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The utility of colloidal semiconductor quantum dots as a source of photons and charge carriers for
photonic and photovoltaic applications has created a large field of research focused on tailoring and
broadening their functionality beyond what an exciton can provide. One approach towards expanding
the range of characteristics of photons and charge carriers from quantum dots is through doping
impurity ions (e.g. Mn?*, Cu*, and Yb®*) in the host quantum dots. In addition to the progress in synthesis
enabling fine control of the structure of the doped quantum dots, a mechanistic understanding of the
underlying processes correlated with the structure has been crucial in revealing the full potential of the
doped quantum dots as the source of photons and charge carriers. In this review, we discuss the recent
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1. Introduction

The primary function of colloidal semiconductor quantum dots
(QDs) in most of their applications is as a source of photons'
or charge carriers.*® Therefore, much effort was put into the
research on controlling the characteristics of photons and charge
carriers and improving the efficiency of generating them. For
instance, the capability to control the wavelength, polarization
and even the direction of photon emission of photons in an
individual QD and an ensemble of QDs was sought in addition to
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seeking a higher emission quantum yield when using them as
the source of photons. As the source of charge carriers, producing
and extracting electrons and holes with sufficient energy to per-
form electrochemical or electrical work with maximum efficiency
is the main interest. In addition to varying the material itself,
several other strategies have been used to achieve these, including
quantum confinement,””® anisotropic morphology,'®"? surface
modification™®™® and heterostructure formation.">"”

Doping of QDs with certain metal ions has been explored
extensively to expand the range of characteristics of photons
and charge carriers beyond what can be achieved by changing the
host nanocrystal structure and interfacial ligand chemistry.'®>°
For instance, isoelectronic doping of Mn>" ions to replace the
divalent metal ions in binary and ternary QDs resulted in sensitized
photoluminescence originating from the ligand field transition
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of Mn*' in addition to exciton luminescence.**™>*

Doping of
other metal ions such as Cu*'® and Ag*>*>*® was also shown to
introduce new photon emission pathways or alter the competi-
tion between the radiative and nonradiative recombination of
excitons in the host QDs. Doping of Mn>" ions has been recently
shown to open new pathways that can produce energetic hot
electrons via an exciton-to-hot electron upconversion process,
enabling hot electron-induced photochemistry.”’>° Some
reports also suggested the possibility of Mn being an acceptor
and donor of electrons in Mn-doped QDs, relaying the electron
between the conduction band and its final destination.*®

In this article, we will discuss the progress made in controlling
the characteristics of photons and charge carriers produced in
QDs via doping of cations with an emphasis on highlighting the
developments in recent years. We will use the word colloidal QDs
throughout this article in a broad and relaxed sense to represent
semiconductor nanocrystals in general including not only the
quantum confined 0-dimensional nanocrystals but also those
with a very weak confinement effect. This article has two main
sections discussing the control of the properties of photons and
charge carriers by doping. Section 2 discusses non-exciton
luminescence resulting from doping of the QDs via different
mechanisms that depend on the identity of the dopant ions.
Section 3 discusses the mechanism of producing hot electrons
in Mn-doped QDs via a biphotonic exciton-to-hot electron
upconversion process and the detection of hot electrons. The
last part of Section 3 makes comments on the potential function
of the Mn dopant as an electron acceptor and donor that has
been suggested in the literature as the origin of the enhanced
photovoltaic performance in QD-sensitized solar cells.

2. Photons from doped quantum dots

In this section, we will discuss the luminescence in several
metal ion-doped semiconductor quantum dots (QDs), where
the new radiative photophysical pathways introduced by the
dopant produce new luminescence in addition to the exciton
luminescence of the host QDs. While doping can also modify
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the exciton luminescence of the host, for instance by creating a
strong effective magnetic field under an external field,®" the
present review will focus on the new luminescence not originating
from the exciton. Here, we will introduce QDs doped with three
different prototypical dopants that emit photons through the
following three distinct photophysical pathways that have been
attracting much attention: dopant sensitization, recombination
involving charge carriers localized on the dopant, and quantum
cutting. When the QDs are doped with more than one type of
dopant, the competition among different photon emitting path-
ways creates more diverse luminescence.>

