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Abstract: Multiple exciton generation (MEG) in quantum-
confined semiconductors is the process by which multiple 
bound charge-carrier pairs are generated after absorption 
of a single high-energy photon. Such charge-carrier mul-
tiplication effects have been highlighted as particularly 
beneficial for solar cells where they have the potential to 
increase the photocurrent significantly. Indeed, recent 
research efforts have proved that more than one charge-
carrier pair per incident solar photon can be extracted 
in photovoltaic devices incorporating quantum-confined 
semiconductors. While these proof-of-concept applica-
tions underline the potential of MEG in solar cells, the 
impact of the carrier multiplication effect on the device 
performance remains rather low. This review covers 
recent advancements in the understanding and applica-
tion of MEG as a photocurrent-enhancing mechanism in 
quantum dot-based photovoltaics.

Keywords: multiple exciton generation; quantum dots; 
solar cells.

1  Introduction
Optimised, large-scale manufacturing processes for the 
fabrication of photovoltaic devices (PVs) have promoted 
solar cell technologies to the verge of becoming the cheap-
est form of energy (4–6 cent/kWh expected by 2025) [1]. 
While PVs based on materials such as silicon continue to 
pass economic milestones due to reduced fabrication costs 
and increased market penetration, the power conversion 

efficiency (PCE) of these devices is fundamentally limited 
to around 33% [2, 3]. Means of overcoming this limit, com-
bined with advancements in device manufacturing pro-
cesses, can progress solar energy technologies towards 
meeting the growing energy demands of the future.

The fundamental principles of PVs are based upon 
the concept of a reversible Carnot heat engine. As such, 
thermodynamics dictates a maximum efficiency limit 
of 87% for the conversion of solar energy into electri-
cal current [4]. This theoretical performance limit could 
only be approached in a device architecture where a 
large number of sub-cells (each optimised for a small 
section of the solar spectrum) were to be combined in a 
PV stack and illuminated under intense light concentra-
tion [5]. In reality, most PV devices employ only a single 
cell using one absorbing semiconductor, which collects 
sunlight under non-concentrated conditions. This non-
ideal solar cell environment introduces two dominant 
loss mechanisms: first, non-absorption of photons with 
energy less than the semiconductor band gap and sec-
ondly, rapid cooling of carriers with energy in excess of 
the band gap where a portion of the initial photon energy 
is lost to heat [6]. As a consequence, the ultimate device 
performance is reduced dramatically from that of an ideal 
Carnot heat engine.

In their seminal work, Shockley and Queisser quan-
tified the apparent loss processes in a detailed balance 
model [3]. They expressed the resulting impact on the 
maximum achievable solar cell efficiency limit in their 
band gap-dependent Shockley-Queisser model (SQ limit; 
see Figure 1A).

As light is absorbed in the active layer of a solar 
cell, excited bound charge-carrier pairs (i.e. excitons) 
are generated. Before these can be extracted through an 
external circuit they often encounter loss processes that 
reduce the efficiency of the solar cell. In the SQ limit, 
incomplete light trapping or angle restrictions account 
for up to 20% of all energy losses. It is, however, mainly 
incomplete absorption and rapid carrier cooling that set 
the SQ limit for single junction solar cells to maximum 
PCE of 33.7% for a semiconductor of Eg≈1.3 eV (see 
Figure 1A) [6].
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Among the most promising concepts to supress loss 
processes associated with incomplete absorption are 
photon up-conversion mechanisms where low energy 
photons below the band gap are recovered for solar 
cell operation [8, 9]. As this concept, however, is not 
within the main focus of this article, we refer the inter-
ested reader to other reviews addressing the topic in the 
literature [10].

The most widely employed approach to reduce 
losses from rapid cooling is through multi-junction PV 
devices. These use multiple (usually two or three) semi-
conductors of different band gaps to best match the solar 
spectrum [11, 12]. Multi-junction cells have produced PV 
efficiencies far beyond the SQ limit for single junction 
solar cells (to date 42% under un-concentrated AM 1.5 G 
conditions), but their high fabrication cost still renders 
large-scale deployment challenging [12]. Another 
concept to minimise losses due to hot carrier cooling is 
the rapid extraction of the initial hot carriers. While this 
phenomenon has been theorised to produce superior 
photovoltages, convincing, experimental evidence for 
the effect’s benefit in a solar cell environment has not 
been produced yet.

Carrier multiplication (CM) effects, where the energy 
of a high-energy photon is distributed among multiple 
carrier pairs with lower energy, present another concept 
capable of reducing carrier-cooling losses [13–16]. Here, 
additional charges are produced from energy that would 
otherwise have been lost as heat. Such processes have 
been demonstrated to occur efficiently in organic semi-
conductors and inorganic quantum dots (QDs), where the 

phenomena are termed singlet exciton fission [17–19] and 
multiple exciton generation (MEG) [7, 20, 21], respectively. 
It has been calculated that such CM mechanisms can raise 
the maximum efficiency of single-junction PVs from about 
33% to almost 44% (see Figure 1B) [22].

Several materials and material combinations have 
been suggested to exploit CM effects in solar cells. Singlet 
exciton fission materials in combination with suitable 
charge acceptors and QD-based solar cells have both been 
shown to produce external quantum efficiencies (EQEs) 
beyond 100% in a PV device [23–28]. While these proof-
of-concept studies show that CM effects can increase the 
photocurrent of a solar cell, PCEs in both types of device 
remain low. For MEG in particular, recent spectroscopic 
findings suggest a combination of high MEG threshold 
energies and photon energy-dependent MEG efficiency 
(i.e. MEG efficiency increases slowly after the threshold 
energy rather than as a step function) as the predomi-
nant reasons for the modest contribution to PV power 
conversion [29, 30].

