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CONSPECTUS: In a conventional photovoltaic device (solar cell or photodiode) photons are Mu‘ﬁf’ﬁ”gﬁ(m
absorbed in a bulk semiconductor layer, leading to excitation of an electron from a valence band - N Charge
to a conduction band. Directly after photoexcitation, the hole in the valence band and the - ’ Escape
electron in the conduction band have excess energy given by the difference between the photon = AL 2

. . P g e « " RS , —_—
energy and the semiconductor band gap. In a bulk semiconductor, the initially hot charges rapidly \/ & — )
lose their excess energy as heat. This heat loss is the main reason that the theoretical efficiency of \, N )
a conventional solar cell is limited to the Shockley—Queisser limit of ~33%. The efficiency of a -

photovoltaic device can be increased if the excess energy is utilized to excite additional electrons
across the band gap. A sufficiently hot charge can produce an electron—hole pair by Coulomb
scattering on a valence electron. This process of carrier multiplication (CM) leads to formation of two or more electron—hole

pairs for the absorption of one photon.

In bulk semiconductors such as silicon, the energetic threshold for CM is too high to be of practical use. However, CM in
nanometer sized semiconductor quantum dots (QDs) offers prospects for exploitation in photovoltaics. CM leads to formation
of two or more electron—hole pairs that are initially in close proximity. For photovoltaic applications, these charges must escape
from recombination. This Account outlines our recent progress in the generation of free mobile charges that result from CM in
QDs. Studies of charge carrier photogeneration and mobility were carried out using (ultrafast) time-resolved laser techniques

with optical or ac conductivity detection.

We found that charges can be extracted from photoexcited PbS QDs by bringing them into contact with organic electron and
hole accepting materials. However, charge localization on the QD produces a strong Coulomb attraction to its counter charge in
the organic material. This limits the production of free charges that can contribute to the photocurrent in a device.

We show that free mobile charges can be efficiently produced via CM in solids of strongly coupled PbSe QDs. Strong electronic
coupling between the QDs resulted in a charge carrier mobility of the order of 1 cm* V™' s™!. This mobility is sufficiently high so
that virtually all electron—hole pairs escape from recombination.
The impact of temperature on the CM efliciency in PbSe QD solids was also studied. We inferred that temperature has no
observable effect on the rate of cooling of hot charges nor on the CM rate.

We conclude that exploitation of CM requires that charges have sufficiently high mobility to escape from recombination. The
contribution of CM to the efficiency of photovoltaic devices can be further enhanced by an increase of the CM efficiency above
the energetic threshold of twice the band gap. For large-scale applications in photovoltaic devices, it is important to develop

abundant and nontoxic materials that exhibit efficient CM.

1. INTRODUCTION

Electrons in a semiconductor can be excited across the band
gap by absorption of a photon. Absorption of a photon with
energy equal to the band gap, E,, leads to the production of an
electron—hole pair at the band edge, with the electron at the
bottom of the conduction band and the hole at the top of the
valence band. A photon with energy exceeding the band gap
yields an initially hot electron—hole pair with an excess energy
equal to the difference between the photon energy and the
band gap. The hot electron and hole subsequently relax to the
band edge states by energy dissipation, see Figure 1. This
charge cooling process can occur by transfer of excess energy to
lattice vibrations (phonons). Another possibility is that a hot
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charge undergoes one or more Coulomb scattering events on
valence electrons, leading to the production of additional
electron—hole pairs. This phenomenon of carrier multiplication
(CM, also known as “multiple exciton generation” or “impact
ionization”) allows a single photon of sufficient energy to
generate two or more electron—hole pairs. Understanding the
way in which material composition and (nano)structure affect
CM is of fundamental scientific interest and is important for
explolita3tion of CM in highly efficient third-generation solar
cells.”~
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Figure 1. (left) Photoexcitation of a bulk semiconductor leads to
formation of a hot electron and hole that usually lose their excess
energy as heat due to phonon emission. (right) Carrier multiplication
in a quantum dot results in excitation of additional electrons across the

band gap.

Although CM does occur in traditional solar cell materials
such as bulk silicon, it has no practical benefit due to the high
energetic threshold for CM near 4 eV and consecél‘uently
insignificant occurrence under solar illumination."* The
prediction in 2002%° that CM may be more efficient in
nanometer-sized semiconductor crystals (nanocrystals) than in
bulk has prompted a highly active field of research on CM in
nanocrystals, with the first experimental observation of CM in
colloidal PbSe quantum dots in 2004.” For nanocrystals, a CM
threshold energy <3E; has been found, which is significantly
less than the onset of 4E, or more for bulk semi-
conductors."**?

Recent reviews on effects of size, composition, and shape of
nanocrystals on CM can be found elsewhere.”® Briefly, CM has
been observed in a variety of nanocrystals consistin§ of a single
semiconductor material (lead chalcogenides,m_1 cadmium
chalc:ogenides,13 indium phos hide,"* and silicon">™'®) and
alloy or core—shell structures.””~>* The efficiency and thresh-
old energy of CM depend on the nanocrystal material, due to
variations in the effective masses of electrons and holes and in
the strength of the electron—phonon interaction.'** The
efficiency of CM in lead chalcogenide nanocrystals increases on
variation of the shape from quantum dots to elongated
nanorods with moderate aspect ratio, due to enhancement of
Coulomb interactions.***”*® The observed reduction of the
CM efhiciency in longer nanorods could result from restrictions
due to momentum conservation.® Interestingly, in thin two-
dimensional (2D) PbS nanosheets virtually the entire excess
photon energy above the CM threshold is used for CM.>” The
benefit of a 2D system could be due to enhanced Coulomb
interactions compared with 0D quantum dots and a higher
density of electronic states than for 1D nanorods.

For solar cell applications, it is essential that the multiple
electron—hole pairs generated via CM are able to escape from
recombination and can be transported to external electrodes.
For optimal exploitation of the solar spectrum, the band gap of
the nanocrystals should be close to 1 eV.' Extraction of
multiple electron—hole pairs for the absorption of a single
photon has been realized in solar cells.**** Generating multiple
free mobile charges produced by CM requires electronic
coupling of nanocrystals with each other or with electron or
hole accepting materials, while maintaining the effects of
quantum confinement that are essential for efficient CM.