2.1 Sensitization of dopants

Mn-Doped QDs are among the most comprehensively studied
doped QDs for their strong sensitized luminescence that arises
from the ligand field transition of Mn”* ions. Due to its relatively
high luminescence quantum yield and large Stokes shift compared
to the exciton luminescence, Mn luminescence has been exten-
sively utilized in various applications including light emitting
devices, bioimaging and solar concentrators.' %%’

Intense sensitized Mn luminescence occurs via efficient
energy transfer from the exciton to Mn>" ions when the bandgap
of the host QDs is sufficiently large to drive net unidirectional
energy transfer from the exciton to the dopant as depicted in
Fig. 1a. Because the energy of the ligand field transition is
determined by the strength of the ligand field dictated by the
coordination structure around Mn>** ions, Mn luminescence
energy is not as sensitive to the variation of the chemical
identity of the host QD and its size and morphology as the
exciton luminescence.*® Therefore, most of the Mn-doped QDs
exhibit luminescence of a similar color centered around 600 nm
with relatively small variation (a few tens of nm) of the peak
wavelength as shown in Fig. 1b. The variation of the energy and the
lifetime of Mn luminescence in different Mn-doped QDs reflects the
difference in the strength of the ligand field, spin-orbit coupling
and inter-dopant exchange interactions.* So far, Mn doping in QDs
has been reported in various binary and ternary systems as listed
in Table 1, all of which exhibit orange-colored Mn luminescence
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Fig. 1 (a) Energy transfer (ET) pathway in Mn-doped QDs. Energy transfer
competes with exciton recombination and electron/hole trapping. (b)
Absorption (solid line) and photoluminescence (dashed line) spectra of
Mn-doped CdS/ZnS core/shell QDs with varying doping concentrations.
Reproduced with permission from ref. 98. Copyright American Chemical
Society (2010).
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Table 1 Host materials for Mn-doped semiconductor QDs
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1I-VI semiconductors

Zn0,* ZnS,""** ZnSe,**® ¢ds,**®*° cdSe,***>* CdTe,*® ZnCds,>® CdSeTe’**”

Cds/znS,*®** ZnSe/CdSe/ZnSe,** CdSSe/ZnS,** ZnSe/ZnCdSe,** ZnSe/ZnS/CdS/ZnS,*® CdS/ZnSe/ZnS®®

Lead halide perovskites
Other semiconductors

CsPbCl;,°”"7* CsPb(Cl/Br);,%”747® CsPbBr;,”*”77% CsPbl,,”**° CH3;NH,;PbCI;*
PbSe,*” InAs,** Ag-In-Zn-S,** Zn-Cu-In-S,**> Zn-In-s%

InP/ZnS,*” Zn-Cu-In-S/ZnS,*® Zn-In-S/Zns*®

when exciton-Mn energy transfer is allowed. Earlier synthetic
efforts were focused on doping binary II-VI semiconductor QDs
while the range of host QDs is expanding to ternary systems
including CulnS, and lead halide perovskite QDs.

The quantum yield (QY) of Mn luminescence can be very
high (~90%) when the appropriate host QD and doping
concentration are chosen, indicating the efficient energy transfer
favorably competing with other processes.®® As in the case of
undoped QDs, trapping of electrons or (and) holes is the major
pathway that depletes the exciton population nonradiatively
(Fig. 1a), although the trapped charge carriers can exhibit
lower-energy trap emission.”’> The type of interaction that
mediates the exciton-Mn energy transfer is the exchange inter-
action between excitons and d electrons of Mn>" ions, since the
dipole-coupled energy transfer is inefficient due to the weak
transitions between the ground state and the manifold excited
ligand field states of Mn>" ions in the lattice.®® Since the strength
of the exchange interaction depends on the wavefunction overlap
between the donor and acceptor, the rate of energy transfer is
strongly dependent on the relative location of the dopant within
the host QD and doping concentration especially for the strongly
quantum confined QDs.*°