There are several comprehensive review articles sum-
marising the current understanding of the MEG mecha-
nism itself provided in the literature [29, 31, 32]. In this 
review, we will only briefly discuss mechanistic details 
and will focus mainly on recent progress towards an effi-
cient integration of MEG in operational solar cells. After a 
brief introduction to the process in its nanoscale environ-
ment, we will proceed to discussing the underlying device 
physics of recently reported QD-based solar cells that 
demonstrate a contribution from MEG to the photocurrent. 
We will finally provide some material and device-related 

Figure 1: Shockley-Queisser limit: loss processes and potential efficiency enhancement by MEG.
(A) Breakdown of the different loss processes leading to the band gap-dependent Shockley-Queisser limit for single junction solar cells 
(out, dark blue). <Eg (light blue) and cool (green) represent the energy losses due to incomplete absorption and rapid cooling of hot carriers, 
respectively, angle (orange) and emission (dark red) are entropic losses associated with angle restriction and incomplete light trapping, 
respectively, and Carnot (light red) expresses the thermodynamic efficiency limit. (B) Theoretical enhancement of the Shockley-Queisser 
limit for single junction solar cells due to MEG where the parameter P relates the rates for MEG (kMEG) and hot carrier thermalisation ktherm 
through the expression P = kMEG/ktherm. Part B has been adapted from [7].
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suggestions to increase the impact of MEG in future PVs 
that may enable device performance beyond the SQ limit.

2  �Theoretical considerations for 
promoting MEG in PV devices

2.1  CM in inorganic bulk semiconductors

Upon absorption in bulk semiconductors, solar photons 
with energy greater than the material band gap Eg gener-
ate excited charge-carrier pairs that possess kinetic energy 
equal to hν–Eg. They typically dissipate their extra kinetic 
energy to lattice vibrations on ultra-fast timescales (pico- 
to sub-pico second regime [33, 34]) as they cool to the band 
edge. This mechanism is irreversible and is one of the two 
largest loss processes described in the Shockley-Queisser 
calculations (see Figure 1A). The  idea of replacing this 
cooling mechanism with an alternative relaxation channel 
to generate additional charge carriers instead has been 
theorised since the 1950s [13, 14]. In bulk, this process is 
understood to be a result of impact ionization (I.I.) where 
one initial hot carrier (either electron or hole) frees some of 
its kinetic energy in excess of Eg to excite a second charge 
carrier across the band gap. For more comprehensive 
details about I.I. in various bulk materials, we refer the 
interested reader to the review article by Robbins [35].

Despite the theoretical benefit of I.I. to reduce hot-
carrier cooling effects, its impact on device performance is 
almost negligible in most solar cells. This is mainly due to 
the I.I. threshold energy Eth (i.e. the minimal photon energy 
required to realise I.I.), which is located in the UV part of 
the solar spectrum for silicon and most other commercially 
relevant PV materials silicon

th( 3.4 eV)E =  [15]. This high Eth 
has been explained by considering the bulk semiconduc-
tor’s energy and crystal momentum, both of which must 
be conserved during the generation of additional charge 
carriers [36]. As only a limited number of solar photons 
penetrated the earth’s atmosphere at these energies, I.I. in 
current PVs remains insignificant. Furthermore, it has been 
shown that the efficiency of I.I. is dependent on the energy 
of the initially absorbed photon in excess of the band gap 
such that even beyond the threshold energy, the effect is 
still very small. Since the rate of I.I. competes with carrier 
cooling on ultra-fast timescales, large excess photon ener-
gies are required to render the CM channel competitive [37, 
38]. As a consequence, Eth has to be considered as a “soft” 
threshold, which leaves only a fraction of initially created 
hot carriers subject to I.I. at Eth (e.g. in silicon only 5% of 
hot carriers undergo I.I. at photon energies hν = 4 eV) [39].

2.2  Enhancing CM in QDs

A different scenario is presented when the semiconduc-
tor is confined to the nanoscale where quantum confine-
ment effects can reduce the aforementioned material 
restrictions for the generation of additional charge-carrier 
pairs [29, 40]. Quantum confinement effects emerge when 
the generated excitons are restricted to smaller spatial 
volumes than they would occupy in the parental bulk 
material. The natural spatial range over which the exci-
tonic wavefunction spreads is described by the material-
dependent Bohr exciton radius. In the quantum confined 
regime, generation of more than one exciton from a single 
high energy photon is termed MEG to underline the con-
fined, quasi-excitonic (i.e. non-correlated) character of 
generated charge carriers [41]. While in bulk materials I.I. 
is an accepted mechanism, it is not yet clear if the same 
process is responsible for MEG in quantum-confined mate-
rials. The increased efficiency of MEG in these structures 
has not yet been fully explained and different models have 
been proposed where the multi-excitonic state is created 
through an excited virtual multi-excitonic state [42, 43] 
or via an instantly generated superposition of single- and 
multi-excitonic state [41, 44].

Interestingly, in QDs, recent spectroscopic findings 
are indicative of MEG thresholds MEG

th( )E  being closer to 
the energy conservation limit (2Eg) than in the parental 
bulk material [30, 31, 45, 46]. In these reports, the authors 
also find a close correlation between MEG

thE  and the MEG 
efficiency (ηMEG). While there seems to be general consen-
sus that relaxed crystal momentum conservation rules 
in quantum-confined materials [47] contribute to MEG

thE  
being close to 2Eg, there is disagreement in the literature 
on how other quantum material properties such as dis-
crete energy levels around the QD band gap [47] enhanced 
coulomb interaction in nanostructures of lower symme-
try than spherical QDs [48] or the increased surface-to-
volume ratio [49] contribute to the crucial MEG parameters 

MEG
thE  and ηMEG [50, 51]. What seems clear, however, is that 

materials with weak charge-phonon coupling (e.g. PbS, 
PbSe and in particular PbTe) tend to show higher ηMEG. 
This has been explained by a slower hot carrier cooling, 
which extends the time window for MEG to proceed (see 
Figure 2). It is worth noting that many of the suggestions 
to improve MEG

thE  and ηMEG for solar cell applications are 
based upon ultrafast spectroscopy results that have been 
collected from solution dispersed QD samples exclu-
sively. As solution-based measurements do not capture 
all parameters relevant for a material to perform in solar 
cells, it remains to be seen how efficiencies from the two 
different environments will correlate. For instance, while 
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increasing the quantum confinement has been shown to 
boost the efficiency of MEG, it also increases the rate of 
Auger recombination [52, 53]. On the system level (i.e. in 
an operational solar cell), strengthening the quantum 
confinement also weakens the interparticle coupling 
within the QD film [54] and is thus detrimental for efficient 
charge extraction. It follows that changing the quantum 
confinement has an effect not only on the MEG process 
itself, but also alters device parameters that are crucial for 
PV performance [29, 49, 54–56].

