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Understanding the behaviour of multiple exciton dissociation in

quantum dot (QD) solid films is of fundamental interest and para-

mount importance for improving the performance of quantum dot

solar cells (QDSCs). Unfortunately, the charge transfer behaviour of

photogenerated multiple exciton in QD solid films is not clear to date.

Herein, we systematically investigate the multiple exciton charge

transfer behaviour in PbS QD solid films by using ultrafast transient

absorption spectroscopy. We observe that the multiple exciton

charge transfer rate within QD ensembles is exponentially enhanced

as the interparticle distance between the QDs decreases. Biexciton

and triexciton dissociation between adjacent QDs occurs via a charge

transfer tunneling effect just like single exciton, and the charge

tunneling constants of the single exciton (b1: 0.67 � 0.02 nm�1),

biexciton (b2: 0.68 � 0.05 nm�1) and triexciton (b3: 0.71 � 0.01 nm�1)

are obtained. More importantly, for the first time, the interparticle

distance limit (r4.3 nm) for multiple exciton charge transfer between

adjacent QDs is found for the extraction of multiple excitons rapidly

before the occurrence of Auger recombination. This result points out

a vital and necessary condition for the use of multiple excitons

produced in PbS QD films, especially for their applications in QDSCs.

Introduction

Quantum dot solar cells (QDSCs) are considered to be one of
the most promising candidates for the new-generation photo-
voltaics due to multiple exciton generation (MEG) in QDs.1–10

In the MEG process, a single high energy photon can generate
more than two excitons (electron–hole pairs) across the band
gap, which is potentially vital for photocurrent improvements
and thus the energy conversion efficiency of the solar devices.
The MEG process is known as the inverse Auger recombination
(AR) process,1 in which the electron (e)–hole (h) recombination
energy is transferred to a third charge (e or h) that is re-excited
to a higher-energy state.11 Quantum confinement of the exciton
in a QD enhances the exciton–exciton interactions, which leads
to MEG and AR processes.12 Thus, a detailed and deep under-
standing of the dynamics of multiple excitons, including their
generation and dissociation, is very important for applying
MEG to enhance the photovoltaic performance of QDSCs.

The mechanism of MEG and AR processes in colloidal QDs
have been studied using ultrafast transient absorption (TA)
spectroscopy.2,11–13 The probability of MEG and AR can be
greatly enhanced due to carrier confinement and increased
e–h Coulomb interaction.4,14 It is known that MEG has been
observed not only in solution but also in closely packed QD
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Conceptual insights
In this study, we report the interparticle distance dependent multiple
exciton dissociation behaviour in quantum dot (QD) solid films for the
first time, and we systematically investigate the complex multiple exciton
charge transfer behaviour in PbS QD solid films using ultrafast transient
absorption spectroscopy. We found that the charge transfer rate constant
ket of the single exciton, biexciton and triexciton within the QD solid film
is exponentially enhanced as the interparticle distance between the QDs
decreases, where charge transfer occurs via the tunneling effect between
neighboring QDs. More importantly, when the QD center-to-center distance
is smaller than 4.3 nm (or QD–QD spacing is smaller than 0.8 nm), multiple
excitons can be rapidly extracted before the occurrence of Auger recombina-
tion. This result reveals the reason why above 100% incident photon to
current conversion efficiency (IPCE) could only be observed in short surface-
ligand treated QD based devices to date. Our finding points out a vital
condition for using the multiple excitons in QD solid films and will be
beneficial for the use of multiple exciton generation (MEG) in QDs to
improve the performance of quantum dot solar cells and could have
important implications in the development of this technology.
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solid films such as PbS and PbSe QD films as the excitation
photon energy exceeds 2.7 times Eg,2,4,15–23 and improvement of
the incident-photon-to-current efficiency (IPCE) of over 100%
has also been experimentally demonstrated.24,25 Surface passi-
vation and modification of QDs is significantly important to
enhance the photovoltaic performance of QDSCs.5,26–42 Designed
surface treatment of QDs can improve the mobility of carriers
and reduce the non-radiative carrier recombination.39,43–52 In
particular, in QD solid films, the interparticle distance between
the QDs can be controlled by the length of surface ligand of the
QDs.53 It was reported that QD solid films treated with short
ligands have strong electronic interaction between the QDs,
which can improve carrier mobility.45,54 However, to date, the
deeper reason behind this result has not been revealed and
the charge transfer mechanism of multiple excitons between
adjacent QDs is not fully understood. Thus, the study of the
dynamics of multiple excitons in QD solid films is essential to
realize the extraction of excitons and high performance of QDSCs
based on MEG.

