charge Transfer Dynamics at Different 
Interfaces 

While device fabrication with perovskites, the interface 
plays an important role through which charge transfer 

occurs. It is therefore extremely important to understand the 
charge transfer processes across interfaces in perovskites, 
which take place in ultrafast timescale. Researchers have 
attempted several studies in the last few years to address 
the ultrafast interfacial charge transfer processes in different 
perovskite-based heterojunctions [20-22]. One of the early 
works on such interfacial charge transfer phenomenon 
was reported by the Lian group, where ultrafast interfacial 
electron and hole transfer dynamics from CsPbBr3 QDs was 
demonstrated, using femtosecond transient absorption (TA) 
spectroscopy (Figure 2a) [20]. Here benzoquinone (BQ) was 
used as an electron quencher while phenothiazine (PTZ) 
was used as a hole quencher. Figure 2b shows the UV-vis 
absorption and PL spectra of CsPbBr3 QDs while Figure 2c 
represents the corresponding TA spectra at indicated time 
delays. The TA spectra show a strong negative ∆A signal 
(bleaching), overlapped with the exciton absorption due 
to phase-space-filling of electrons and holes. Figure 2d 
compares the transient kinetics at the bleach maxima of 
CsPbBr3 QD without and with a quencher (the top panel is for 
BQ and the bottom panel is for PTZ). As can be clearly seen, 
upon the addition of both electron and hole quencher, the 
bleach recovery becomes much faster than the free CsPbBr3 
QDs. It is important to note that this observation is in 
contrast to classical QDs (e.g. II-VI) where electron quencher 
makes faster bleach recovery while hole quencher slows 
down the bleach recovery kinetics [23]. This is because, in 
classical QDs, electrons mostly contribute to the absorption 
bleaching, however, in perovskites both electrons and holes 
contribute to the bleaching. The corresponding electron and 
hole transfer time to BQ and PTZ sensitized CsPbBr3 QDs 
is determined to be 65 and 49 ps, respectively. The faster 
interfacial charge transfer properties are the key to using 
perovskites in light harvesting and emitting devices.

In a recent example, we functionalize CsPbX3 NCs, 
where X= Cl, Br, I, with a bidentate 8-hydroxyquinoline 
(HQ) molecule that acts as a hole quencher [24]. Figure 2e 
shows the PL spectra of CsPbCl3 and CsPbI3 NCs without 
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and with HQ molecule. The PL of CsPbCl3 NCs quenches 
completely upon functionalize with 4 mM HQ molecule. In 
contrast, the PL spectra of CsPbI3 NCs remain unaltered 
upon functionalization with the same concentration of 
HQ molecule. The PL quenching in CsPbCl3 NCs has been 
attributed to a thermodynamically viable interfacial charge 
(hole) transfer process, while no such charge (hole) transfer 
is active in CsPbI3 NCs. The corresponding interfacial hole 
transfer time in the CsPbCl3/HQ sample was estimated to be 
~540 fs via probing transient bleach kinetics where faster 
bleach recovery was observed for the CsPbCl3/HQ sample 
than free CsPbCl3 NCs (Figure 2f). TA measurement further 
provides hole transfer time of ~2 ps in CsPbBr3/HQ system. 

A microscopic surface coupling mechanism underlying the 
CT behavior in these NCs has been proposed via Fourier 
transform infrared spectroscopy as schematically depicted 
in Figure 2g. Here in CsPbCl3 (and CsPbBr3), the HQ molecule 
couples by forming halogen-hydrogen bonding between 
the two systems, which act as a CT bridge and promote 
the interfacial hole transfer process. In contrast, chelation 
was observed in CsPbI3/HQ material where both –N and 
–O from the HQ molecule simultaneously couple with Pb2+ 
in CsPbI3 NCs and restrict the CT process. Thus the work 
demonstrates the fundamental importance of the surface 
coupling of charge transport layers for efficient interfacial 
charge transfer processes.