2.2.1  QD materials for MEG in PV devices

Besides quantum confinement effects, there are other 
material properties to be considered for MEG on the 
process and device level. Ideal materials will show 
relatively slow hot carrier cooling, to extend the time 
window for MEG (see Figure 2). Additionally, adjusting 
the Shockley-Queisser calculations to incorporate MEG, 
Hanna and Nozik showed that the ideal band gap of a 
photovoltaic material is reduced from around 1.3 to 0.8 
eV [22]. To provide good tunability of the quantum con-
finement in this spectral region, materials with relatively 
small bulk band gaps are needed.

Whilst MEG has been detected in a number of materi-
als, including silicon [57–59], most studies focused on QDs 

consisting of lead chalcogenides (PbS, PbSe and PbTe) 
[26, 41, 60–62]. The large Bohr radius of lead chalcoge-
nides, relative to, for example, silicon or GaAs [59, 63, 64], 
allows strong quantum confinement effects and efficient 
tuning of the confinement to produce a band gap in the 
near-IR region (0.7–1.0 eV) [65]. Furthermore, convenient 
ligand exchange methods have been established for these 
particles, giving control over properties of the QD super-
structure (e.g. interparticle spacing [55], energy align-
ment [49], etc.). Together with slow hot carrier cooling, 
lead chalcogenide QDs are a valuable material platform 
to study MEG-related parameters not only on the process 
itself, but also on the PV device level.

2.2.2  Bottlenecks for hot carrier cooling

In most II–VI, III–V and IV–VI semiconductors, it was 
proposed that the discrete energy levels, produced by 
quantum confinement, were separated far enough in 
energy, to require multi-phonon emission events for hot 
carrier cooling [47]. The low probability of multi-phonon 
emission was expected to reduce the rate of carrier cooling 
and therefore extends the time window for MEG and con-
sequently increases its efficiency ηMEG [40]. It was shown 
later that, although in principle this is correct, delayed hot 
carrier cooling applies mainly to near-band edge states 
where the quantum confinement produces discrete and 
far-separated energy levels most efficiently. At energies 
relevant for MEG (i.e. >2Eg) however, the density of states 
(DOS) is more condensed and should therefore enable 
rapid carrier cooling via single phonon emission (see 
Figure 2) [66].

Indeed, the majority of spectroscopic experiments on 
quantum-confined semiconductors could not necessarily 
observe delayed hot carrier cooling of photo-generated 
states far from the band edge. However, recent spectro-
scopic measurements by Geiregat et  al. indicate that 
quantum-confined lead chalcogenide materials show 
transiently stable carrier populations at distinct ener-
gies high-up in the condensed energy manifold [28, 67]. 
To explain this transient accumulation of charge carriers 
far from the band gap, the authors consider a high-energy 
point in the material’s band structure, which requires the 
relaxing charge carriers to change the direction of the 
scattering wave vector of the emitted phonons. Interest-
ingly, such an explanation would require at least partial 
preservation of the bulk phonon dispersion relation in the 
quantum-confined environment – contradictory to tradi-
tional QD theory where momentum conservation is con-
sidered as negligible requirement [47].

Figure 2: Schematics of the charge-carrier pathways of hot, 
photogenerated carriers in quantum-confined nanostructures on 
ultra-fast timescales (<1 ns). After generation, hot charge carriers 
can either relax to the band edge via rapid carrier cooling (Kcool) or 
can undergo MEG (KMEG). Due to discrete energy levels close to the 
band gap and a more continuous state distribution higher up in 
the energy manifold, different hot carrier cooling behaviours can 
be expected in these two energy regimes which is expressed as 

′
coolK  and Kcool, respectively. If multiple excitons are generated they 

either recombine via Auger recombination (KAug) or dissociate into 
free charges (Kdis), which can then be extracted. Recombination 
processes operating on longer timescales (e.g. trap-assisted and/or 
conventional bi-molecular recombination) are not considered here.
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In PbTe QDs, the energy of this effective phonon scat-
tering bottleneck is approximately at the same position as 

MEG
th ,E  which has been determined independently under 

operational solar cell conditions [28]. This transiently 
stable, hot carrier population close to or above the mate-
rial’s MEG

thE  extends the time window for MEG. Such a 
phonon scattering bottleneck is thus consistent with the 
high MEG yields observed in dispersed PbTe QDs [31, 50, 
59] and is also in agreement with the high EQEs (>120%) 
reported for devices based on the same QD material [28].

2.2.3  �Tuning the QD shape to reduce MEG threshold 
energies

Besides purely, material-based approaches to promote 
MEG in solar cells, recent reports have shown that 
the shape control of QDs may provide another path to 
increase ηMEG while reducing MEG

thE  [26, 30]. Analysing hot 
carriers in one-dimensional PbSe nanorods has revealed 
an MEG onset close to the energy conservation limit 

MEG
th,rod  ( ),2.3 2.6  gE E= −  which is substantially lower than 

in comparable, spherical QDs MEG
th,rod  ( )2.7 3.2  gE E= −  (see 

Figure 3A) [46, 68].
To explain such a low MEG

thE  in nanorods Beard et al. 
[7] considered an experimentally determined factor P 
(see Figure 1B) that expresses the competition between 
the rates of CM kMEG MEG

Photon th( )for E E>  and hot carrier 
cooling kcool. In this model, increasing kMEG and reducing 
kcool results in MEG

thE  approaching the energy conservation 
limit MEG

th(i. )e  .. 2 gE E=  While the origin of the lower MEG
thE  

in nanorods is not clear yet, several hypotheses have been 

discussed in the literature. Stewart et  al. consider the 
rates of MEG (kMEG) and Auger recombination (kAug), which 
depend on the DOS of the final states. In case of kMEG that 
is the DOS of the biexciton (g2) and in case of kAug that is the 
DOS of the hot single exciton (g1). Due to symmetry reasons 
the authors suggest that for nanorods there are a larger 
number of biexciton states accessible in the course of the 
MEG process, which increases KMEG [69]. Another theory 
suggests aspect ratio-dependent carrier cooling processes 
due to reduced carrier-phonon coupling in nanorods [70, 
71]. Either hypothesis is in agreement with the observation 
of a lower MEG

thE  in nanorods compared to QDs (see Figure 
3). However, further experimental work is needed to shed 
light on the underlying mechanistic details.