In this study, we report interparticle distance dependent
multiple exciton dissociation in PbS QD solid films. Herein, PbS
QD solid films were fabricated by a layer-by-layer method using
different mercaptoalkanoic acids (MAA) such as 3-mercapto-
propionic acid (3-MPA), 6-mercaptohexanic acid (6-MHA),
12-mercaptohexanic acid (12-MDA) and 16-mercaptohexadecanoic
acid (16-MHDA) to replace the original surface ligands (i.e. oleic
acid (OA)) of the colloidal PbS QDs. Based on this design, the
interparticle distance between PbS QDs was well controlled by
the length of the MAA.53 Using the same binding structure of
these MAA ligands to the QDs, we observed the dependency of
the exciton dissociation dynamics in PbS QD solid films to the
QD center-to-center distance. We found that biexciton and
triexciton dissociation between adjacent QDs can occur rapidly
via charge transfer tunneling effects just like for single excitons,
and the obtained charge tunneling constants of single exciton
(b1), biexciton (b2) and triexcitons (b3) are 0.67 � 0.02 nm�1,
0.68 � 0.05 nm�1 and 0.71 � 0.01 nm�1, respectively. More
importantly, we discovered that when the QD center-to-center
distance between the PbS QDs is smaller than 4.3 nm (or an
interparticle spacing smaller than 0.8 nm), multiple excitons
can be rapidly extracted before the occurrence of Auger recom-
bination. This result reveals the reason why over 100% IPCE has
only been observed in short surface ligand treated QD based
devices to date.24,25 Our finding points out a necessary condi-
tion for using multiple excitons in QD solid films and will be
beneficial for using the MEG in QDs to improve the performance
of QDSCs.

Results and discussion

We initially investigated PbS QDs surface chemistry using
Fourier transform infrared absorption (FTIR) spectroscopy.
Fig. S1 (ESI†) shows the FTIR spectra of PbS QD solid films
before and after MAA ligand exchanges. FTIR results confirm
that new MAA ligand can be capped on the QDs surface after

ligand exchange. In order to evaluate the interparticle distance
between adjacent PbS QDs, which are capped by different MAA
ligands, monolayer PbS QDs are deposited on an ultrathin
carbon film and characterized by high resolution transmission
electron microscopy (HRTEM). Fig. S2 (ESI†) shows the HRTEM
images of PbS QD ensembles with various MAA ligands. It can
be evidently seen that the size of PbS QD is about 3.5 nm and
the borderlines of the MAA treated QDs are more distinct than
that of OA-capped PbS QD film, which are in good agreement
with the removal of OA ligands from the QDs surface. The
averaged QD center-to-center distance was calculated as
4.0 � 0.3 nm, 4.3 � 0.4 nm, 4.8 � 0.3 nm and 5.6 � 0.4 nm
for 3-MPA, 6-MHA, 12-MDA and 16-MHDA ligand treated QDs,
respectively. And the averaged QD–QD spacing was calculated
as 0.5 � 0.2 nm, 0.8 � 0.4 nm, 1.3 � 0.4 nm and 2.1 � 0.4 nm
for 3-MPA, 6-MHA, 12-MDA and 16-MHDA ligand treated QDs,
respectively. Interestingly, the averaged QD center-to-center
distance and averaged QD–QD spacing in these MAA treated
films was found to linearly increase from 4.0 nm to 5.8 nm and
from 0.5 nm to 2.3 nm as the number of carbon atoms of the
corresponding ligands increases from 3 to 18 as shown in Fig. 1
and Fig. S3 (ESI†), respectively.