The effects of nanocrystal size, shape, and composition on
CM within a nanocrystal in colloidal dispersion have been
reviewed recently.”® This Account reviews our studies of the
generation of free mobile charges from photoexcited lead
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chalcogenide quantum dots (QDs) in thin films. These QDs
can be tuned to have a band gap near 1 eV, which is suitable for
exploitation of CM in a solar cell. We photoexcited thin-film
samples containing PbS or PbSe QDs with short laser pulses
with tunable photon energy. The yield and mobility of
photogenerated charges were monitored with time using
transient optical absorption measurements and electrodeless
AC conductance techniques at microwave and terahertz
frequencies of the oscillating electric field.>**" The advantage
of using these AC conductivity techniques over DC device
studies is that we probe the motion of charges over relatively
short distances within the thin-film sample containing the QDs.
Consequently, the charge mobility that we probe with the AC
techniques is not influenced by negative effects of long-range
transport over grain boundaries in the sample and charge
extraction at external electrodes.

2. EXTRACTING CHARGES FROM QUANTUM DOTS IN
THIN-FILM HETEROJUNCTIONS WITH ORGANIC
MATERIALS

Extracting charges from photoexcited QDs can be realized by
bringing them into contact with electron or hole accepting
materials. Fullerene derivatives can be used as electron acceptor
due to their high electron affinity, while conjugated polymers
can act as hole accepting materials due to their low ionization
energy. These materials have been extensively used in organic
solar cells, are cheap and solution processable (like colloidal
QDs), and exhibit efficient charge transport.>> However, solar
cells consisting of QDs with organic charge acceptor exhibit low
performance,™ with an unexplained exception involving PbS
QDs blended with the polymer PDTPQx.>* Interestingly,
photodiodes based on QDs in a ternary heterojunction with
both electron and hole acceptors have shown high perform-
ance.>® The ternary heterojunction consisted of a blend of PbS
QDs with the fullerene-derivative [6,6]-phenyl-Cg,-butyric acid
methyl ester (PCBM) as electron acceptor and the polymer
regioregular poly(3-hexylthiophene) (P3HT) as hole acceptor,
see Figure 2.

We studied the factors that govern the above-mentioned
performance characteristics of photovoltaic devices based on
heterojunctions of PbS QDs with PCBM or P3HT.>® The
blends were prepared by drop-casting from solution with equal
weight ratio of PbS, PCBM, and P3HT. In the resulting blend
films, PCBM and P3HT exhibit phase segregation and form
larger domains with a high degree of crystallinity.>” The PbS
QDs contain bulky oleic acid ligands on their surface that
prevent electronic coupling of QDs.>® We carried out ultrafast
transient optical absorption measurements to determine the
efficiency of charge transfer from photoexcited PbS QDs to the
organic acceptors. Using ultrafast time-resolved terahertz
conductivity measurements, we monitored the mobility of the
charges that were transferred to the organic acceptors.

To ensure that transfer of electrons and holes from band
edge states in PbS QDs to PCBM and P3HT is energetically
allowed, we studied small QDs with a diameter of 2.5 nm,
giving a photoluminescence geak at 820 nm, which corresponds
to a band gap of 1.5 eV.*® The films were photoexcited at
photon energy of 1.55 eV (800 nm) to avoid complexities due
to absorption by PCBM and P3HT. As further addressed
below, some absorption occurs in a P3HT/PCBM blend due to
direct electron excitation from P3HT to PCBM. Note that for
this pump photon energy at the band gap of the PbS QDs, the
process of CM cannot occur. We have not studied CM at
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Figure 2. Extracting charges from photoexcited PbS QDs in a
heterojunction with PCBM as electron acceptor and P3HT as hole
acceptor. (A) The transient change of the optical absorption cross
section per absorbed pump photon & = Y. ¢,Ac;, with @; being the
quantum yield for photogeneration of species i and Ag; being the cross
section of the photoinduced change in absorption cross section due
this species. The species involved are an electron, a hole, or both in a
PbS QD, an electron in PCBM, and a hole in P3HT. (B) Time-
resolved terahertz conductivity per absorbed excitation photon: i =
> p; with p; being the mobility of charged species i. The dashed lines
were obtained as a weighted superposition of signals for PbS QDs and
the binary blends, as described in ref 36. Reprinted with permission
from ref 36. Copyright 2012 American Chemical Society.

higher photon energy in blend films with PbS QDs, since we
did not observe generation of free mobile charges, as discussed
below.

Photoexcitation of a film of the PbS QDs with oleic acid
surface passivation ligands leads to an optical bleach at the band
gap, due to generation of long-lived excitons, see the black
curve in Figure 2A. Addition of PCBM reduces the bleach
amplitude (blue curve, Figure 2A), due to electron transfer
from PbS QDs to PCBM, yielding PCBM anions with a
quantum yield of 0.41. Adding P3HT to a PbS QD film also
reduces the bleach (red curve, Figure 2A), due to hole transfer
from PbS QDs to P3HT, yielding P3HT cations with a
quantum yield of 0.09. The step-like kinetics of the transient
bleach observed for blends of PbS QDs with PCBM or P3HT
implies that charge transfer occurs within our experimental time
resolution of 100 fs, while the charge recombination time
exceeds the 20 ns time scale of our measurements. Ultrafast
charge transfer from PbS QDs to P3HT has also been observed
by others.*® We attribute the ultrafast charge transfer from the
QDs to the organic acceptors to a Marcus-type charge transfer
process close to the optimal regime, where the driving force for
charge separation cancels the reorganization energy.’® The
magnitude of the quantum yields of charge transfer is likely
limited by the bulky oleic acid ligands on the surface of a QD,
which hinder access of PCBM and P3HT to the QD surface. In
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agreement with this, the quantum yield for charge transfer to
bulky P3HT is much lower than that for the smaller PCBM
molecules. The positive transient absorption for the P3HT/
PCBM blend is due to holes in P3HT that are generated by
electron excitation directly from P3HT to PCBM. The positive
transient absorption of the ternary blend of PbS QDs with both
PCBM and P3HT (yellow curve in Figure 2A) at times shorter
than 1 ns is due to a contribution of holes produced by direct
excitation of PBHT/PCBM (green curve), which dominates
over the bleach due to charges in PbS QDs. The transient for
the PbS/P3HT/PCBM blend can be well described as a
superposition of the transient absorption for the P3HT blend
and the PbS QDs weighted by the faction of absorbed pump
photons in each material component (see the dashed curve in
Figure 2A). This implies that the quantum yields of charge
transfer from PbS QDs to PCBM and P3HT in the ternary
blend are similar to those in the binary blends. This is likely due
to the small probability of having both PCBM and P3HT at the
surface of a PbS QD.

