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CONSPECTUS: Electronic doping is one of the most important
experimental capabilities in all of semiconductor research and technology.
Through electronic doping, insulating materials can be made conductive,
opening doors to the formation of p−n junctions and other workhorses of
modern semiconductor electronics. Recent interest in exploiting the
unique physical and photophysical properties of colloidal semiconductor
nanocrystals for revolutionary new device technologies has stimulated
efforts to prepare electronically doped colloidal semiconductor nano-
crystals with the same control as available in the corresponding bulk
materials. Despite the impact that success in this endeavor would have,
the development of general and reliable methods for electronic doping of
colloidal semiconductor nanocrystals remains a long-standing challenge.
In this Account, we review recent progress in the development and
characterization of electronically doped colloidal semiconductor nanocrystals. Several successful methods for introducing excess
band-like charge carriers are illustrated and discussed, including photodoping, outer-sphere electron transfer, defect doping, and
electrochemical oxidation or reduction. A distinction is made between methods that yield excess band-like carriers at thermal
equilibrium and those that inject excess charge carriers under thermal nonequilibrium conditions (steady state). Spectroscopic
signatures of such excess carriers, accessible by both equilibrium and nonequilibrium methods, are reviewed and illustrated. A
distinction is also proposed between the phenomena of electronic doping and redox-potential shifting. Electronically doped
semiconductor nanocrystals possess excess band-like charge carriers at thermal equilibrium, whereas redox-potential shifting
affects the potentials at which charge carriers are injected under nonequilibrium conditions, without necessarily introducing band-
like charge carriers at equilibrium. Detection of the key spectroscopic signatures of band-like carriers allows distinction between
these two regimes. Both electronic doping and redox-potential shifting can be powerful tools for tuning the performance of
nanocrystals in electronic devices. Finally, key chemical challenges associated with nanocrystal electronic doping are briefly
discussed. These challenges are centered largely on the availability of charge-carrier reservoirs with suitable redox potentials and
on the relatively poor control over nanocrystal surface traps. In most cases, the Fermi levels of colloidal nanocrystals are defined
by the redox properties of their surface traps. Control over nanocrystal surface chemistries is therefore essential to the
development of general and reliable strategies for electronically doping colloidal semiconductor nanocrystals. Overall, recent
progress in this area portends exciting future advances in controlling nanocrystal compositions, surface chemistries, redox
potentials, and charge states to yield new classes of electronic nanomaterials with attractive physical properties and the potential
to stimulate unprecedented new semiconductor technologies.

1. INTRODUCTION
The richly tunable chemical and physical properties of colloidal
semiconductor nanocrystals, in conjunction with their flexible
surface functionalization, solubility, and processability, make
this class of materials exceptionally attractive for both
fundamental and applied sciences. Unprecedented physical
properties have been achieved in semiconductor nanocrystals
via control of size, shape, composition, and heterointerfacing. A
major remaining challenge pertains to electronic doping of
nanocrystals. Electronic doping is one of the most important
experimental capabilities in semiconductor physics, allowing
transformation of insulators into conductive materials and
thereby enabling the formation of transistors, diodes, and other
key building blocks of semiconductor electronics. Although
many proposed nanocrystal applications rely on charge
transport, electronic doping of colloidal semiconductor nano-

crystals and control over the resulting concentrations of band-
like electrons or holes have proven extraordinarily challenging.
These challenges have both synthetic and electronic-structure
components and are intimately intertwined with nanocrystal
surface chemistry, which is arguably the least understood and
least controllable aspect of colloidal nanocrystal chemistries.
In this Account, we review recent progress toward nano-

crystal electronic doping. We outline the basic physical
properties that have emerged as signatures of electronically
doped semiconductor nanocrystals and describe their origins.
We propose that a distinction between nanocrystal electronic
doping and redox-potential tuning is helpful for organizing and
interpreting observations from recent literature.
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1.1. Electronic Doping