Earlier studies estimated the rate of exciton-Mn energy
transfer from the radiative and nonradiative decay rates of
exciton and luminescence quantum yields.”*®” On the other
hand, such an indirect approach can be inaccurate especially
when the ensemble of doped QDs are kinetically heterogeneous,
where the average luminescence lifetime and average luminescence
QY are not compatible with the rate equations describing a
kinetically homogeneous system. A more reliable exciton-Mn
energy transfer rate was obtained from a direct time-resolved
measurement employing pump-probe transient absorption
spectroscopy.”® Using this approach, the rate of exciton-Mn
energy transfer in Mn-doped CdS/ZnS core/shell QDs was measured
by analyzing the difference in the bleach recovery dynamics of
exciton transitions in undoped and Mn-doped QDs of the same host
structure as a function of the doping concentration and radial
doping location within the QD.*° This study showed that the energy
transfer rate increases with increasing doping concentration for a
given radial doping location from increasing overlap of the exciton
wavefunction with the dopant (Fig. 2). Depending on the doping
concentration and location, the energy transfer time in Mn-doped
CdS/ZnS QDs varied in the range of 4-80 ps. In this system, hole
trapping that was identified as the main nonradiative competing
channel occurred on a 50-100 ps time scale. The rapid exciton-Mn
energy transfer compared to the exciton recombination and charge
carrier trapping combined with inefficient nonradiative decay of the
excited ligand field state of Mn®" ions is the reason why the Mn
luminescence QY in Mn-doped QDs can be higher than the exciton
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Fig. 2 Doping location and concentration dependent energy transfer rate
constant of Mn-doped CdS/ZnS QDs. For a given doping concentration,
energy transfer rate increases as Mn* ions doped closer to the core.
Energy transfer rate increases linearly to the doping concentration at a
given radial doping location. (nu,) is the average number of Mn2* ions
doped in each QD. Reproduced with permission from ref. 60. Copyright
American Chemical Society (2011).

luminescence QY in undoped QDs. In the case of Mn-doped lead
halide perovskite QDs that have been successfully synthesized in
recent years, the exciton-Mn energy transfer rate was measured in
Mn-doped CsPbCl; QDs via pump-probe transient absorption
measurements.”® The energy transfer rate in Mn-doped CsPbCl;
QDs was somewhat slower than that in Mn-doped CdS/ZnS QDs,
although a more accurate comparison between the two systems
of the same QD size and dopant distribution within the QD has
yet to be made. At a doping concentration of 0.4%, Mn-doped
CsPbCl; NCs exhibited an energy transfer time of 380 ps, which
is 2-5 times slower than that of Mn-doped CdS/ZnS QDs of
comparable doping structure.’®

It is worth mentioning that the trapping of the electron or
hole that usually inhibits exciton-Mn energy transfer can in some
cases still enable the energy transfer from the ‘trapped exciton’
state to Mn>" ions depending on the nature of the charge carrier
trap. For example, introducing hole-trapping organic thiols as
surface-binding ligands to Mn-doped CdS/ZnS QDs has been
shown to increase the Mn luminescence intensity despite the
fact that the same thiol ligand results in the quenching of exciton
PL in undoped QDs via hole trapping.’®® This indicates that
certain trapped excitons can be recovered as the sensitized Mn
luminescence, although the energy transfer rate from the trapped
exciton is significantly slower than the rate of ‘normal’ exciton-
Mn energy transfer. The partial involvement of trapped excitons
in the energy transfer has also been observed in CdS/ZnS QDs
codoped with Mn>" and Ag", where doping of Ag" can create the
trapped exciton.”®

As the bandgap of the host QDs becomes closer to the energy
of the Mn ligand field transition involved in the energy transfer,
the initial net unidirectional energy transfer begins to experience

This journal is © The Royal Society of Chemistry 2019
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back energy transfer from the dopant to the host QD. In this case,
the relative intensity of the exciton and Mn luminescence
varies depending on the donor-acceptor energy difference and
temperature. The feeding from the long-lived emitting state of
Mn>* (“T,) back to the host to populate the exciton state also
results in a net elongation of the decay time of the exciton
luminescence.'®" The robust dependence of the ratio of exciton
and Mn luminescence intensities on the temperature, which is
determined by the thermal equilibrium between the two states,
has also been proposed for luminescence-based temperature
Sensing‘64,102,103