Additionally, we note that the empirically determined 
MEG
thE  in quantum-confined nanostructures (i.e. spherical 

QDs and nanorods) by Beard et al. has been determined 
for lead selenide nanostructures only. It thus remains to 
be seen if this relation can be generalised to other materi-
als relevant for MEG in PV devices [7].

2.2.4  �Impacts of the QD surface on MEG in a device 
environment

Confining semiconductors on the nanometre scale 
increases the material’s surface-to-volume ratio and 
this presents challenges for both MEG and QD techno
logies in general. First, it places a significant proportion 
of the QD atoms at the surface of the particle. There is 
general consensus that such an increased number of 
under-coordinated surface atoms and the relatively small 

Figure 3: Enhancing quantum yields in 1D nanostructures.
(A) Spectroscopically determined quantum yield of different lead selenide structures as a function of band gap-normalised photon energy. 
(B) Transmission electron microscopy images of as-synthesised lead selenide nanorods and their different shaped by-products. Part A has 
been reproduced from data provided in [46] and Part B has been taken from [27].
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size of QD surface facets cause the formation of surface 
states, which are commonly located within the band gap 
of the semiconductor [47]. Such surface states are gener-
ally referred to as tail or trap states and are thought to 
be responsible for some of the voltage losses associated 
with QD devices. As the wavefunctions of charge carri-
ers are spatially confined in a smaller volume than in the 
parental bulk material [49], it follows that the probability 
of finding charge carriers at the particle surface is greatly 
increased. The consequence of both effects is that, in QDs, 
a significant proportion of generated charge carriers will 
get trapped at surface sites that are energetically removed 
from the semiconductor’s charge transport level [72]. This 
effect is exacerbated for MEG devices due to the require-
ment for strong confinement [73, 74].

It is generally accepted that the timescale for relax-
ing carriers into trap states does not compete with MEG 
itself (trap filling between 100  s of ps to microseconds 
depending on QD size and material) [75, 76]. However, 
surface-trapped carriers can be long-lived species and 
may therefore nominally charge the QD. Such effects 
have led to difficulties in measuring MEG rates: a trapped 
charge may stay on a QD, which upon re-excitation by a 
subsequent pulse, may form a trion species that can be 
mistakenly interpreted as an MEG signal thereby com-
plicating spectroscopic studies [43]. In solution-based 
measurements stirring the sample or the use of a flow cell 
prevents the same set of QDs being excited by consecu-
tive pulses [61]. In films, however, it remains challenging 
to isolate effects that influence the MEG process itself, its 
measurement or the extraction of the generated charges.

Using theoretical calculations, Jaeger et  al. showed 
that MEG

thE  is particularly sensitive to surface defects, most 
notably non-bonding selenium atoms on the typically 
lead-rich surface of PbSe QDs [57, 77]. Their calculations 
showed MEG

thE  to change from 2.6Eg to 2.9Eg in the presence 
of surface defects, which is in agreement with experimen-
tal results. In addition, Beard et  al. demonstrated that 
ηMEG is highly dependent on the QD surface. Altering the 
surface defect density by using different chemical treat-
ments showed that ηMEG can change from 1.0 (i.e. no MEG) 
to 2.4 [78].

On a more general level, surface trapped carriers are 
highly localised and are therefore challenging to extract 
during solar cell operation [79, 80]. Additionally, charge 
transport properties are intimately linked to the interpar-
ticle coupling constant within the QD film [81].

To harvest multiple excitons generated by MEG in a 
solar cell efficiently, it is thus important to develop strate-
gies for passivating QD surface trap states, while provid-
ing sufficient interparticle coupling.

The most widely applied methods to achieve both 
of these requirements have focused on the materials 
deployed around the QD core. These strategies use for 
such surface passivation either a ligand sphere of organic 
[55, 82, 83] and/or inorganic molecules [49, 80, 84] or 
a compact, inorganic layer of a wide-band gap semi
conductor [62, 85–88].

2.2.4.1  Surface passivation via ligand molecules
In lead chalcogenide QD films, dithiol molecules such 
as 1,2-ethanedithiol (EDT) or 1,3-benzenedithiol are most 
commonly used as organic surface ligands to passivate 
lead-rich cationic surface sites and to provide sufficient 
interparticle coupling [82, 83, 89]. While QDs passivated 
with dithiol ligands showed high charge-carrier mobili-
ties [90, 91] and competitive device performances in solar 
cells, no evidence for MEG could be found in devices [26, 
60]. Notably, in QD films where the particles have been 
treated with EDT exclusively, MEG seemed to be supressed 
[92]. Interestingly, Tisdale et al. found that PbSe QD films, 
treated with EDT and placed close to an electron accept-
ing metal oxide (MO) (e.g. TiO2), show ultrafast, hot elec-
tron transfer to the MO [93]. Considering the similar device 
architecture in common QD-based PV devices where a MO 
is used as electron acceptor [80, 94, 95], this transfer con-
stitutes another potential hot carrier decay channel com-
peting with MEG and hot carrier cooling (see Figure 2).

It appears that very small surface molecules, such as 
hydrazine, or even atomic-sized passivants such as halide 
species, provide efficient surface trap passivation thereby 
leading to competitive device performance [96–98]. 
Diamine molecules (instead of dithiols) showed signifi-
cant MEG yields in films that increased as the length of the 
diamine ligand was reduced [99]. PVs made using these 
films, however, do not show clear MEG enhancement to 
the photocurrent. Instead, supplementing these shorter 
ligands with longer, thiol-based surface molecules such 
as mercaptopropionic acid [90] or a mixture of EDT and 
hydrazine [100, 101] shows a clear contribution of MEG, 
but reduces carrier mobility and overall device efficiency 
[26–28].