Intrinsic semiconductors have their Fermi level (EF) located in
the middle of the bandgap (Scheme 1a).1 Typically, discussions
of nanocrystal electronic doping describe shifting the Fermi
level beyond a band edge to introduce delocalized electrons (n-
doping, Scheme 1b) or holes (p-doping). Semiconductors with
EF positioned within a band (Scheme 1b) are degenerately
doped, and their free carrier concentrations do not change with
temperature. An example is photodoped ZnO nanocrystals,
which show a constant number of delocalized electrons
between room and liquid-helium temperatures.2,3 Nondegener-
ately doped semiconductors have EF within thermal reach of a
band edge such that the band is thermally populated with
charge carriers. A signature of this regime is carrier freeze-out,
in which carriers localize at low temperatures. An example of
nondegenerately doped colloidal nanocrystals is n-doped TiO2,
which shows characteristics of both localized and delocalized
electrons that vary with temperature.4−7 Many colloidal
nanocrystals possess donor or acceptor defects, for example,
at their surfaces, that define EF (Scheme 1c). In many
nanocrystals, surface traps reside deep within the gap and the
resulting free-carrier concentration is negligible at or around
room temperature, similar to intrinsic semiconductors.
Equation 1 presents a concise summary of the above

descriptions of electronic doping. Here, N is the free-carrier
density. Only when EF is near or within a band does a change in
EF change N by a significant amount. In solution, EF can be
equated with redox potential (or carrier chemical potential)8

and, for individual nanocrystals, ∂N corresponds to a quantized
change in the number of delocalized electrons or holes.
Equation 1 therefore equivalently states that electronically
doped nanocrystals show a change in the number of band-like
carriers with a change in carrier chemical potential.

∂
∂

≠N
E

0
F (1)

1.2. Redox-Potential Tuning

In molecules, structural perturbations commonly shift redox
potentials without changing the molecule’s oxidation state.
Analogous redox-potential tuning (“redox shifting”) can also
occur in semiconductor nanocrystals, in which nanocrystal
band-edge potentials shift relative to EF without introducing a
significant number of free carriers at equilibrium (Scheme 1d).
Although in some cases accompanied by equilibrium injection
of band-like charge carriers, redox shifting can also strongly
affect nanocrystal electronic properties relevant to device
applications, redox reactivities, and spectroscopy even without
introducing free carriers. We propose that by distinguishing
between perturbations that introduce free carriers and those
that only shift redox potentials, it is possible to reconcile many

observations from recent literature and gain deeper insight into
the fundamental synthetic challenges and physical properties
associated with electronically doped nanocrystals.

2. SPECTROSCOPIC SIGNATURES OF EXCESS
BAND-LIKE CHARGE CARRIERS

Like in molecules, oxidation or reduction alters a variety of
nanocrystal physical properties that can be addressed in
solution without electrical contact. We begin by describing
the spectroscopic signatures of excess band-like charge carriers
in colloidal semiconductor nanocrystals.
2.1. Electronic Absorption Spectroscopy

Excess band-like charge carriers generate two primary
spectroscopic signatures: (i) a bleached band-edge absorption
and (ii) a comparably intense infrared (IR) intraband
absorption. Figure 1 illustrates these signatures for n-doped

colloidal CdSe nanocrystals.9 The data in Figure 1 show CdSe
nanocrystals with an average number of excess electrons per
nanocrystal (⟨ne⟩) of up to 1, quantified by independent
chemical titration, placing EF above the conduction-band (CB)
edge (Scheme 1b). The origins of the spectroscopic changes are
illustrated schematically in the inset of Figure 1: Excess CB
electrons block the lowest-energy interband transitions, causing
the band-edge bleach (middle). These new electrons can also
be excited to higher CB levels, causing the new IR absorption.
The lower panel plots the normalized absorption difference at
⟨ne⟩ = 1. The first excitonic absorption is 50% bleached when
the first CB orbital is half filled, illustrating use of this bleach to
quantify n-doping.10 With accumulation to large carrier