As mentioned briefly earlier in this section, the spectral
characteristics of Mn luminescence can be varied within a
relatively narrow range by modifying the strength and structure
of the ligand field or the extent of inter-dopant exchange
coupling. For a given coordinating anion around Mn**, hydro-
static pressure or local lattice strain resulting from the lattice
mismatch at the heterointerface alters the Mn luminescence
energy by changing the ligand field strength.®'* With increasing
pressure, Mn luminescence energy decreased.'® In addition,
the signature of softening the local vibrational mode coupled to
the Mn ligand field transition is also observed when dopants are
located close to the core/shell interface that imposes anisotropic
lattice strain in Mn-doped CdS/ZnS QDs.*°® When the Mn** ions
experience a stronger lattice strain, the spectral linewidth of Mn
luminescence exhibits higher sensitivity to the temperature,
which is explained by the lower frequency of the local vibrational
mode coupled to the Mn ligand field transition compared to the
bulk phonon of the host lattice. With increasing Mn-doping
concentration, inter-dopant antiferromagnetic coupling becomes
more significant resulting in the shortening of Mn luminescence
lifetime.*>*®

The advantage of Mn-doped QDs as the source of photons in
various applications compared to undoped QDs comes from the
large Stokes shift of dopant emission and multi-color emission
whose intensity ratio can be used as a sensing modality. For
example, the absence of self-absorption of Mn luminescence
is ideal for the application of Mn-doped QDs as a solar down-
converter and concentrator with low loss.'®”**® The sensitivity
of the relative ratio of exciton and Mn emission to the chemical
environment or temperature was utilized for chemical or
temperature sensing.®®

2.2 Recombination of charge carrier localized on dopants

Another avenue producing new luminescence in doped QDs is
by introducing dopants that function as a charge carrier recom-
bination center, where one of the charge carriers localized on or
near the dopant radiatively recombines with the remaining
charge carrier. Among the doped QDs that can exhibit luminescence
via dopant-centered charge carrier recombination, Cu-doped II-VI
QDs were the most extensively studied. Dopants that can produce
luminescence via a similar mechanism include Ag", Cr*" and Ni**,
while they have not been explored as extensively as the Cu dopant.
In contrast to Mn luminescence, the energy of Cu luminescence
varies widely depending on the host QDs, e.g., 3 €V in Cu-doped
ZnS QDs and 0.9 eV in Cu,ZnSn(S;_,Se,); QDs.*'* The Cu
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luminescence decays on a s time scale, because it involves the
recombination of the localized charge carrier exhibiting much
lower oscillator strength than the delocalized exciton.’

Earlier literature discussing the luminescence from Cu-doped
QDs had two different views on the oxidation state of the dopant
between Cu* '™ % and Cu®",""*™""” which fueled many detailed
studies to identify the oxidation state of the dopant. Various
optical,"***® electron spin resonance,"*'*° X-ray absorption
spectroscopic’'*'*'"'?3 and computational studies'>* were per-
formed to clarify this issue. While we will not cover the full
scope of the recent progress in this issue here, which are
discussed in detail in a recent review,'® we briefly highlight
the key arguments supporting each view.