The mobility of charges produced by transfer from PbS QDs
to PCBM and P3HT was studied by using time-resolved
terahertz conductivity measurements.>* The terahertz con-
ductivity is highest for P3HT/PCBM blends, see Figure 2B.
The high terahertz conductivity in this blend is due to phase
segregation of P3HT and PCBM leading to formation of large
domains with high degrees of crystallinity. The high mobility of
holes and electrons in P3HT and PCBM domains, respectively,
gives rise to the observed terahertz conductivity in Figure 2B,
similar to the microwave conductivity reported before.>* The
terahertz conductivity for blends containing PbS QDs is much
smaller. In blends with PbS QDs, the majority of the excitation
photons is absorbed by the PbS QDs. Apparently, charges
originating from PbS QDs do not contribute significantly to the
terahertz conductivity. Using the charge-transfer yields
determined from the transient absorption data in Figure 2A,
we found the mobilities of electrons and holes originating from
PbS QDs to be on the order of 107> cm® V! s7!, which is
about 30 times smaller than those for charges generated directly
within P3HT/PCBM. From this, we infer that electrons and
holes resulting from a photoexcited PbS QD remain
Coulombically bound across the QD—acceptor interface.*®
This can be understood, since the large oleic acid molecules on
the QD surface prevent mutual electronic coupling. As a
consequence, the PbS QDs do not provide domains in which
charge can move away from its sibling countercharge in PCBM
or P3HT. The resulting electron—hole Coulomb attraction
between a charge on a PbS QD and the countercharge in
PCBM or P3HT explains the small yield of mobile charges in
photovoltaic devices based on PbS QDs with PCBM or P3HT
operated without external electric field®****' and the larger
yield in photodiodes operated with an external field.*> To
produce a photocurrent in a device, an external electric field is
needed to separate the electron and hole that are initially
Coulombically bound across the interface between a PbS QD
and the organic acceptor. The lack of free charge carriers in the
absence of an external electric field makes these blends
unattractive for application in solar cells, and therefore the
studies of ref 36 were not extended to CM.

The yield of free charge carriers in blends of PbS QDs and
conjugated polymers has recently been enhanced by replacing
the bulky oleic acid ligands on the PbS QDs by much smaller 3-
mercaptopropionic molecules.*” The presence of these small
ligand molecules promotes the formation of domains of
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Figure 3. Carrier multiplication produces multiple charges in close proximity. The charges must be sufficiently mobile to escape from Auger
recombination. (A) Fraction of absorbed photons (solid lines, offset for clarity) and microwave photoconductance per incident photon (markers) for
PbSe QD solids with 2DA, 4DA, and 6DA ligands; shaded areas indicate MFCG yields exceeding one. (B) Charge generation yield versus photon
energy; straight lines are linear fits to determine the MECG efficiency. (C) MFCG efficiency versus ., 4 for PbSe QD solids with organic ligands
(open markers) and for ALD-infilled films from ref 47 (solid blue markers). The data can be described by a theoretical model (red curve) of charge
escape and Auger recombination.** Reproduced from ref 45. Creative Commons license (CC BY 3.0).

electronically coupled PbS QDs in which electrons can move
from one QD to another and escape from the hole in the
polymer. In thin films of strongly coupled PbSe QDs, the
quantum yield for photogeneration of free mobile charges has
been found to be close to unity.>' Such films are ideal
candidates for use as the active layer in a photovoltaic device
with selective electron and hole accepting electrodes. As will be
discussed below, in films with sufficiently high charge mobility,
virtually all electron—hole pairs produced via CM can escape
from Auger recombination.

3. GENERATION OF FREE MOBILE CHARGES
PRODUCED VIA CARRIER MULTIPLICATION IN
THIN FILM QUANTUM DOT SOLIDS

Electron—hole pairs that are photogenerated in the active layer
of a photovoltaic device must dissociate into free mobile
electrons and holes that can be extracted at external electrodes.
A promising approach to generate free charges from photo-
excited QDs involves using a thin film solid of QDs with strong
mutual electronic coupling.**** Strong coupling can be
achieved by replacing the bulky ligands on the QD surface
(resulting from synthesis) by smaller ligands. Smaller ligands
reduce the distance between the QDs, which leads to enhanced
overlap and coupling between electron wave functions on
adjacent QDs. It has indeed been found that the mobility of
charge carriers in a QD solid can be varied by changing the
ligand length and the nature of the anchor group with which a
ligand binds to the QD surface.** ** CM produces multiple
electron—hole pairs that are initially in close proximity. To
exploit CM in a photovoltaic device, these charges must be
sufficiently mobile to escape from Auger recombination.

We studied effects of the mobility of charges in QD solids on
the efficiency of generating free electrons and holes that are
produced via CM. The mobility was systematically varied in
solids of identical PbSe QDs (6.0 nm diameter), so that the
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initial CM efficiency is the same.*> The mobility was tuned
using organic surface ligands with varying anchor groups or
length, including 1,2-ethanedithiol (2DT) and 1,2-n-alkanedi-
amines (nDA) with n = 2, 3, 4, or 6. Figure 3A shows the
optical absorption spectra of PbSe QD solids with 2DA, 4DA,
and 6DA ligands against the left axis. The peak due to the first
optical transition is clearly discernible, which shows that
quantum confinement effects have remained after coupling of
the QDs in the solid. We studied the efficiency of multiple free
charge carrier generation (MFCG) by time-resolved microwave
photoconductance measurements.””*> Charges were generated
by photoexcitation with a 3 ns laser pulse at variable photon
energy. The photoconductance increases during the laser pulse
and reaches a maximum (with MFCG yield ¢,,,,) at a time that
is determined by the competition between charge photo-
generation and their decay by recombination or trapping.