Besides their direct influence on MEG, QD surface 
species can also have a significant impact on the charge 
transport properties of QD films. For instance, coordinat-
ing ligands of different electrostatic potential changes 
the surface dipole moment of QDs which can alter the 
absolute energy level of the particle by up to 0.9 eV [102]. 
Furthermore, the reducing character of molecules such as 
hydrazine has been shown to increase the n-type doping 
density of IV–VI QD films significantly [96]. Most efficient 
QD-based PV devices employ a heterojunction analogous 
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to a p-n junction at an interface between an n-type MO 
and a depleted, p-type QD layer [82, 103, 104]. It follows 
that the significant, ligand-associated changes in QD 
energetics and doping level to promote MEG in a device 
environment (e.g. by using hydrazine) are challenging to 
accommodate in the current device architecture tailored 
for highly efficient QD-based solar cells.

2.2.4.2  The impact of core-shell architectures on MEG
Tuning QD properties to promote MEG in PVs through dif-
ferent organic ligands has been explored extensively [26, 
27, 100]. There is general consensus that improved QD 
trap state passivation played a vital role in this improve-
ment particularly in improving the typically poor Voc of 
QD devices [97, 104]. The most effective method of surface 
passivation of QDs has been demonstrated to be a lattice-
matched, wide band-gap shell material, grown on the par-
ticle core [85, 87, 88, 105]. Surprisingly, recent spectroscopic 
reports on a variety of IV–VI QD core-shell architectures did 
not find an increased MEG quantum yield (QY) compared 
to core-only particles [62]. The authors attributed this to a 
calculated larger DOS, which intensifies the competition 
between hot carrier cooling and CM and therefore offsets 
the benefit of a reduced quantity of surface states.

3  MEG in QD-based solar cells
Having reviewed the most relevant theoretical aspects that 
may increase the photocurrent of QD-based solar cells via 

MEG, we will now focus on practical demonstration of 
these concepts in operational PV devices. To date, there 
are three reports showing the extraction of more than one 
charge carrier per incident photon in QD-based PVs. These 
devices therefore provide proof-of-concept studies under-
lining that MEG can indeed increase the photocurrent of 
operational solar cells. Each of these reports targets a dif-
ferent concept to modulate the carrier kinetics within the 
QD film in order to enhance the impact of MEG in a working 
device. Furthermore, while all three reports use different 
materials and/or material structures, they broadly follow 
the conventional PV device concept of a depleted hetero-
junction. As the latter architectural considerations of con-
ventional QD-based solar cells are not within the focus of 
this review, we refer the interested reader to other articles 
provided in the literature [106–108].

3.1  Tailoring the QD ligand chemistry

In their seminal report, Semonin et  al. [26] consider PV 
devices where PbSe QDs with short, di-thiol ligands 
molecules are paired with an electron-accepting MO. QD 
layers closest to the anode were treated with ultra-short 
diamines (see Figure 4A). For QDs with sufficiently narrow 
band gaps, peak EQEs beyond 100% were measured 
(Figure 4B). As mentioned above, applying either di-thiol 
or di-amine as the sole QD ligand did not produce such 
high EQE values [26, 96].

Considering the high absorption cross-section of 
QDs in the MEG-relevant energy spectrum (hνphoton > 2Eg), 

Figure 4: Device architecture and EQEs >100% for PbSe quantum dot-containing solar cells.
(A) Energy landscape of a solar cell based upon PbSe QDs which have been treated with 1,2-ethanedithiol (EDT) or hydrazine (HDZ). The 
difference in doping density in electron acceptor (ZnO) and QD film produces a depletion region within the QD layer, which drives charge 
extraction after free carriers have been generated. (B) External quantum efficiency (EQE) of the same PV device architecture showing the 
high-energy region for three different PbSe QD sizes. All QD sizes demonstrate the generation of more than one carrier produced per inci-
dent photon at hνphoton = 3.3 eV. Part B has been taken from [26].
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it was argued that photons contributing to MEG are 
only absorbed in a very thin layer, close to the electron-
accepting MO [109]. Such a close proximity to the 
interface has been shown to favour ultra-fast charge 
injection (<50 fs) which inhibits MEG loss processes 
like Auger recombination (see Figure 2) by separating 
charge carriers before they can recombine [110]. Impor-
tantly, tailoring the energetics between MO acceptor 
and QD donor through surface ligands has been shown 
to affect this electron transfer rate significantly [111, 
112]. Charge transfer rates are commonly influenced not 
only by the donor-acceptor energetics, but also by the 
coupling strength between the orbitals involved in the 
transfer process itself thereby allowing faster charge 
transfer in stronger coupled partners. Furthermore, 
applying hydrazine as ligands for particles close to the 
hole-extracting electrode shifts the QD energetics closer 
to the vacuum level (see Figure 4A). It follows that the 
depletion region within the QD film is extended, which 
increases the efficiency of charge extraction. The second 
effect of using hydrazine as a ligand is the very short 
interparticle spacing; this reduces the width of the tun-
nelling barrier between QDs thereby increasing carrier 
mobility of the film as a whole. Both effects are par-
ticularly beneficial for holes that are produced via MEG 
as they are commonly located far away from the hole-
extracting electrode and are thus prone to recombina-
tion during charge extraction [79, 82, 83].

Despite the advantageous effects of a mixed ligand 
strategy to promote hole extraction, it also reduces the 
achievable photovoltage of the device. In a conventional 
QD-based solar cell, the voltage is mainly defined by the 
quasi-Fermi level splitting between the (mostly p-type) QD 
donor and the (n-type) MO acceptor at the p-n junction [82, 
108]. The increased n-type doping density of the QD film 
introduced by the hydrazine ligands reduces this splitting 
and consequently lowers the extractable photovoltage. 
This is particularly problematic as the Voc in QD-based solar 
cells is already relatively poor due to other effects such as 
sub-band gap QD trap states [113] and interfacial trap-states 
(see Section 4) [79]. Furthermore, while ultra-short ligand 
molecules increase charge extraction, they also weaken 
the quantum confinement within the particles, which ulti-
mately interferes with the MEG mechanism itself.