Studies by Gamelin and coworkers described the Cu lumines-
cence as coming from QDs doped with Cu’, where the rapid
localization of the hole by Cu" after the photoexcitation of the
exciton results in the radiative recombination of the localized
hole with the remaining electron'** (Fig. 3a). In this picture, the
initial hole localization on Cu” produces a Cu®" like state, which
returns to Cu' through the recombination with the electron
giving rise to Cu luminescence.''* The authors supported the
Cu' state of the dopant in Cu-doped QDs by comparing the
calculated absorption spectra of Cu'- and Cu®'-doped CdSe
clusters (Cu:Cds;Se;4 and Cu®":Cd;3Ses,4)."** In their work, they
argued that only Cu**:Cds;Ses, exhibits a distinct valence band-
to-metal electron transfer transition extending into the near
infrared (NIR) region at <1 eV, which has been experimentally
observed in bulk ZnS doped with Cu®* but not in Cu-doped ZnS
QDs. The authors also reported the observation of valence band-to-
metal electron transfer in the transient absorption studies of
Cu-doped CdSe/CdS core/shell QDs as a weak photoinduced
absorption, fortifying the mechanism of forming a Cu®>" state
through hole localization at Cu" after photoexcitation.™® In addition,
an absorption peak at 2.7 eV in the calculated absorption spectrum
of Cu™:Cd,;Se,,, attributed to the transition of the electron in Cu” to
the conduction band of the host, was observed experimentally
below the band to band transition in Cu-doped CdSe QDs."**
These results were taken as a strong support for the argument
that the oxidation state is Cu" in Cu-doped QDs.
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Fig. 3 (a) Copper dopant exists in the QDs as Cu* that rapidly localizes a
hole after the photoexcitation. The localized hole recombines with the
electron to emit a photon. Reproduced with permission from ref. 114.
Copyright American Chemical Society (2015). (b) Copper dopant exists in
the QDs as Cu®" that acts as a permanent hole, which recombines with the
electron to emit a photon. Reproduced with permission from ref. 125.
Copyright American Chemical Society (2011).
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On the other hand, studies by Klimov and coworkers suggested
that the dopant exists as Cu®" in the QDs and acts as a permanent
hole in the QD that recombines with the electron in the
conduction band to produce the dopant luminescence and
Cu’ (Fig. 3b)."* In their study, they reported magnetic circular
dichroism (MCD) data of Cu-doped ZnSe/CdSe QDs showing an
enhanced Zeeman splitting of 2.5 meV indicative of magnetic
activity associated with Cu®* with a d° as opposed to Cu” with a
d' configuration of d electrons. On the other hand, this has
been disputed by another study that reported the absence of
electron paramagnetic resonance (EPR) signals and MCD from
Cu-doped CdSe, InP and CulnS, QDs, leaving room for further
clarification."** The authors also observed an increase of Cu
luminescence intensity when dodecanethiol was introduced
onto the Cu-doped ZnSe/CdSe QD surface, which acted as a
hole trap that removed the hole produced in the valence band
of the host after the photoexcitation."> This observation was
interpreted as the result of the competition between the permanent
hole on Cu*" and the photogenerated hole in the valence band in
the recombination with the electron in the conduction band,
supporting the Cu®* dopant state. However, the absence of a
channel regenerating the Cu®" state from Cu" after charge carrier
recombination that was required to sustain Cu luminescence
under continued photoexcitation was pointed out as a weakness
of the Cu®" scenario."™

2.3 Downconversion by quantum cutting

Downconversion via quantum cutting has also been studied
recently in lanthanide doped nanocrystals."***° Quantum cutting
that produces two lower energy photons from one high-energy
photon has been more frequently observed in insulating host
materials doped with one or more types of lanthanide dopant
ions that form a donor and acceptor pair.”*>"*" Often, the ‘cutting’
of one high-energy photon into two low-energy photons occurs by
transferring the energy from one donor ion to two acceptor ions,
although the exact pathways of energy transfer varies depending
on the identity of the lanthanide ions involved as illustrated in
Fig. 4a."*? For instance, in a Tb**~Yb** couple, Tb*" is the donor
and two Yb®" ions are the acceptors represented by case II of the
scheme in Fig. 4a."*

Recently, several groups reported the enhancement of quantum
cutting efficiency by taking advantage of the sensitization by
organic dyes or by using semiconductor QDs as the host matrix
absorbing the high-energy photons efficiently.">*">%'3* Ag a
semiconductor host that can exhibit the enhanced quantum
cutting, lead halide perovskite QDs have attracted much
attention in recent years with the successful synthesis of
lanthanide doped cesium lead halide (CsPbX;) QDs. In the
case of Yb-doped CsPbCl; QDs, downconversion of the visible
light to near infrared (NIR) photons was achieved with an
efficiency of up to 170%."*” In this case, the exciton initially
excited in CsPbCl; QDs was considered to rapidly localize at
the defects introduced by heterovalent doping as depicted in
Fig. 4b. The subsequent energy transfer from the trapped
exciton to the two adjacent Yb*" ions produce two NIR photons
at ~1.26 eV.
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Fig. 4 (a) Energy level diagram showing the different pathways of quantum
cutting involving lanthanide ions. Blue arrows indicate photoexcitation of
lanthanide ions and red arrows indicate the emission of a downconverted
photon. In case |, a single excited ion emits two photons sequentially.
Quantum cutting can also occur via single-step (Il and V) or two-step (II)
energy transfer to another lanthanide ion. Reproduced with permission from
ref. 132. Copyright The American Association for the Advancement of
Science (1999). (b) Mechanism of Yb** sensitization in Yb-doped CsPbCls
QDs. The Yb®*-induced defect state localizes the exciton and a pair of Yb**
ions are sensitized simultaneously by the trapped exciton. Reproduced with
permission from ref. 127. Copyright American Chemical Society (2018).
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3. Charge carriers from Mn-doped
quantum dots