The maximum photoconductance is plotted in Figure 3A
against the right axis. For photon energies below ~1.5 eV, the
photoconductance follows the absorption spectrum. This
simply reflects that the number of charges is proportionate to
the number of absorbed photons. Interestingly, at higher
photon energies, the photoconductance increases faster with
photon energy than the fraction of absorbed photons. This is a
signature of an increasing MFCG yield due the occurrence of
CM. Above the CM threshold, the photoconductance deviates
more from the optical absorption for shorter ligands. The
higher mobility of charges for shorter ligands facilitates escape
from Auger recombination and enhances the MFCG yield.

Figure 3B shows the MFCG yield as a function of photon
energy for different ligands. The rise of the MFCG yield for
photon energies above the energetic threshold for CM also
depends strongly on the nature of the ligand. For nDA ligands,
the MFCG yield rises faster with photon energy for shorter
ligands (smaller n). However, for 2DT ligands (purple
diamonds), there is hardly any effect of CM on the MFCG
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yield. This is due to the low mobility of charges in a PbSe QD
solid with 2DT ligands.** We define the MECG efficiency as
the slope of the linear fits in Figure 3B. The MFCG efficiency
obtained in this way is the increase in MFCG yield per unit
photon energy normalized to the band gap of the material,
analogous to the well-known CM efficiency."* Figure 3C
shows the MFCG efficiency versus the product of ¢, >4,
with Yy being the sum of the electron and hole mobility. It is
clear that the MFCG efficiency increases strongly with the
charge mobility for the organic ligand series 2DT, 6DA, 4DA,
3DA, and 2DA. The experimental results can be reproduced by
a theoretical model (red curve) with the initial CM efficiency
taken as 0.4 (as in solution) and multiple electron—hole pairs
escaping from Auger recombination with a rate that scales
linearly with the sum of the electron and hole mobilities.
According to recent studies,®® 2DT binds to the QD surface
much more strongly than amine ligands. Amine ligands were
found to strip lead oleate from the QDs, resulting in necking of
QDs to an extent that increases as the ligand becomes shorter.
Hence, the increase of the charge mobility for the ligand series
mentioned above is at least partially due to enhanced necking.

To further establish the relation between the charge mobility
and the MFCG efliciency, we also varied the charge mobility by
infilling PbSe QD solids with 2DT ligands with ALO; or
AL 03/Zn0." Figure 4 shows the MECG quantum yield for a
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Figure 4. Effect of interstitial treatment on yield of free mobile charges
produced by carrier multiplication in PbSe QD solids. In a PbSe QD
solid with 1,2-ethanedithiol (2DT) ligands (black curve), multiple
charges produced via carrier multiplication do not escape efficiently
from Auger recombination. The higher charge mobility obtained by
infilling with ALO; (black curve) or ALO;/ZnO (red and green
curves) allows charges to escape from recombination, and carrier
multiplication contributes to the yield of free charges at higher photon
energy. Reprinted with permission from ref 47. Copyright 2013
American Chemical Society.

PbSe QD solid with 2DT ligands and for the same QD solid
after infilling. As already discussed above, CM does not give a
significant contribution to the MFCG efliciency for a PbSe QD
solid with 2DT ligands. However, after infilling the MFCG
yield steeply rises for photon energies above 2.7E,. The MFCG
efficiencies obtained from the data in Figure 4 for the infilled
PbSe QD solids are also shown in Figure 3C. The MFCG
efficiency can now be seen to saturate at a value near 0.35 for a
charge mobility near 1 cm® V™! s™". The saturation vale of the
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MFCG efficiency is close to the initial CM efficiency value of
0.41, as measured for solution-dispersed PbSe QDs on
picosecond time scale prior to Auger recombination. This
similarity implies that most charges produced via CM in PbSe
QD solids with higher mobility can escape from Auger
recombination. We have recently infilled PbSe QD solids
with 2DA ligands with Al,O; and found the charge mobility to
increase by a factor five.”' The effect of infilling on the charge
mobility for 2DA ligands is much smaller than that for 2DT
ligands. This can be understood from the necking in the 2DA
films, which already enhances the mobility prior to infilling.
According to the data in Figure 3C, further increase of the
mobility in 2DA films by a factor five after infilling will not have
a significant effect on the MFCG efficiency.

4. COMPETITION BETWEEN CARRIER
MULTIPLICATION AND COOLING OF HOT CHARGE
CARRIERS

The decay of a hot electron or hole via CM competes with
cooling by phonon emission, as studied experimentally®*’ and
theoretically.>>™>° Cooling of a hot charge carrier limits the
time window during which CM can take place. The cooling
process involves stimulated and spontaneous phonon emission
in competition with phonon absorption. The amplitude of
nuclear lattice vibrations increases with temperature, which
enhances electron—phonon coupling. Thus, the rate of hot-
carrier cooling by phonon emission can be affected by
temperature. In which way, however, is not known a priori,
since phonon absorption and stimulated emission occur with
different rates. The rate of CM can be affected by temperature,
since at higher temperature more phonons are available that
can be absorbed to compensate for energy mismatches in
electronic transitions, see sketch in Figure S. The net result of
the above-mentioned factors determines the effect of temper-
ature on the efficiency of CM.