It can thus be concluded at this stage that the reported 
PbSe QD-based devices provide a first proof-of-concept 
study for MEG being capable of enhancing the photocur-
rent in solar cells [26]. However, the depleted heterojunc-
tion device architecture [82] presents an issue in that 
context: whilst strong quantum confinement is required 
for efficient MEG, this confinement must be weak enough 

to allow sufficient interparticle coupling for efficient 
charge (especially hole) extraction.

3.2  Tuning the shape of the QD

One-dimensional, quantum-confined nanostructures 
(i.e. nanorods) have shown improved MEG efficiencies 
over spherical QDs not only on the single particle level 
[45, 46], but also in devices [27]. This has mainly been 
attributed to two effects: first, the stronger Coulomb 
matrix element in nanorods, which has been shown to 
increase MEG without altering the reverse process (i.e. 
Auger recombination [114]; see Section 2.2.2); secondly, 
the length of the nanorods themselves aids charge trans-
port as fewer interparticle hopping steps are required to 
reach the electrodes [115].

Besides the challenge of sufficient surface passiva-
tion in these nanostructures, it appears that the prepa-
ration of sufficient quantities of high-quality nanorod 
samples from materials relevant for PV applications is 
difficult [27]. Among other reasons, the centro-symmetric 
crystal structure of most commonly used low-band gap 
QD materials (e.g. the lead chalcogenides PbS, PbSe or 
PbTe) limits the yield of pure nanorods during synthe-
sis and promotes the formation of side products such as 
nano-crosses and nano-hooks that are difficult to sepa-
rate (see Figure 3B) [116].

Despite these synthetic challenges, a recent report 
demonstrating devices consisting of high-quality PbSe 
nanorods confirms that MEG in solar cells consisting of 
non-spherical nanostructures impacts the photocurrent 
more strongly than in analogous, spherical QD-containing 
samples [27]. In these devices it is specifically noted that 
only solar cells where the nanorods have been treated 
with halides and organic ligands showed clear evidence 
for MEG in the EQE spectra, again highlighting the impor-
tance of careful surface passivation. Additionally, com-
paring the absorbance-corrected QY or internal quantum 
efficiency (IQE) of devices containing nanorods showed 
substantially improved MEG performance over spherical 
QDs (see Figure  5). Interestingly, PbSe nanorods in the 
solid state show a sharper increase in QY with photon 
energy compared to equivalent nanorods in solution 
despite the fact that device IQEs are typically reduced by 
Auger recombination competing with charge separation 
and by regular device recombination losses (see Figure 5). 
Similar observations have been reported for spherical QDs 
where the MEG yield of particles in film and solution have 
been examined via microwave conductivity measure-
ments [117]. Possible explanations for this phenomenon 
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range from the formation of interparticle QD band struc-
tures in the solid state [117] to potential trap-assisted MEG 
mechanisms [118].

An additional difficulty of using nanorods as the 
main absorber in solar cells involves the deposition of 
films with adequate optical density and sufficient verti-
cal carrier mobility. It has been shown in films of non-
zero dimensional QDs (e.g. nanorods or tetrapods) that 
local “dead ends” in randomly deposited nanostructures 
increase the likelihood for carrier recombination thereby 
limiting carrier extraction [119]. However, large-scale ver-
tical ordering via self-assembly methods has been demon-
strated for high-quality nanorod samples [120]. If such a 
nanostructured film architecture can be fabricated using 
lead chalcogenide nanorods, it would allow efficient verti-
cal charge extraction whilst taking advantage of the high 
MEG yields in nanorods.

In addition to QDs and nanorods, there is recent evi-
dence for MEG occurring in two-dimensional nanosheets 
[121]. While it has been shown that these nanostruc-
tures convert the photon energy in excess of MEG

thE  very 
efficiently into additional charge carriers, these two-
dimensional nanosheets require high photon energies 
to unlock MEG MEG

th )3( gE E>  – an effect, which renders 
two-dimensional nanosheets ineffective as sole photon 
absorbers at this stage.

3.3  The choice of QD material

In a simplified picture, the efficiency of generating 
multiple-exciton states at early times is mainly influenced 

by a kinetic competition between the MEG process and 
ultra-fast hot carrier cooling of the photo-generated state 
(see Figure 2) [28, 122, 123]. At later times, the multiple-
exciton state may then either separate into free carriers or 
recombine (e.g. via an Auger process). In lead chalcoge-
nide QDs, the latter process proceeds on 20−200 ps time 
scales [51, 124]. As mentioned previously, charge separa-
tion can be at least two orders of magnitude faster if an 
ionising interface is in close proximity to the generated 
exciton [110]. Considering the high absorption cross-sec-
tion of QDs in the spectral region relevant for MEG (i.e. 
hνphoton > 2Eg) [109], most multiple-exciton states are con-
veniently generated close to an interface where a charge 
accepting material can drive efficient separation. It 
follows that the separation efficiency of the multiple-exci-
ton states is not systematically limiting further improve-
ments from MEG contributing to the photocurrent.

A different conclusion can be drawn for the early time 
MEG yield, where different materials have been shown to 
influence the generation of multi-exciton states via MEG 
strongly. For instance, spectroscopic results analysing 
MEG yield in lead chalcogenide QDs after few picoseconds 
are indicative of a sequentially increasing CM yield within 
the series PbS, PbSe and PbTe [69]. Although these QY 
measurements were conducted on particles of similar 
band gap, the varying Bohr radii of the materials means 
that this does not equate to the same degree of confine-
ment such that the degree of quantum confinement 
increases from PbS to PbTe. The observed increase in QY 
therefore follows the increasing Bohr exciton radii for PbS 
(18 nm), PbSe (46 nm) and PbTe (150 nm). Furthermore, 
recent reports confirm that this trend of increased MEG 
yield is also present in solar cells: incorporating PbTe 
QDs into working PV devices showed peak EQEs and IQEs 
(122 ± 4% and 155 ± 7%, respectively; see Figure 6A and B) 
[28], significantly higher than in devices consisting of 
PbSe QDs of comparable QD band gap (ca. 80% and 95%, 
respectively) [26].