Optical absorbance spectra of the four types of MAA ligand
treated PbS QD solid films and isolated OA-capped PbS QDs
solution are shown in Fig. S4a (ESI†). We investigated the
exciton relaxation dynamics of the four types of PbS QD solid
films using TA measurements. In Fig. 2a, as an example, the
spectro-temporal TA map together with the ground-state absorp-
tion spectrum of 6-MHA treated PbS QD solid film are shown.
It can be evidently observed that the optical absorption peak
and TA bleaching peak around 1035 nm of the 6-MHA treated
PbS QD solid film correspond to the lowest-energy excitons in
the PbS QD solid film. In order to observe the single exciton
(1 e–h pair) relaxation dynamics in the MAA treated PbS QD
solid films, TA spectra were measured under low excitation
fluences (B10 mJ cm�2, which will be discussed in detail later),
which is the condition for minimizing Auger recombination
and maintaining signal-to-noise ratio during the TA measure-
ment. Fig. S4b (ESI†) shows the TA responses of the lowest
energy exciton in the 3-MPA, 6-MHA, 12-MDA and 16-MHDA
treated PbS QD solid films and isolated OA-capped PbS QDs in

Fig. 1 The linear relationship between the QD center-to-center distance
and the number of carbon atoms in the capping ligands.
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an octane solution. In the TA measurements, all samples are
pumped by 470 nm (2.64 eV) laser pulses, of which the photon
energy is about 2.2 times of Eg, where Eg is the peak energy of
the lowest-energy exciton in each PbS QD solid film. The
photoinduced transmission changes DT/T of all samples are
positive, representing the bleach of the lowest exciton state. As
shown in Fig. S4b (ESI†), no significant decay of the TA signal
intensities for 16-MHDA treated film and isolated PbS QDs in
solution can be observed in the timescale up to 1 ns. This
suggests that there is no exciton dissociation, i.e. no charge
transfer from one QD to the neighbouring QD in both samples.
This is because the QD center-to-center distance is too large for
charge transfer between the two neighbouring QDs. In contrast,
for the 3-MPA, 6-MHA and 12-MDA treated films, the TA signal
intensities decay faster than that of the 16-MHDA treated film
under the same excitation fluence. This indicates that an
efficient charge transfer (1 e–h pair relaxation) channel appears
in those three short-ligand (3-MPA, 6-HMA and 12-MDA) treated
films. Then we can calculate the charge transfer rate constant
k1et, i.e. the exciton lifetime t1 (1/k1et) by fitting the TA decay
curves with a single exponential function (Table S1, ESI†). As
shown in Fig. S4b (ESI†) (solid lines), the fitting results repro-
duce the experimental results well. Interestingly, as shown in
Fig. 2b, the relationship between the averaged QD center-to-
center distance d and the charge transfer rate constant k1et of
the 1 e–h pair can be well fitted by a single exponential decay
function as reported in our earlier report.55 This behaviour can
be explained very well by the Marcus theory in which the charge
transfer rate constant ket (i.e. the k1et here) corresponds to the
following model:56

ket = k0e(�bd) (1)

where b is the charge tunneling constant and d is the donor–
acceptor distance, which is the averaged QD center-to-center
distance here.57 And as shown in Fig. S5 (ESI†), the relationship
between the averaged QD–QD spacing and k1et can also be well
fitted by eqn (1). This result strongly indicates that the behav-
iour of the charge transfer of 1 e–h pair in the MAA-capped
PbS QD solid films is dominated by the tunneling mechanism,

and shorter ligands lead to a faster charge transfer rate. The value
of the charge tunneling constant for 1 e–h pair (i.e. single exciton),
namely b1, can be extracted from eqn (1) as 0.67 � 0.02 nm�1.