Figure 2: a) Schematic illustration of CsPbBr3 NCs-Benzoquinone (and Phenothiazine) complexes and possible interfacial 
charge transfer and recombination pathways. b) UV-vis absorption and PL spectra of CsPbBr3 NCs. c) TA spectra of CsPbBr3 
NCs upon 400 nm laser excitation at a few different time delays. d) Comparison of exciton bleach recovery kinetics of CsPbBr3 
NCs-BQ and CsPbBr3 NCs-PTZ complexes. e) PL spectra of free and HQ-functionalized CsPbCl3 (top) and CsPbI3 (bottom) NCs. 
For CsPbCl3 NCs, increasing HQ concentration (0 to 4 mM) is shown. f) TA kinetics at the bleach maxima of free and HQ-
functionalized CsPbCl3 NCs. g) Schematic of interfacial charge transfer between CsPbCl3 NCs and HQ molecule via Cl-H bond, 
acting as a CT bridge (left), while no CT is active in the HQ-chelated CsPbI3 NCs (right). Reproduced with permission from (a-d) 
and (e-g) [20,24]. Copyright 2015, 2023 American Chemical Society.

Importance of Surface Coupling on PCE

In fact, there are reports where researchers use such 
molecular coupling to passivate the surface trap states of 
perovskite, which eventually reduces the non-radiative 
losses, and has direct consequences on the solar cell 
performance. Snaith group demonstrates that in solution 
processes hybrid perovskites exhibit surface trap states due 
to uncoordinated surface Pb atoms within the crystal (Figure 
3a) [25]. Photoexcited electrons may fall into these Coulomb 
traps, providing a major loss channel for the device. To control 

the loss, they come up with an idea of surface passivation of 
perovskites with Lewis bases, e.g. thiophene and pyridine, 
which can directly donate electron density to these defects 
(Figure 3b). Such treatment enhances the lifetime of 
perovskite by an order of magnitude (~2 ms), which they 
propose due to electronic passivation of the uncoordinated 
surface Pb atoms. This leads to an enhancement of perovskite-
based hetero junction’s stabilized solar cell efficiency from 
8.3% to 14.1% and 15.5% upon thiophene and pyridine 
treatment, respectively (Figure 3c & 3d).

https://medwinpublishers.com/NNOA/
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In another example, they show uncoordinated 
surface iodine ions introduce trap states in perovskites, 
leading to surface charge accommodation and harmful 
charge recombination in the solar cell [26]. They used 
iodopentafluorobenzene (IPFB) for the surface treatment 
of MAPbI3 perovskites, which passivate the surface hole 
trap states by supramolecular halogen bonding. Their time-
resolved PL experiment suggests using HTL such as spiro-
OMeTAD makes the PL decay of MAPbI3 slightly faster with 
the IPFB treated sample, indicating localization of holes at 
the spiro-OMeTAD (Figure 3e). No change in the PL decay 
was observed for IFPB treated and untreated samples 
without any OMeTAD. Moreover, nano-to-millisecond TA 
decay was measured in the IFPB-treated and untreated 

samples to understand the charge recombination dynamics 
at the perovskite/OMeTAD interface. While in the untreated 
sample, the recombination is much faster (300 ns), the IPFB 
treated MAPbI3 sample shows a much longer recombination 
timescale (~950 ns) (Figure 3f). As shown in Figure 3g, the 
uncoordinated surface iodide ions are acting as hole traps in 
the untreated sample. However, the TA result indicates that 
the hole lifetime increases more than three-fold in spiro-
OMeTAD in the presence of IPFB, resulting in a significantly 
suppressed recombination process. This is due to the 
effective passivation of the uncoordinated surface iodide 
ions by IPFB via halogen bonding, which reduce the density 
of the charge accumulation at the interface (Figure 3h) and is 
beneficial for solar cell.

Figure 3: a) Schematic showing loss of iodine leads to the creation of vacancy, resulting in a net positive charge on Pb atoms. 
Photoexcited electrons can fall into these Coulomb trap states, thus neutralizing the charges. b) Thiophene (or pyridine) 
molecule can donate electron density to the defects, and neutralize the excess positive charge in the crystal lattice. Stabilized 
efficiency of c) thiophene and d) pyridine-passivated devices. e) Time-resolved PL decay traces of MAPbI3 without and with 
Spiro-OMeTAD. Black and red lines indicate without and with IPFB treatment. f) Nanosecond TA decay traces of IPFB treated 
(red) and untreated (black) samples, following 500 nm excitation and probing at 640 nm. g) Illustration of electrostatic 
interaction of uncoordinated halide anions with the hole injected into the Spiro-OMeTAD. h) Electrostatic screening of halides 
by halogen bond formation of IPFB on perovskite surface. Reproduced with permission from (a-d) [25] and (e-h) [26]. 
Copyright 2014 American Chemical Society.