Based on the stronger quantum confinement present 
in heavier lead chalcogenide QDs, there is an argument 
that the stronger matrix element driving the energy 
transfer process from single- to multiple-excitonic states 
can explain the higher QYs for PbTe QDs. For the reverse 
process (i.e. Auger recombination), which is governed by 
the same matrix element, no difference in recombination 
timescales as a function of apparent quantum confine-
ment has been found in the series PbS, PbSe and PbTe 
[31, 69]. Considering ultra-fast exciton separation close to 
QD-MO interfaces (see Section 3.1) [110] and material inde-
pendent Auger kinetics, it is conceivable that the higher 
MEG yields for heavy lead chalcogenide QD devices is due 

Figure 5: Internal quantum efficiencies (IQEs) of devices based 
upon PbSe nanorods of three different band gaps (coloured solid 
lines) and peak quantum yields of devices consisting of spherical 
PbSe QD (squares). The MEG quantum yields of PbSe nanorods 
in solution and of spherical PbSe QDs in solid state are shown as 
crosses and circles, respectively. The figure combines data from [26, 
27, 46, 117].
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to stronger quantum confinement allowing faster build-
up of multiple-excitonic states [31, 69]. These states are 
then separated efficiently before loss processes such as 
Auger recombination occur.

Another theory to explain the material-dependent 
MEG yields in lead chalcogenide QDs is the decreasing fre-
quency of longitudinal optical (LO) phonons in the series 
PbS, PbSe and PbTe [125]. If the LO phonon frequency 
becomes too small to bridge the energy gap between 
the discrete and energetically separated excited states, 
multi-phonon processes are required to cool the hot car-
riers, resulting in reduced cooling rates [31, 69]. As men-
tioned above, these arguments may explain slow carrier 
cooling at the band edge where the quantum confinement 
indeed produces discrete and separated states [47]. For 
the energy regime that is relevant to MEG (i.e. energeti-
cally removed from the discretised near-band edge states), 
these arguments do not hold and therefore cannot explain 

the apparent difference between the quantum efficien-
cies of PbSe and PbTe QD-based solar cells [26, 28]. And 
yet, recent spectroscopic measurement on lead chalcoge-
nide QDs are consistent with a transiently stable carrier 
population far away from the band edge in the energeti-
cally condensed energy manifold (see Figures 2 and 6C) 
[28, 66]. As briefly discussed above, one explanation for 
this phenomenon could be the existence of a high-energy 
point in the material’s band structure, which may act as 
a phonon scattering bottleneck. In this theoretical frame-
work the scattering wave vector of the emitted phonon 
has to change its direction in order to cool the hot carrier 
through the “critical” point in the energy manifold. This 
would increase the number of phonon emission events per 
energy interval, which consequently reduces the carrier 
cooling rate [66]. Note that in the context of MEG contrib-
uting to the device photocurrent, this bottleneck is only 
beneficial if it is located at or above MEG

th .E  Interestingly, 
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Figure 6: Evidence for carrier multiplication in PbTe quantum dot-containing solar cells.
(A) External and (B) internal quantum efficiencies of PbTe QD-based solar cells. The device architecture is sketched in the inset of (A). 
IQEExp (hν) and IQEModel (hν) are the internal quantum efficiencies determined via reflectance measurements and via transfer matrix model-
ling, respectively. (C) Pump-probe transient absorption experiment conducted on films of PbTe QDs suggesting a transiently stable carrier 
population at about 2.8 eV. (D) Photocurrent response as a function of time delay between excitation pulse and subsequent low-energy push 
pulse, which re-energises the initial carrier population. All parts of the figure have been taken from [28].
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ultra-fast transient photocurrent spectroscopy methods 
conducted on operational PbTe QDs solar cells and the 
device IQE characteristics both suggest that at least for 
PbTe QDs, MEG

thE  is indeed located at comparable energies 
to the bottleneck (see Figure 6B–D) [28].

Despite the photophysical advantages associated 
with PbTe QDs, it remains challenging to integrate these 
QDs into operational PV devices. One major complication 
in this context is the material’s low oxidation potential, 
which renders surface oxidation effects highly likely [126]. 
As a consequence, PV performance limitations such as 
hindered charge-carrier extraction through the QD film 
can be expected [127]. The recent demonstration of PV 
performance recorded from PbTe QD-based solar cells 
required particle synthesis and device fabrication proce-
dures, where extreme care was taken to exclude oxidising 
agents of any kind [28].

4  Future directions and outlook
To date all demonstrations of QD-based solar cells 
showing EQEs beyond unity followed different underly-
ing material paradigms to promote CM in the QD film 
(i.e. tuning of ligand chemistry, QD shape and material) 
[26–28]. Besides the QD film designs presented here, there 
are other promising quantum-confined materials includ-
ing indium phosphide QDs [7], (6,5) single-walled carbon 
nanotubes [128] and silicon QDs [58], which show high CM 
rates at comparably low photon energies MEG I.I.

th thi.e( ).. E E<  
It is therefore evident that despite the abundance of mate-
rials capable of producing high MEG yields, there is no 
clear picture on what QD properties govern the relevant 
MEG parameters MEG

thE  and ηMEG in a solar cell [29, 31, 32]. 
For further improvements in MEG-enhanced PV perfor-
mance, a deeper understanding of the MEG photophysics 
is therefore necessary.

An additional problem is the fact that most efforts to 
integrate the photophysics of MEG into operational solar 
cells rest upon the same device principle of a depleted 
heterojunction architecture [26–28]. While this structure 
has been shown to provide an acceptable compromise 
between the absorbance- and extraction-limited regime 
in conventional QD solar cells, different device archi-
tectures need to be considered to optimise MEG in PV 
devices [82, 95, 103, 129]. For instance, the high absorp-
tion cross-section of QDs in the energy range relevant for 
MEG (>2Eg) does not require a QD-film thickness of hun-
dreds of nanometres as is common in efficient, conven-
tional QD devices [95, 103, 130]. Furthermore, the major 

loss processes in conventional QD solar cells (i.e. single-
exciton decay and bi-molecular recombination) operate 
on nano- to microsecond timescales [107]. By contrast, in 
efficient, MEG-exploiting devices, the separation of the 
multiple-exciton state and subsequent charge extrac-
tion must proceed much faster (<10  s of ps) in order to 
supress performance-deteriorating processes such as 
Auger recombination and trion formation. We note that 
placing a thin (<50 nm) QD film next to a multiple-exci-
ton-ionising interface may accommodate both of these 
requirements efficiently and consequently enhances 
the photocurrent contribution of MEG significantly. If, 
however, the thin QD film is the only photoactive material 
in the device, the small photon absorption in the single-
exciton regime MEG

photon th( )i.e. h Eν <  is extremely limited 
allowing only low PV performances [131].