Next, to explore the interparticle spacing dependent multi-
ple exciton relaxation dynamics in the closely packed PbS QD
solid films, the TA decay behaviours of the PbS QD solid films
capped by different ligands were investigated under various
excitation fluences of the pump light with the same wavelength
of 470 nm (i.e., a photon energy of 2.64 eV). Fig. 3a and b show
the TA responses of 16-MHDA and 3-MPA treated PbS QD solid
films under various excitation fluences. As the excitation flu-
ence increases, fast-decay components can be observed in both
the 16-MHDA and 3-MPA treated PbS QD solid films. Fig. 3c and
d show the excitation fluence dependence of TA signal inten-
sities at a delay time of 1 ns (after the finish of AR) for 16-MHDA
and 3-MPA treated films, respectively. For the 16-MHDA treated
films, the TA signal intensity at 1 ns increases as the excitation
fluence increases and saturates at about 150 mJ cm�2. Since AR
occurs at a fast timescale from a few tens to hundreds of
picosecond in the photoexcited QDs, almost all the photoexcited
QDs include only one single exciton at longer times, such as 1 ns
after the AR is finished. Thus, the TA signal intensities at the
longer time correspond to the initial number of the photoexcited
QDs. It is known that the probability of the initial generation of
the multiple excitons (e–h pairs) in a QD can be expressed with a
Poisson distribution, Pn(N0), where n is the number of the e–h
pairs in a QD and N0 is the average number of the e–h pairs per
QD immediately after photogeneration, respectively.47,58 N0 is
described by the product of the photon fluence Jp and the
absorption cross section s (N0 = Jps).59 Hence, TA signal inten-
sities at 1 ns are given by:60

DT=T t ¼ 1 nsð Þ /
X1
n¼1

Pn N0ð Þ ¼ 1� e �Jpsð Þ (2)

As shown in Fig. 3c, the fitted results by eqn (2) can reproduce
the experimental results very well, which verifies that the multiple

Fig. 2 (a) Spectro-temporal TA map together with the ground-state
absorption spectrum of 6-MHA treated PbS QD solid film. The negative
signal in the changes of absorption (i.e., the positive value of DT) indicates the
photobleaching of the exciton state. (b) Correlation between the averaged
QD center-to-center distance (d) and the charge transfer rate constant (k1et)
of 1 e–h pair from which the exciton lifetimes were calculated in Fig. S4b
(ESI†). Single exponential decay fit (eqn (1)) (dotted line) indicates that the
charge transfer occurs via tunneling of charge.

Fig. 3 Excitation-fluences dependent TA time decay curves of (a) 16-MHDA
and (b) 3-MPA treated films. TA signals of (c) 16-MHDA and (d) 3-MPA treated
films vs. the excitation fluence (J) at a delay time of 1 ns. The solid curves are
the fitting results.
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exciton relaxation in 16-MHDA treated film is dominated by AR.
The value of s is obtained to be 9.9(�0.5) � 10�15 cm2. The
dependence of the TA signal intensity at 1 ns versus the photon
fluence of the pump light for the 16-MHDA treated films, i.e.,
the decay behaviour of the multiple exciton is very similar to
that of the isolated QD solution (Fig. S6e, ESI†), which confirms
that the electronic interactions between the adjacent QDs in
16-MHDA treated film are negligible.

In contrast, for 3-MPA, 6-MHA and 12-MHDA treated films,
the excitation-fluence dependent TA signal intensities at 1 ns of
these three films are different from those of the 16-MHDA
treated film and isolated QDs in solution (Fig. S6, ESI†). These
results indicate that besides the AR relaxation process, other
relaxation processes for the multiple exciton occurred in the
closely packed films. One possible process is the dissociation
of the multiple exciton through charge transfer between the
neighbouring QDs in the closely packed films because the
averaged QD center-to-center distance of the 3-MPA, 6-MHA
and 12-MHDA treated films is shorter than that of 16-MHDA
treated film: biexcitons and triexcitons in a single QD can
transfer to the adjacent QDs like a single exciton as discussed
above. According to the report of Kanemitsu et al.,60,61 the
influence of this charge transfer process can be expressed by
modifying eqn (2) for the TA signal intensities in the closely
packed films at 1 ns as follows:

DT=T t ¼ 1 nsð Þ / 1� Kð Þ
X1
n¼1

Pn N0h ið Þ þ K
X1
n¼1

nPn N0h ið Þ

¼ 1� Kð Þ 1� e �Jpsð Þ
� �

þ KJps

(3)

where K is the probability of the charge transfer occurring. In
eqn (3), the first and second terms belong to the AR and the
dissociation of multiple exciton caused by charge transfer,
respectively. When the charge transfer in a single QD including
n excitons generates n QDs including a single exciton, the TA
signal intensity resulting from the charge transfer should be
KnPn(N0) at 1 ns.60 Thus the TA signal intensity at 1 ns shows
no saturation behavior with excitation fluence increasing. As
shown in Fig. 3c and d and Fig. S6 (ESI†), the solid curve is the
fitting result using eqn (3), which reproduces the experimental
result very well. The values of the carrier transfer possibility
K and the absorption cross section s obtained from the fitting
results are summarized in Table 1. As the averaged QD center-
to-center distance decreases, the carrier transfer possibility

K increases, because the increasing overlap of the wave
functions of each QD results in rapid carrier transfer into
adjacent QDs.

To gain a detailed understanding of the multiple exciton
relaxation dynamics, we used a simple subtractive procedure to
characterize the relaxation of different multiple-pair QD states
from the TA decay curves.62 The average number of photo-
excited e–h pairs per QD is calculated using N0 = Jps.59,62 When
the range of the average number of e–h pairs per QD N0 is
changed from 0.5 to 2.5 (Fig. S7, ESI†), the multiple exciton
relaxation dynamics can be described by a triple exponential
function:

N(t) = A1e�t/t1 + A2e�t/t2 + A3e�t/t3 (4)

where An is the time-independent coefficients determined by
the number of e–h pairs per QD and tn is the lifetime of the
n-pair states.62 We subtracted the TA decay curves measured at
lower excitation fluence from those measured at higher excita-
tion fluence to obtain a single exponential curve. The lifetimes
of t2 and t3 can be extracted by fitting the single exponential
function to the TA decays, which are obtained by subtracting
the TA decay curve at hN0i o 1 from that at 1 o hN0i o 2 and
subtracting the TA decay curve at 1 o hN0i o 2 from that at
2 o hN0i o 3, respectively. Fig. 4 shows the TA decays derived
from the subtractive procedure and the fitting results using a
single exponential function (Fig. S7, ESI†). The decay rate con-
stants k2 of the biexciton (2 e–h pairs) and k3 of the triexciton
(3 e–h pairs), which are the inverse of the lifetimes t2 and t3, are
shown in Fig. 5a as a function of the QD center-to-center distance
for each film. As the QD center-to-center distance decreases, the
decay rate constants k2 and k3 of the multiple exciton increases.
From prior results of the charge transfer possibility K, we can
consider that the increase of the multiple exciton decay rates
results from the dissociation of the multiple exciton due to charge
transfer.

Table 1 Summary of carrier transfer probability K, and absorption cross
section s of different MAA ligands treated films and OA-capped PbS QDs in
octane

Ligand K s (cm2)

3-MPA 0.044(�0.002) 1.4(�0.3) � 10�14

6-MHA 0.023(�0.003) 1.2(�0.1) � 10�14

12-MDA 0.018(�0.003) 1.0(�0.2) � 10�14

16-MHDA 0 9.9(�0.5) � 10�15

OA 0 2.8(�0.9) � 10�15

Fig. 4 Relaxation dynamics of 2 and 3 e–h pair states of (a) 3-MPA,
(b) 6-MHA, (c) 12-MDA and (d) 16-MHDA treated films by extracting the
TA decay curve at hN0io 1 from that at 1 o hN0io 2 and subtracting the
TA decay curve at 1 o hN0i o 2 from that at 2 o hN0i o 3, respectively.
The solid curves are fitting curves obtained by fitting the experimental data
to a single exponential function.
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We sought to gain further insight into the multiple exciton
dissociation dynamics through charge transfer. To do so, we
calculated charge transfer rate constants k2et and k3et of the
2 and 3 e–h pairs, respectively. In 16-MHDA treated films, the
multiple exciton relaxation dynamics is assumed to be only
dominated by the AR process because of very weak electronic
interactions between the QDs. Therefore, we can calculate the
Auger recombination rate constants k2AR and k3AR, which are
the inverse of the multiple exciton lifetimes t2 and t3 in the case
of 16-MHDA treated film. Then, assuming that the Auger recom-
bination rate constants k2AR and k3AR are the same in the PbS QD
films treated by different MAA ligands in this study, we can
calculate multiple charge transfer rate constants k2et and k3et

from the measured exciton lifetimes of each MAA ligand-treated
films via the following equation and the results are shown in
Fig. 5b and c:

ket ¼
1

t 3-MPA or 6-MHA or 12-MDAð Þ
� 1

t 16-MHDAð Þ
(5)