While the role of dopants in tuning the spectral characteristics
of the luminescence has been the main interest in many studies
on doped QDs as discussed in the previous section, interest in
altering the properties of the photoexcited charge carriers is
also growing. Here, we will first discuss hot electron generation
in Mn-doped QDs that takes advantage of the long-lived excited
Mn ligand field state enabling the sequential ‘upconversion’ of
two excitons into a hot electron hole pair at low excitation
intensities. In this process, the sensitized excited ligand field
state of Mn®" functions as a long-lived energy reservoir for the
sequential resonant two-photon process. This process can be
compared to the photon upconversion observed in many
lanthanide doped nanocrystals except that a higher energy charge
carrier is obtained instead of a higher energy photon.'** In the
last part of this section, we will discuss the feasibility of Mn
dopants functioning as the electron storage and relay enhancing

This journal is © The Royal Society of Chemistry 2019
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the charge collection efficiency in photovoltaic device platforms
that has been suggested in some literature studies.*®

3.1 Hot electrons from doped quantum dots

Mn-Doped QDs have received particular attention as the source
of hot electrons from semiconductor QDs, since the long-lived
ligand field state of Mn functions as the energy reservoir
playing a critical role as the intermediate state in producing
hot electrons via the sequential two photon process.'*>'3¢
Generation of hot electrons in Mn-doped QDs reported so far
used II-VI QDs as the host while new platforms such as lead
halide perovskite QDs are being pursued as a new host material.
Because of their large excess kinetic energy, hot electrons exhibit
superior electron transfer capability compared to the lower
energy bandedge electrons. For this reason, hot electrons are
actively pursued for various photophysical and photochemical
applications such as in photovoltaics®” and photocatalysis.®*
The mechanisms of producing hot electrons in Mn-doped
QDs were proposed early in this decade and the experimental
detection of hot electrons as the photocurrent in electrochemical
cells, photodiode platforms and also as photoelectron emission
followed soon.?”2%'3>13¢ Fig. 5 shows the two proposed photo-
physical pathways that can generate highly energetic hot
electrons.”*>'*® One is two consecutive exciton-Mn energy
transfer to the same Mn>" as illustrated in Fig. 5a, which was
proposed by the authors’ group.'*® This produces highly excited
Mn®" ions that can give up the electron to the conduction band
of the host with significant excess kinetic energy and recover the
Mn** oxidation state by creating a localized hole near the dopant.
This mechanism was initially proposed from the observation
of the decrease of the intensity of Mn luminescence from the
“T; — °A, transition with increasing excitation rate due to the
loss of the emitting “T; population in Mn-doped CdS/ZnS QDs.
Another proposed pathway for the generation of hot electrons is
the exciton-Mn energy transfer followed by Auger energy transfer
from the T, state of Mn>" to the exciton excited by the second
photon absorption as illustrated in Fig. 5b."*” In this case, the *T,
state of the Mn>" ion can transfer energy to either an electron or
a hole. In an earlier work reported by Gamelin and coworkers,

[ e e

Host QD Mn2+ Host QD Mn2+

Fig. 5 Photophysical pathways that generate hot electrons in Mn-doped
QDs. (a) Hot electrons are generated by consecutive exciton-to-Mn
energy transfer. (b) Hot electrons are generated by exciton-to-Mn energy
transfer followed by Auger type back energy transfer from Mn?* to
conduction band electrons.
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they observed the quenching of Mn luminescence upon the
electrochemical injection of an electron into the conduction band
of the host, which was explained by the Auger deexcitation of the
T, state of the Mn** ion by the injected electron.”®” If the Auger
deexcitation of the *T; state of the Mn>" ion involves primarily the
electron of the photoexcited electron rather than holes, the net
result is the generation of a hot electron in the conduction band
and a delocalized hole in the valence band.