ETL (HTL)/Perovskite Interface
Figure 4 represents a schematic presentation of 

commonly used ETL’s and HTL’s in perovskite solar cells [27]. 
The conduction (valence) band offset between ETL (HTL) 
and perovskite is around 0.2 eV. Such band offset allows 
efficient interfacial charge transport in perovskite-based 
devices. A typical device structure of a hybrid perovskite 
solar cell with HTL PEDOT: PSS and a polymer-based electron 
extraction layer is shown in Figure 5a [28]. Three different 
n-type polymers, e.g. P(NDI2OD-T2), P(NDI2DT-T2), and 
P(NDI2OD-TET), were used as electron extraction layers to 
understand the driving force of solar cell performance. The 
energy level alignment of these polymers with respect to 
the hybrid perovskite is shown in Figure 5b, indicating very 
similar alignment for three polymers having small energy 

offset between the conduction band minima of perovskite 
and the LUMO of polymers. Steady-state and time-resolved 
PL measurement shows efficient quenching of the perovskite 
PL upon conjugation with these polymers (Figure 5c&5d). 
While pure perovskite shows a lifetime of 21.2 ns, the lifetime 
reduces significantly to 4.8, 5.8, and 8.7 ns respectively 
for all three polymers. The PL quenching together with 
the energy level alignment suggests efficient interfacial 
electron extraction from perovskite to all three polymers. 
The solar cell device parameters from J-V characteristics 
show promising performance for P(NDI2OD-T2), and 
P(NDI2DT-T2) as electron extraction layer, with a PCE of 
~11 % for both (Figure 5e). Surprisingly, negligible PCE of 
~0.18% was observed with P(NDI2OD-TET), although the 
PL experiments show efficient interfacial electron extraction 
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from perovskite in the presence of this polymer. Here the 
ethyl unit of P(NDI2OD-TET) decreases the conjugation, 
leading to bandgap widening and low carrier transport 
property. Importantly, the electron mobility measurement 
indicates more than three orders of lower mobility (10-8 
cm2 V-1 s-1) in P(NDI2OD-TET) than the other two polymers. 
Therefore, the authors proposed electron mobility as the 

bottleneck of the device, rather than interfacial electron 
extraction efficiency. The results indicate the important 
role of charge extraction layers which is not limited to the 
efficiency of charge extraction from perovskites but also to 
the charge transport properties which are governed by the 
mobility of the charge carriers.

 

Figure 4: Schematic band alignment of several electron and hole transport materials in perovskite solar cell. Reproduced with 
permission from [27]. Copyright 2021 American Institute of Physics.

Figure 5: a) A typical device structure of a hybrid perovskite solar cell. b) Energy levels of MAPb(I/Cl)3 and three n-type 
polymers P(NDI2OD-T2, P(NDI2DT-T2), and P(NDI2OD-TET). c) Steady-state spectra and d) time-resolved PL decay of MAPb(I/
Cl)3 without and with three n-type polymers. e) Parameters for solar cell performance of perovskites with three different 
electron extraction layers under AM 1.5 G 100 mW cm-2. Reproduced with permission from [28]. Copyright 2016 Royal Society 
of Chemistry.
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Conclusions

In conclusion, ultrafast interfacial electron and hole 
transfer dynamics have been summarized between CsPbBr3 
perovskite NCs and electron/hole quenchers which are 
key properties for using perovskites in optoelectronic 
applications. We further demonstrate that the molecular 
coupling to the perovskite surface may govern the ultrafast 
CT properties significantly and may alter by tunning the 
halide content of the perovskites. It has been observed that 
surface vacancy created by uncoordinated Pb-atoms and 
halides may passivate by using suitable molecules that may 
act as a charge acceptor and contribute to the enhancement 
of the final efficiency. Finally, we summarize different ETL 
and HTL for efficient photovoltaic device fabrication, which 
shows that the role of ETL and HTL is not limited to charge 
extraction only. However, the critical role of charge transport 
properties, governed by the mobility of the transport layers, 
is equally important for the final efficiency. We believe 
this mini-review will provide a swift understanding of the 
critical ultrafast interfacial charge transport properties and 
surface coupling mechanism in perovskite heterojunction 
for improved solar cell efficiency, and may lead to the design 
of better perovskite architecture for improved photovoltaics 
and optoelectronic technology.
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