From Fig. 5b, c and Fig. S8a and b (ESI†), we find that the
charge transfer rates of the 2 and 3 e–h pairs are well described by
a single exponential decay function of the QD center-to-center
distance and the QD–QD spacing, similar to that of the 1 e–h pair.
The values of the charge transfer rate constants k2et and k3et and
Auger recombination rate constants k2AR and k3AR are summarized
in Table 2. In particular, when the QD center-to-center distance
(or interparticle spacing) is smaller than 4.3 nm (or 0.8 nm) in the
case of 3-MPA and 6-MHA treated PbS QD solid films, the charge
transfer rate constants k2et and k3et are larger than the Auger
recombination rate constants k2AR and k3AR of those samples. This
result indicates that in those samples, multiple excitons can be
rapidly extracted before the onset of Auger recombination.
Moreover, we determined the charge tunneling constants b2

and b3 by fitting Fig. 5b and c to eqn (1). The extracted values of

the charge tunneling constantsb2 and b3 are 0.68 � 0.05 nm�1

and 0.71 � 0.01 nm�1, respectively, which are close to that of
the single charge tunneling constants b1. Therefore, we find
that the dissociation of multiple exciton in closely packed films
also occurs via the tunneling effect just like the behaviour of a
single exciton in the QD films.

Conclusions

In summary, the interparticle distance between the PbS QDs were
well controlled by using different length MAA surface ligands,
and the QD center-to-center distance in these MAA treated films
was found to linearly increase as the number of carbon atoms in
corresponding ligands increased. Evidence of interparticle dis-
tance dependent photogenerated multiple exciton dissociation in
closely packed QD solid films has been shown for the first time.
Our results show that the dissociation process of single exciton,
biexciton and triexciton occur via tunneling of charges between
neighboring QDs, and the obtained charge tunneling constants
for the single exciton (b1), the biexciton (b2) and the triexciton (b3)
are 0.67 � 0.02 nm�1, 0.68 � 0.05 nm�1 and 0.71 � 0.01 nm�1,
respectively. More importantly, for the first time, we found that
the QD interparticle distance (or spacing) limit of multiple
exciton extraction is 4.3 (or 0.8) nm, which clarifies one vital
condition for using multiple excitons in packed QD solid films
before the occurrence of Auger recombination. This result reveals
the reason why above 100% IPCE could only be observed in short
surface-ligand treated QD based devices to date. Our finding
suggests that there is a large possibility to apply MEG in QDSCs.
We consider that our results contribute to a further fundamental
understanding of the improvement in the photovoltaic efficiency
of QDSCs.
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Fig. 5 Correlation between QD center-to-center distance and (a) the decay rate constant (k = t�1), and charge transfer rate constants k2et and k3et of
2 e–h pairs (b) and 3 e–h pairs (c) for MAA ligands treated films. A single exponential decay fitting (dotted line) indicates that the carrier transfer occurs via
tunneling of charge through a potential barrier.

Table 2 Summary of the charge transfer rate constants k2et and k3et and
Auger recombination rate constants k2AR and k3AR

QD center-to-center
distance (nm) k2et (ns�1) k3et (ns�1) k2AR (ns�1) k3AR (ns�1)

4.0 � 0.3 (3-MPA) 4.3 � 0.2 9.0 � 0.1 1.4 � 0.1 3.2 � 0.2
4.3 � 0.4 (6-MHA) 2.9 � 0.1 5.9 � 0.2 1.4 � 0.1 3.2 � 0.2
4.8 � 0.3 (12-MDA) 1.2 � 0.2 2.9 � 0.2 1.4 � 0.1 3.2 � 0.2
5.6 � 0.4 (16-MHDA) 0 0 1.4 � 0.1 3.2 � 0.2
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