While it is not straightforward to tell which particular
mechanism dominates under a given condition, both pathways
produce hot electrons with excess kinetic energy in the conduction
band. On the other hand, the energy level of hot electrons and its
dependence on the host bandedge level are different in the two
cases. Since the hot electrons from pathway (b) are produced by
transferring the energy from the T, state of Mn®* to the electrons
in the conduction band, the energy of hot electrons can be varied
by tuning the host bandedge, whereas pathway (a) will produce hot
electrons whose energy is insensitive to the host bandedge level.
One important aspect of hot electron generation in Mn-doped QDs
common to both pathways in Fig. 5 is the extremely long lifetime
of the *T; state of Mn>" that serves as the intermediate state for the
sequential two-step process. Despite the fact that hot electron
generation is biphotonic, it can occur at a very low excitation
intensity thanks to the long intermediate state lifetime. For >5 ms
lifetime of the *T; state of Mn>" doped in CdS/ZnS QDs, excitation
intensities equivalent to the concentrated solar radiation
were sufficient to produce hot electrons via the biphotonic
upconversion process.®’

The direct experimental verification of the generation of hot
electrons was made in several different platforms. In the authors’
group, hot electron photocurrent was first measured in a photo-
electrochemical cell platform shown in Fig. 6a.>® The anode is
constructed by depositing CdS/ZnS QDs on an ITO substrate that
has an Al,O; overlayer of varying thickness on top of the ITO
layer. Al,O; is an insulating layer that provides a high energy
barrier for the electrons near the edge of the conduction band.
Only hot electrons with sufficient excess energy can tunnel
through this insulating barrier. When undoped CdS/ZnS QDs
that generated electrons only near the conduction bandedge
were deposited on the anode, no detectable photocurrent was
observed. In contrast, anodes deposited with Mn-doped CdS/
ZnS QDs exhibited photocurrent that increased superlinearly
with excitation intensity, which was consistent with the biphotonic
hot electron generation mechanism, as shown in Fig. 6b.

Another study from the authors’ group that showed the
generation of hot electrons more directly was performed using
the CdS/ZnS QD-coated ITO substrate as the source of photo-
electrons under vacuum.* Fig. 6¢c shows the setup that measured
the current from the photoelectron emission of hot electrons. In this
experiment, while the average energy of hot electrons produced in
Mn-doped CdS/ZnS QDs is below the vacuum level, a subset of hot
electrons that exceeds the ionization threshold at the high-energy
tail of the energy spectrum are emitted as photoelectrons. The
photoelectron current densities measured at 0 V bias between the
ITO and copper electrodes are compared between Mn-doped and
undoped CdS/ZnS QDs in Fig. 6d. As expected from the biphotonic

J. Mater. Chem. C, 2019, 7, 14788-14797 | 14793
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Fig. 6 (a) A photoelectrochemical cell constructed to detect hot electrons
generated in Mn-doped CdS/ZnS QDs. (b) Comparison of hot electron
photocurrent from Mn-doped CdS/ZnS QDs (red) and undoped CdS/ZnS
QDs (blue). (a) and (b) are reproduced with permission from ref. 28.
Copyright John Wiley and Sons (2016). (c) Electrodes fabricated to detect
photoelectron emission from Mn-doped CdS/ZnS QDs. (d) Comparison of
the photoemission current density from Mn-doped CdS/ZnS QDs (red),
undoped CdS/ZnS QDs (green) and Ag nanocrystals (grey). (c) and (d) are
reproduced with permission from ref. 29. Copyright American Chemical
Society (2016). (e) A photodiode built to detect photocurrent from hot
electrons. (f) Mn PL intensity and photodiode responsivity under different
bias voltages. (e) and (f) are reproduced with permission from ref. 27.
Copyright American Chemical Society (2016).

upconversion process for the generation of hot electrons, only
Mn-doped CdS/ZnS QDs exhibit the hot electron photoemission
current that increases approximately quadratically with the
excitation intensity. For comparison, a measurement using Ag
nanocrystals capable of producing plasmonic hot electrons
under the same excitation condition is also made. In contrast
to Mn-doped CdS/ZnS QDs, the energy level of hot electrons from
Ag nanocrystals is too low to produce a measurable photoemission
current because the excess energy from the plasmon is used to
promote the electron from below the Fermi level.

Detection of hot electrons in the photodiode platform was
reported by Gamelin and coworkers.>” Fig. 6e shows the energy
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level structure of each component layer in the photodiode
structure used to measure the hot electron photocurrent. In
this photodiode structure, ZnS is the blocking layer that allows
only the electrons with sufficient energy, i.e., hot electrons, to
generate the photocurrent. The photocurrent is observed only
when the electron is injected to the layer of Mn-doped CdS QDs
under sufficiently positive bias, as shown in Fig. 6f, so that
Auger deexcitation of the T, state of Mn** to the injected
electron can produce hot electrons. Generation of hot electron
photocurrent is also accompanied by a decrease of Mn lumines-
cence as required by the mechanism of hot electron generation.