We carried out a study of the effect of temperature on the
CM efficiency in PbSe QD solids infilled with Al,O; or AL,O;/
ZnO using the time-resolved microwave conductivity technique
introduced above.’® Figure 5 shows the measured quantum
yield of mobile electrons and holes, ¢,(t), weighted by their
mobilities, y;, which is given by ¢(t) = ¢.(t)ue + ¢y (t)py. The
temperature dependence is shown in Figure S for a photon
energy below the CM threshold (1.9Eg, red), together with data
for higher photon energy where CM is known to be significant
(4.6E,, black). Their identical slopes imply that the CM
efficiency is independent of temperature. On the basis of
theoretical considerations, the cooling rate of hot charges in
PbSe QDs is predominantly due to the temperature-
independent process of spontaneous phonon emission,*®
which implies that CM is also a temperature-independent
process. Thus, it is deduced that phonons do not assist CM in
PbSe QD solids from 90 to 295 K and that apparently phonons
do not notably compensate energetic mismatches in electronic
transitions.*® Although the rate of spontaneous phonon
emission does not significantly depend on temperature, it
varies with the properties of the QD parent material. This
underlines the importance of the choice in QD material in
reducing the cooling rate and thereby increasing the CM
efficiency.®'?
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Figure 5. Carrier multiplication competes with hot-carrier cooling.
The effect of temperature on the microwave photoconductance has
been measured in the absence (red) and presence (black) of carrier
multiplication for a PbSe QD solid infilled with AL,O; (panel A) or
AL,O;/ZnO (panel B). It has been inferred from these data that the
efficiency of carrier multiplication is temperature independent.*®
Reprinted with permission from ref 56. Copyright 2013 American
Chemical Society.

5. SUMMARY

This Account outlines the recent progress in generation of free
mobile charges resulting from carrier multiplication in QDs for
highly efficient photovoltaics. It has been found that charges
must be sufficiently mobile to escape from mutual (Auger)
recombination. This has been realized by strong electronic
coupling of PbSe QDs via introduction of short 1,2-ethanedi-
amine ligands or by infilling of the interstitial space of QD
solids with metal oxides via ALD. A future challenge involves
realization of efficient CM at the threshold energy of twice the
band gap in abundant and nontoxic materials.

Bl AUTHOR INFORMATION
Corresponding Author

*E-mail: 1.d.a.siebbeles@tudelft.nl.
Funding

This work is part of the Joint Solar Programme (JSP) of Hyet
Solar and the Stichting voor Fundamenteel Onderzoek der
Materie (FOM), which is part of the Nederlandse Organisatie
voor Wetenschappelijk Onderzoek (NWO). C.S.S.S. acknowl-
edges financial support by Toyota Motor Europe NV/SA. Y.L.
and M.L. acknowledge financial support by the Center for
Advanced Solar Photophysics (CASP), an Energy Frontier
Research Center funded by the U.S. Department of Energy
(DOE), Office of Science, Office of Basic Energy Sciences
(BES).

179

Notes

The authors declare no competing financial interest.
Biographies

Sybren ten Cate received his masters degree in Physics (University of
Amsterdam, the Netherlands) in 2010, graduating on the computa-
tional research of magnetohydrodynamics. In 2014, he completed his
Ph.D. research (Foundation for Fundamental Research on Matter, the
Netherlands) at the Delft University of Technology. His Ph.D. work
comprised the experimental and theoretical research on carrier
multiplication, electron—hole-pair recombination and dissociation,
and subsequent charge diffusion and trapping in systems of
semiconductor nanocrystals (quantum dots).

C. S. Suchand Sandeep obtained his masters degree in physics from
IIT Madras and his Ph.D. from the Raman Research Institute,
Bengaluru, India, in 2010. He was a visiting researcher at the
Universita Politechnica delle Marche, Ancona, Italy, during 2006—
2007. After completing his Ph.D., he joined Delft University of
Technology, the Netherlands, as a postdoctoral researcher. His
research interests include solar energy conversion, multiple exciton
generation, nanoscience and nanotechnology, ultrafast spectroscopy,
and nonlinear optics.

Yao Liu studied chemistry at Beijing Normal University and obtained
his Ph.D. degree at the Institute of Photographic Chemistry, Chinese
Academy of Sciences, in 1995. He was promoted as research professor
at the Institute of Photographic Chemistry, Chinese Academy of
Sciences, in 1999. He worked as a postdoctoral researcher at the
University of Uppsala in Sweden and at the University of Florida in the
USA. He worked as a research associate at The Ohio State University
and as specialist at University of California at Irvine. His research
involves low-structured semiconducting materials including quantum
well, superlattices, quantum dots, and conjugated organic materials. He
is also interested in solar cells and photodynamic therapy related metal
complexes.

Matt Law joined the Chemistry Department at the University of
California, Irvine, in 2008 and was promoted to Associate Professor
with tenure in 2014. He obtained his Ph.D. in Chemistry from the
University of California, Berkeley in 2006, where he studied the
synthesis, properties, and device applications of oxide nanowires under
the direction of Peidong Yang. His postdoctoral research with Arthur
Nozik at the National Renewable Energy Laboratory focused on the
development of quantum dot solar cells and photoelectrochemical
water splitting devices. Matt’s research group at UC Irvine focuses on
the development of new materials and devices for solar energy
conversion, including nanostructured solar cells, earth-abundant thin-
film photovoltaics, and water splitting cells.

Sachin Kinge is leading the Functional Nanomaterials laboratory in
Toyota Motor Europe. His research is about future advanced
technology on new materials for energy conversion/storage. Before
joining Toyota, he earned a Ph.D. from The Max Planck Institut fiir
Kohlenforschung, Germany, in 2004 and was a postdoctoral researcher
in MESA+ Institute of Nanotechnology at the University of Twente in
the Netherlands.

Arjan J. Houtepen studied chemistry at Utrecht University. He
obtained his Ph.D. in 2007 under supervision of Prof. Vanmaekelbergh
at Utrecht University and subsequently became tenure track assistant
professor in Delft. In 2009—2010, he was a visiting scientist in the
group of Prof. Feldmann in Munich. At present, he is tenured assistant
professor in the Optoelectronic Materials Section of the Department
of Chemical Engineering at Delft University of Technology and guest
professor in the Physics and Chemistry of Nanostructures group at

DOI: 10.1021/ar500248g
Acc. Chem. Res. 2015, 48, 174—181


mailto:l.d.a.siebbeles@tudelft.nl
http://dx.doi.org/10.1021/ar500248g

Accounts of Chemical Research

Ghent University. His research focuses on the generation, transport,
and decay of charges in films of colloidal quantum dots.