Scheme 1

Figure 1. Spectroscopic signatures of excess band-like charge carriers
in colloidal semiconductor nanocrystals. The addition of CB electrons
to d = 3.8 nm CdSe nanocrystals bleaches band-edge absorption and
introduces new IR intraband absorption. (top) Visible and IR
absorption as a function of photodoping level. The arrows show
increased electron accumulation up to ⟨ne⟩ = 1. (bottom) Normalized
absorption difference (ΔA/A = (Adoped − Aundoped)/Aundoped

max ) at ⟨ne⟩ =
1 (⟨Ne⟩ = 3.5 × 1019 cm−3). The inset illustrates the origins of these
spectroscopic signatures. Adapted with permission from ref 9.
Copyright 2013 American Chemical Society.
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densities, these IR absorption bands evolve into localized
surface plasmon resonances.3,11−23

The aforementioned spectroscopic signatures are nicely
illustrated through spectroelectrochemistry on films of PbSe
nanocrystals.24 Figure 2a plots normalized differential absorp-

tion (ΔA/A) spectra of PbSe nanocrystals measured under bias.
As in Figure 1, both a band-edge bleach (∼0.6 eV) and
intraband absorption (∼0.2 eV) are observed under negative
bias. Remarkably similar spectral changes are also observed
under positive bias, indicating the rare ability to add excess
band-like carriers of either type. The spectroscopic signatures of
n- and p-doping are nearly identical owing to the similar CB
and valence-band (VB) structures of PbSe. Figure 2b plots the
excitonic absorption bleach vs applied potential. For both
negative and positive bias, the bleach increases and then levels
off with increasing potential. Figure 2c illustrates the experi-
ment schematically. With applied bias, EF can be tuned relative
to the nanocrystal band edges. When EF is above the CB edge
(approximately −0.5 V vs Ag pseudoreference) or below the

VB edge (∼0.0 V vs Ag), a steady-state (nonequilibrium)
concentration of free carriers is established within the
nanocrystals until the bias is removed. Although the number
of excess carriers per nanocrystal was not quantified, the first
exciton should be fully bleached at eight carriers per nanocrystal
because of the 8-fold degeneracies of the PbSe CB and VB
edges.25 Injection of both carrier types has also been observed
in the spectroelectrochemistry of HgTe nanocrystal films.26

2.2. Carrier Dynamics and EPR

In addition to changing the absorption spectrum, excess carriers
commonly introduce new nonradiative relaxation pathways that
shorten photoluminescence decay times and decrease lumines-
cence quantum yields. Figure 3a shows photoluminescence

decay curves measured for colloidal CdSe and photodoped n-
type CdSe nanocrystals prepared as in Figure 1. An increase in
photoluminescence intensity at short times is observed upon
photodoping, arising from the negative trion’s enhanced
radiative-recombination rate. A new fast-decay component is
also observed, corresponding to trion Auger recombination.
Such changes in carrier dynamics are strong indicators of
successful electronic doping.
In some cases, excess charge carriers have been identified

using electron paramagnetic resonance (EPR) spectroscopies.
Figure 3b shows EPR spectra and g values for various colloidal

Figure 2. Electrochemical addition of excess band-like charge carriers
to colloidal PbSe nanocrystals. (a) Normalized differential absorption
spectra collected at positive and negative applied potentials, referenced
to Ag wire. Negative bias causes nanocrystal reduction (blue) and
positive bias causes nanocrystal oxidation (red). (b) First exciton
bleach as a function of applied potential. Panels a and b adapted with
permission from ref 24. Copyright 2003 American Chemical Society.
(c) Schematic representation of the shift in EF with applied potential.