3.2 Possibility of Mn as the electron acceptor and donor

The possibility of Mn** ions in Mn-doped QDs to function as the
acceptor and donor of ‘electrons’ has recently been discussed in
the literature. Such a possibility has been suggested from the
observation of the increased photocurrent in the photovoltaic
devices fabricated with Mn-doped QDs compared to those fabri-
cated with undoped QDs.***'%° Mn dopant’s possible electron
relaying function has also been suggested to explain the slower
recombination of the spatially separated charge carriers in the
Mn-doped type-II core/shell quantum well structure compared to
its undoped counterpart.’” In these studies, the enhanced photo-
current or slower recombination of the charge carrier was attributed
to the long-lived charge carriers, specifically electrons, residing in a
state created by Mn doping. In a study by Kamat and coworkers, the
authors explained the increase of photocurrent and photovoltage
from Mn doping in QD-sensitized solar cells with the electron-
accepting midgap state formed by Mn doping while not being
specific about the nature of the midgap state.”*®* Another study
performed on Mn-doped CdSe QDs also reported the enhancement
of photocurrent by Mn doping, indicating the involvement of some
type of trap state that can hold the electron longer, therefore
improving the charge carrier collection efficiency.’*® On the other
hand, some of the later studies interpreted such enhanced photo-
current as a result of the long lifetime of photogenerated charge
carriers that reduces the electron hole recombination, attributing
the longevity of the carrier lifetime to the long lifetime of the “T;
ligand field state.** However, such an interpretation is problematic
since the *T; state is created by the transfer of the energy of the
exciton (Ze., both electron and hole pair) not just electrons to reduce
the electron hole recombination. Some reports incorrectly portrayed
the “T, ligand field state as the charge accepting level of the Mn
dopant that resides within the bandgap of the host that relays
the electron from the conduction band of the host QD to other
nanocrystals such as TiO, in the Mn-doped CulnS,/CdS
QD-sensitized solar cells."** In a study by Ghosh and coworkers,
it was suggested that Mn** can be reduced to Mn'* by capturing
the electron from the conduction band of the host for a
prolonged period and donating the electron back to the host,
therefore performing the function of electron storage.’” While
doping of Mn** ions may potentially create a defect state near
the dopant that can trap and detrap the electrons with effective
elongation of electron lifetime, more conclusive evidence for
the involvement of the Mn**/Mn"" redox process has yet to be
acquired.

This journal is © The Royal Society of Chemistry 2019
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4. Conclusion and outlook

We discussed modification of the characteristics of photons and
charge carriers in photoexcited colloidal QDs by introducing dopants
in the QD lattice that open new pathways of energy or charge flow.
Compared to the exciton luminescence of the host QDs, dopant
luminescence covers a larger spectral range for a given host QD by
utilizing various radiative decay pathways that depend on the
specific dopant present in the host. While the interest in doped
QDs has been focused on the spectral tunability of the luminescence,
doped QDs are also a useful platform for exploring the coupling
among electronic, lattice and spin degrees of freedom. Through the
magnetism carried by the dopant or its ability to localize the charge,
one could gain additional control of the properties of photons
emitted, which will further expand the functionality of the doped
QDs as the source of photons. Hot electrons from the doped QDs are
also attracting attention for their capability to perform more efficient
electron transfer overcoming a high and wide energy barrier. Photo-
catalytic reduction is an example where the hot electrons can be
particularly useful. Compared to the plasmonic hot electrons pro-
duced in metal nanocrystals, hot electrons from Mn-doped QDs are
more energetic by several eV because of the biphotonic upconversion
process using the energy of two excitons. The high energy of hot
electrons even capable of being above the vacuum level combined
with the low required photoexcitation intensity for upconversion can
open the door to practical utilization of energetic hot electrons for
photochemical processes. The progress made in the control of the
characteristics of photons and charges in doped QDs is the result of
the combined efforts in developing the synthesis methodologies and
in understanding the underlying principles at the microscopic level,
which will continue to be crucial for future research in this field.
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