Juleon M. Schins received his Ph.D. degree in 1992 at the University
of Amsterdam, the Netherlands. After postdoctoral research in France
(Laboratoire d’Optique Appliqué, ENSTA, Palaiseau) and the
Netherlands (Universiteit Twente), he joined the Optoelectronic
Materials Section of the Department of Chemical Engineering at Delft
University of Technology. His current research interests include
charge carrier mobility and exciton dynamics in photoexcited
semiconductor nanostructures (dots, rods, and platelets), studied by
means of pump—probe spectroscopy, probing in the visible, infrared,
terahertz, and gighertz regimes.

Laurens D. A. Siebbeles studied chemistry at the Free University in
Amsterdam and obtained his Ph.D. degree at the FOM-institute for
Atomic and Molecular Physics (AMOLF) in Amsterdam in 1991. He
was a postdoctoral researcher at the University of Paris-Sud in France.
Currently, he is leader of the Optoelectronic Materials Section of the
Department of Chemical Engineering at the Delft University of
Technology in the Netherlands. His research involves time-resolved
spectroscopic studies on excitons and charges in novel nanostructured
materials, including organic materials, semiconductor quantum dots,
nanorods, and two-dimensional materials.

B REFERENCES

(1) Beard, M. C,; Luther, J. M.; Semonin, O. E.; Nozik, A. J. Third
Generation Photovoltaics based on Multiple Exciton Generation in
Quantum Confined Semiconductors. Acc. Chem. Res. 2013, 46, 1252—
1260.

(2) Smith, C.; Binks, D. Multiple Exciton Generation in Colloidal
Nanocrystals. Nanomaterials 2014, 4, 19—45.

(3) Kramer, L J; Sargent, E. H. The Architecture of Colloidal
Quantum Dot Solar Cells: Materials to Devices. Chem. Rev. 2014, 114,
863—882.

(4) Wolf, M.; Brendel, R.; Werner, J. H,; Queisser, H. J. Solar Cell
Efficiency and Carrier Multiplication in Si(1-x)Ge(x) Alloys. J. Appl.
Phys. 1998, 83, 4213—4221.

(5) Nozik, A. J. Quantum Dot Solar Cells. Phys. E 2002, 14, 115—
120.

(6) Nozik, A. J. Spectroscopy and Hot Electron Relaxation Dynamics
in Semiconductor Quantum Wells and Quantum Dots. Annu. Rev.
Phys. Chem. 2001, 52, 193—231.

(7) Schaller, R.;; Klimov, V. High Efficiency Carrier Multiplication in
PbSe Nanocrystals: Implications for Solar Energy Conversion. Phys.
Rev. Lett. 2004, 92, No. 186601.

(8) Padilha, L. A; Stewart, J. T.; Sandberg, R. L.; Bae, W. K; Koh,
W.-K; Pietryga, J. M,; Klimov, V. I Carrier Multiplication in
Semiconductor Nanocrystals: Influence of Size, Shape, and Compo-
sition. Acc. Chem. Res. 2013, 46, 1261—1269.

(9) Pijpers, J. J. H.; Ulbricht, R.; Tielrooij, K. J.; Osherov, A.; Golan,
Y.; Delerue, C.; Allan, G.; Bonn, M. Assessment of Carrier-
Multiplication Efficiency in Bulk PbSe and PbS. Nat. Phys. 2009, S,
811-814.

(10) Trinh, M. T.; Houtepen, A. J.; Schins, J. M.; Hanrath, T.; Piris,
J.; Knulst, W.; Goossens, A. P. L. M.; Siebbeles, L. D. A. In Spite of
Recent Doubts Carrier Multiplication Does Occur in PbSe Nano-
crystals. Nano Lett. 2008, 8, 1713—1718.

(11) Ellingson, R. J; Beard, M. C; Johnson, J. C.; Yu, P.; Micic, O. L;
Nozik, A. J.; Shabaev, A.; Efros, A. L. Highly Efficient Multiple Exciton
Generation in Colloidal PbSe and PbS Quantum Dots. Nano Lett.
2008, 5, 865—871.

(12) Stewart, J. T.; Padilha, L. A.; Qazilbash, M. M.; Pietryga, J. M.;
Midgett, A. G.; Luther, J. M.; Beard, M. C.; Nozik, A. J,; Klimov, V. L.
Comparison of Carrier Multiplication Yields in PbS and PbSe
Nanocrystals: The Role of Competing Energy-Loss Processes. Nano
Lett. 2012, 12, 622—628.

180

(13) Nair, G.; Bawendi, M. G. Carrier Multiplication Yields of CdSe
and CdTe Nanocrystals by Transient Photoluminescence Spectrosco-
py. Phys. Rev. B 2007, 76, No. 081304.

(14) Stubbs, S. K; Hardman, S. J. O.; Graham, D. M.; Spencer, B. F.;
Flavell, W. R.; Glarvey, P.; Masala, O.; Pickett, N. L.; Binks, D. J.
Efficient Carrier Multiplication in InP Nanoparticles. Phys. Rev. B
2010, 81, No. 081303.

(15) Beard, M. C; Knutsen, K. P.; Yu, P.; Luther, ]J. M; Song, Q.
Metzger, W. K,; Ellingson, R. J; Nozik, A. J. Multiple Exciton
Generation in Colloidal Silicon Nanocrystals. Nano Lett. 2007, 7,
2506—2512.

(16) Trinh, M. T.; Limpens, R;; de Boer, W. D. A. M,; Schins, J. M,;
Siebbeles, L. D. A.; Gregorkiewicz, T. Direct Generation of Multiple
Excitons in Adjacent Silicon Nanocrystals Revealed by Induced
Absorption. Nat. Photonics 2012, 6, 316—321.

(17) Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T. F. Silicon
Nanostructures for Photonics and Photovoltaics. Nat. Nanotechnol.
2014, 9, 19-32.

(18) Timmerman, D.; Valenta, J.; Dohnalovi, K.; De Boer, W. D. A.
M.,; Gregorkiewicz, T. Step-like Enhancement of Luminescence
Quantum Yield of Silicon Nanocrystals. Nat. Nanotechnol. 2011, 6,
710—-713.