There are several device architectures proposed which 
could enable MEG to reach PV efficiencies beyond the SQ 
limit for single junction solar cells. Among the most prom-
ising concepts is the photocurrent enhancement of a bot-
tom-contact solar cell [based on a low-band gap absorber 
(e.g. GaInAs)], using a thin QD film processed on the 
opposite side of the electrodes (see Figure 7A) [12]. In this 
architecture most high-energy photons MEG

photon th )(h Eν >  
are absorbed by the QDs thereby allowing the genera-
tion of multiple excitons. Placing a bulk semiconductor 
next to a QD film has been shown to separate and trans-
fer the excitations from the particles into the bulk mate-
rial [134]. Meanwhile, the remaining low-energy photons, 
which pass through the QD film can be absorbed by the 
bulk semiconductor thereby producing charge carriers in 
a separate process. It follows that in such a tandem-like 
architecture, CM effects in QDs can supplement the high 
efficiency of well-known conventional solar cells. We note 
that a similar tandem-like concept has been proposed for 
singlet fission-associated CM observed in small organic 
molecules [135–137]. Despite the observed high quantum 
yield in some materials (200% in molecular pentacene) 
[18, 137], it remains challenging to demonstrate energy 
transfer across the hybrid interface of the tandem-like 
architecture.

Another concept to exploit MEG more efficiently than 
in current depleted heterojunction PV devices considers a 
nanostructured heterointerface between QDs and a charge 
accepting material (see Figure 7B). Key to this architecture 
is that the device parameters relevant for photon absorp-
tion and multi-exciton separation do not compete along 
the same direction. Consequently, no trade-off in QD 
film thickness has to be made between absorption- and 
extraction-limited regimes. For instance, long nanowires 
of for example a metal oxide allow deep percolation 
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of QDs thereby creating a long optical path for efficient 
photon absorption [138]. At the same time, all QDs are 
placed close to an ionising interface with the MO, which 
guarantees fast separation of the generated multi-exci-
tons. There are, however, challenges which still need to be 
overcome (i.e. many shunting pathways due to long and 
non-uniform nanowires [139] and enhanced trap-medi-
ated recombination caused by the significantly increased 
interfacial area) [79]. It can be concluded at this stage 
that adopting QD solar cell architectures according to a 
tandem-like principle or a nanostructured device environ-
ment may enable MEG to contribute to the photocurrent of 
a PV device more efficiently.

And yet, it is possible that these photocurrent 
improvements may not be sufficient to promote QD mate-
rials to relevant players in the PV market of the imminent 
future. Instead of boosting the photocurrent via pro-
cesses like MEG, it appears that minimising losses to the 
photovoltage maybe a more important factor for advanc-
ing solar cell technology in the mid-term. That is due to 
recently emerging concepts based on rigorous light-trap-
ping techniques [140], solar photon concentration [141] 
and highly luminescent semiconductors [132, 142], which 
are already being introduced in present day’s PV market 
[143]. Similarly, techniques to reduce photovoltage losses 
in QD-based solar cells are put in the research focus of an 
increasing number of groups [95, 104]. Interestingly, the 
resulting highly efficient solar cells do not necessarily rely 
on a fully depleted QD film for charge extraction but func-
tion similar to conventional bulk semiconductor devices 
where carrier diffusion is responsible for efficient charge 

transport to the electrodes. It is worth noting that these 
improvements have been the result of refined QD material 
synthesis and deposition techniques, but increasingly due 
to adjustment in the device architecture [104, 144].

5  Conclusions
To conclude, MEG has been shown to be a promising, 
photophysical process to increase the extractable photo-
current in a solar cell. However, even within the reports 
discussed here, the impact of MEG on the overall device 
performance remains low; challenges such as a “soft” and 
high MEG thresholds as well as non-ideal device architec-
tures have restricted the potential of CM in QD devices. 
Unravelling the detailed mechanism of MEG in an envi-
ronment, which also considers device relevant para-
meters (e.g. internal field, ionising interfaces, etc.), will be 
an important scientific milestone in the near future. Fur-
thermore, conventional QD-based PVs have been devel-
oped within an architectural framework allowing efficient 
charge extraction on nano- and microsecond timescales. 
To exploit MEG in a device environment more efficiently, 
measures to accommodate the relevant requirements for 
efficient CM, multi-exciton separation on sub-picosecond 
timescales and carrier extraction require further research. 
It remains to be seen if alternative structures, such as tan-
dem-like architectures or nanostructured device environ-
ments, will fully realise MEG in QD-based devices thereby 
driving PV performances beyond the Schockley-Queisser 
limit for single junction solar cells.

Figure 7: Potential methods for upgrading state-of-the-art solar cells utilising carrier multiplication in quantum dots.
Schematics of (A) an MEG-enhanced, interdigitated bottom-contact solar cell [132]. High-energy photons (blue arrows) are absorbed in the 
thin QD layer processed on top of a bulk semiconductor where they can undergo MEG. The carriers from the generated multi-exciton state 
are subsequently transferred to the low band gap semiconductor and can contribute to the photocurrent. Meanwhile, photons of lower 
energy are more likely to pass through the QD film due to the lower absorption cross-section and can be absorbed and converted into 
charge carriers in the bulk semiconductor. (B) A device concept based upon a nanostructured hetero-interface between QD absorber and 
metal oxide acceptor. Here most multiple-exciton states are generated close to an ionising interface. Both an efficient harvest of multi-exci-
ton states and long optical path lengths for absorbing solar photons are possible. Part B is taken from [133].
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