(19) Trinh, M. T.; Polak, L.; Schins, J. M,; Houtepen, A. J;
Vaxenburg, R.; Maikov, G. I; Grinbom, G.; Midgett, A. G.; Luther, J.
M,; Beard, M. C.; Nozik, A. J.; Bonn, M,; Lifshitz, E.; Siebbeles, L. D.
A. Anomalous Independence of Multiple Exciton Generation on
Different Group IV- VI Quantum Dot Architectures. Nano Lett. 2011,
11, 1623—1629.

(20) Midgett, A. G.; Luther, J. M; Stewart, J. T.; Smith, D. K;
Padilha, L. A,; Klimov, V. L; Nozik, A. J; Beard, M. C. Size and
Composition Dependent Multiple Exciton Generation Efficiency in
PbS, PbSe, and PbSxSel-x Alloyed Quantum Dots. Nano Lett. 2013,
13, 3078—308S.

(21) Gachet, D; Avidan, A.; Pinkas, I; Oron, D. An Upper Bound to
Carrier Multiplication Efficiency in Type II Colloidal Quantum Dots.
Nano Lett. 2010, 10, 164—170.

(22) Cirloganu, C. M; Padilha, L. A; Lin, Q; Makarov, N. S,;
Velizhanin, K. A.; Luo, H.; Robel, L; Pietryga, J. M,; Klimov, V. L
Enhanced Carrier Multiplication in Engineered Quasi-type-II
Quantum Dots. Nat. Commun. 2014, S, No. 4148.

(23) Zohar, G.; Baer, R.; Rabani, E. Multiexciton Generation in IV-VI
Nanocrystals: The Role of Carrier Effective Mass, Band Mixing, and
Phonon Emission. J. Phys. Chem. Lett. 2013, 4, 317—322.

(24) Padilha, L. A; Stewart, J. T.; Sandberg, R. L.; Bae, W. K;; Koh,
W.-K,; Pietryga, J. M,; Klimov, V. L. Aspect Ratio Dependence of
Auger Recombination and Carrier Multiplication in PbSe Nanorods.
Nano Lett. 2013, 13, 1092—1099.

(25) Cunningham, P. D.; Boercker, J. E; Foos, E. E.;; Lumb, M. P,;
Smith, A. R;; Tischler, J. G.; Melinger, J. S. Enhanced Multiple Exciton
Generation in Quasi-One-Dimensional Semiconductors. Nano Lett.
2011, 11, 3476—3481.

(26) Cunningham, P. D.; Boercker, J. E.; Foos, E. E.;; Lumb, M. P,;
Smith, A. R.; Tischler, J. G.; Melinger, J. S. Correction to Enhanced
Multiple Exciton Generation in Quasi-One-Dimensional Semiconduc-
tors. Nano Lett. 2013, 13, 3003.

(27) Aerts, M.; Bielewicz, T.; Klinke, C.; Grozema, F. C.; Houtepen,
A. J; Schins, J. M,; Siebbeles, L. D. A. Highly Efficient Carrier
Multiplication in PbS Nanosheets. Nat. Commun. 2014, S, No. 3789.

(28) Semonin, O. E.; Luther, J. M; Choi, S.; Chen, H.-Y.; Gao, J.;
Nozik, A. J; Beard, M. C. Peak External Photocurrent Quantum
Efficiency Exceeding 100% via MEG in a Quantum Dot Solar Cell.
Science 2011, 334, 1530—1533.

(29) Stolle, C. J.; Harvey, T. B.; Pernik, D. R;; Hibbert, J. L; Dy, J.;
Rhee, D. J.; Akhavan, V. A,; Schaller, R. D.; Korgel, B. A. Multiexciton
Solar Cells of CulnSe2 Nanocrystals. J. Phys. Chem. Lett. 2014, S, 304—
309.

(30) Savenije, T. J; Ferguson, A. J.; Kopidakis, N.; Rumbles, G.
Revealing the Dynamics of Charge Carriers in Polymer:Fullerene

DOI: 10.1021/ar500248g
Acc. Chem. Res. 2015, 48, 174—181


http://dx.doi.org/10.1021/ar500248g

Accounts of Chemical Research

Blends Using Photoinduced Time-Resolved Microwave Conductivity.
J. Phys. Chem. C 2013, 117, 24085—24103.

(31) Talgorn, E.; Gao, Y.; Aerts, M.; Kunneman, L. T.; Schins, J. M,;
Savenije, T. J.; van Huis, M. A.; van der Zant, H. S. ].; Houtepen, A. J,;
Siebbeles, L. D. A. Unity Quantum Yield of Photogenerated Charges
and Band-Like Transport in Quantum-Dot Solids. Nat. Nanotechnol.
2011, 6, 733—-739.

(32) Nelson, J. Polymer:Fullerene Bulk Heterojunction Solar Cells.
Mater. Today 2011, 14, 462—470.

(33) Sargent, E. H. Infrared Photovoltaics Made by Solution
Processing. Nat. Photonics 2009, 3, 325—331.

(34) Noone, K. M,; Strein, E.; Anderson, N. C.; Wu, P. T.; Jenekhe,
S. A; Ginger, D. S. Broadband Absorbing Bulk Heterojunction
Photovoltaics Using Low-Bandgap Solution-Processed Quantum Dots.
Nano Lett. 2010, 10, 2635—2639.

(35) Rauch, T.; Béberl, M.; Tedde, S. F.; Fiirst, J.; Kovalenko, M. V.;
Hesser, G.; Lemmer, U.; Heiss, W.; Hayden, O. Near-Infrared Imaging
with Quantum-Dot-Sensitized Organic Photodiodes. Nat. Photonics
2009, 3, 332—336.

(36) ten Cate, S.; Schins, J. M.; Siebbeles, L. D. A. Origin of Low
Sensitizing Efficiency of Quantum Dots in Organic Solar Cells. ACS
Nano 2012, 6, 8983—8988.

(37) van Bavel, S. S.; Sourty, E; de With, G.,; Loos, J. Three-
Dimensional Nanoscale Organization of Bulk Heterojunction Polymer
Solar Cells. Nano Lett. 2009, 9, 507—513.

(38) Strein, E.; deQuilettes, D. W.; Hsieh, S. T.; Colbert, A. E.;
Ginger, D. S. Hot Hole Transfer Increasing Polaron Yields in Hybrid
Conjugated Polymer/PbS Blends. J. Phys. Chem. Lett. 2014, 5, 208—
211.

(39) Grzegorczyk, W. J.; Savenije, T. J.; Dykstra, T. E.; Piris, J;
Schins, J. M.; Siebbeles, L. D. A. Temperature-Independent Charge
Carrier Photogeneration in P3HT- PCBM Blends with Different
Morphology. J. Phys. Chem. C 2010, 114, 5182—5186.

(40) Jarzab, D.; Szendrei, K.; Yarema, M.; Pichler, S.; Heiss, W.; Loi,
M. A. Charge-Separation Dynamics in Inorganic-Organic Ternary
Blends for Efficient Infrared Photodiodes. Adv. Funct. Mater. 2011, 21,
1988—1992.

(41) Itskos, G.; Othonos, A,; Rauch, T.; Tedde, S. F.; Hayden, O.;
Kovalenko, M. V.; Heiss, W.; Choulis, S. A. Optical Properties of
Organic Semiconductor Blends with Near-Infrared Quantum-Dot
Sensitizers for Light Harvesting Applications. Adv. Energy Mater. 2011,
1, 802—812.

(42) Nagaoka, H.; Colbert, A. E.; Strein, E.; Janke, E. M.; Salvador,
M,; Schlenker, C. W.; Ginger, D. S. Size-Dependent Charge Transfer
Yields in Conjugated Polymer/Quantum Dot Blends. J. Phys. Chem. C
2014, 118, 5710—5718S.

(43) Aerts, M.; Suchand Sandeep, C. S; Gao, Y.; Savenije, T. J;
Schins, J. M.; Houtepen, A. J; Kinge, S.; Siebbeles, L. D. A. Free
Charges Produced by Carrier Multiplication in Strongly Coupled PbSe
Quantum Dot Films. Nano Lett. 2011, 11, 4485—4489.

(44) Gao, Y.; Aerts, M,; Sandeep, C. S. S.; Talgorn, E.; Savenije, T. J.;
Kinge, S.; Siebbeles, L. D. A,; Houtepen, A. J. Photoconductivity of
PbSe Quantum-Dot Solids: Dependence on Ligand Anchor Group
and Length. ACS Nano 2012, 6, 9606—9614.

(45) Suchand Sandeep, C. S.; Ten Cate, S.; Schins, J. M.; Savenije, T.
J.; Liu, Y,; Law, M,; Kinge, S.; Houtepen, A. J.; Siebbeles, L. D. A. High
Charge-Carrier Mobility Enables Exploitation of Carrier Multiplication
in Quantum-Dot Films. Nat. Commun. 2013, 4, No. 2360.

(46) Gao, Y.; Suchand Sandeep, C. S.; Schins, J. M.; Houtepen, A. J.;
Siebbeles, L. D. A. Disorder Strongly Enhances Auger Recombination
in Conductive Quantum-Dot Solids. Nat. Commun. 2013, 4, No. 2329.

(47) ten Cate, S; Liu, Y,; Suchand Sandeep, C. S, Kinge, S;
Houtepen, A. J.; Savenije, T. J.; Schins, J. M.; Law, M,; Siebbeles, L. D.
A. Activating Carrier Multiplication in PbSe Quantum Dot Solids by
Infilling with Atomic Layer Deposition. J. Phys. Chem. Lett. 2013, 4,
1766—1770.

(48) The higher mobility for ligands with amine groups is possibly
associated with their weaker binding on the QD surface than thiol

181

groups. The weaker binding leads to partial absence of amine ligands,
resulting in necking and stronger coupling of adjacent QDs.

(49) Beard, M. C; Midgett, A. G,; Hanna, M. C; Luther, J. M;
Hughes, B. K; Nozik, A. J. Comparing Multiple Exciton Generation in
Quantum Dots to Impact Ionization in Bulk Semiconductors:
Implications for Enhancement of Solar Energy Conversion. Nano
Lett. 2010, 10, 3019—3027.

(50) Sandeep, C. S. S.; Azpiroz, J. M.; Evers, W. H.; Boehme, S. C;
Moreels, L; Kinge, S.; Siebbeles, L. D. A,; Infante, I; Houtepen, A. J.,
Epitaxially Connected PbSe Quantum-Dot Films: Controlled Neck
Formation and Optoelectronic Properties. ACS Nano 2014, 8, 11499—
11511.

(51) Krishna, M.; Sandeep, C. S. S.; Kinge, S;; van Ommen, R;
Siebbeles, L. D. A.; Houtepen, A. J. Unpublished results.

(52) Witzel, W. M,; Shabaev, A.; Hellberg, C. S.; Jacobs, V. L.; Efros,
A. L. Quantum Simulation of Multiple-Exciton Generation in a
Nanocrystal by a Single Photon. Phys. Rev. Lett. 2010, 108,
No. 137401.

(53) Allan, G.; Delerue, C. Role of Impact Ionization in Multiple
Exciton Generation in PbSe Nanocrystals. Phys. Rev. B 2006, 73,
No. 205423.

(54) An, J. M,; Califano, M.; Franceschetti, A.; Zunger, A. Excited-
State Relaxation in PbSe Quantum Dots. J. Chem. Phys. 2008, 128,
No. 164720.

(55) Kilina, S. V,; Kilin, D. S.; Prezhdo, O. V. Breaking the Phonon
Bottleneck in PbSe and CdSe Quantum Dots: Time-Domain Density
Functional Theory of Charge Carrier Relaxation. ACS Nano 2009, 3,
93—-99.

(56) ten Cate, S.; Liu, Y.; Schins, J. M.; Law, M.; Siebbeles, L. D. A.
Phonons Do Not Assist Carrier Multiplication in PbSe Quantum Dot
Solids. J. Phys. Chem. Lett. 2013, 4, 3257—3262.

DOI: 10.1021/ar500248g
Acc. Chem. Res. 2015, 48, 174—181


http://dx.doi.org/10.1021/ar500248g