Figure 3. Additional spectroscopic signatures of electronic doping. (a)
The photoluminescence decay dynamics of CdSe nanocrystals change
upon n-doping (arrows). An extra CB electron (⟨ne⟩ < 1) increases
photoluminescence at very short times because of increased radiative
transition probabilities and introduces fast nonradiative Auger
recombination. Adapted with permission from refs 9 and 27.
Copyright 2013 American Chemical Society. (b) EPR g values of
extra electrons in colloidal n-doped ZnO nanocrystals (⟨ne⟩ < 1)
depend on nanocrystal volume, confirming delocalization. Adapted
with permission from ref 2. Copyright 2008 American Chemical
Society.
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n-type ZnO nanocrystals prepared by photodoping.2 The g
value decreases with increasing nanocrystal diameter, asymp-
totically approaching that of bulk ZnO at large diameters2,28,29

as anticipated from perturbation theory,30 confirming electron
delocalization over the entire nanocrystal volume. Similar EPR
spectra at 4 K confirm that the electrons do not localize into
traps.2 Essentially identical EPR spectra are observed in
colloidal n-type Al3+-doped ZnO (AZO) nanocrystals.31

Although delocalized carriers in other nanocrystals should
behave similarly, the EPR of quantum-confined carriers has not
been extensively studied.

3. ELECTRONIC DOPING AT THERMAL EQUILIBRIUM

3.1. Chemical Reduction and Photodoping

Early investigations of excess band-like carriers in colloidal
semiconductor nanocrystals were performed by Henglein and
co-workers,32 who introduced excess electrons into colloidal
ZnO nanocrystals by electron transfer from radiolytic free
radicals and by photochemical oxidation of alcohols. Both
chemistries lead to similar band-edge absorption bleaches, a
characteristic of band filling. Band-like electrons were
introduced into colloidal ZnO, CdS, and CdSe nanocrystals
by Guyot-Sionnest and co-workers via outer-sphere electron
transfer using biphenyl radical as a solvated reductant.33 Intense
new intraband absorption in the infrared allowed these authors
to definitively conclude the formation of colloidal n-type
nanocrystals with quantum-confined, delocalized electrons.
Numerous subsequent studies have explored the introduction
of delocalized charge carriers into colloidal semiconductor
nanocrystals at equilibrium conditions by electron-transfer
(remote chemical doping, Scheme 2a)10,17,25,34−38 and photo-
chemical (photodoping, Scheme 2b)9,22,23,32,39−45 methods.

3.2. Defect Doping

Perhaps the most prevalent strategy for semiconductor
electronic doping involves the introduction of charged
impurities, vacancies, or other defects compensated by excess
charge carriers (Scheme 3a). Unlike photodoping or electron-
transfer methods, this strategy can yield very stable n- or p-type
nanocrystals that are relatively easy to handle and process.
Carrier addition via defect doping has been successful in
oxide,7,15,18,19,22,31,46,47 Si,16,21 and Cu2−xE (E = S, Se,
Te)12−14,48 nanocrystals but remains a challenge for many

other systems because only rarely do charged defects
successfully introduce excess band-like charge carriers. In
most cases, charged defects are compensated by localized
counter charges at the nanocrystal surfaces, such as from
ligands or surface nonstoichiometries (Scheme 3b). For
example, in Al3+-doped ZnO (AZO) nanocrystals, only ∼5%
of Al3+ dopants are compensated by CB electrons,31 and the
majority are compensated elsewhere. Surface compensation
thus represents a major impediment to nanocrystal electronic
doping.
Similarly, only some of the Sn4+ cations substituting for In3+

in tin-doped In2O3 (ITO) nanocrystals are compensated by
delocalized CB electrons.19,22,47 Although the exact origin of
these delocalized electrons is unclear, they may come from
oxidation of organic reagents during synthesis, because tin is
introduced as Sn4+ and is thus ionized prior to inclusion in the
nanocrystal. Figure 4a shows absorption spectra of colloidal
In2O3 and ITO nanocrystals containing various amounts of
Sn4+.22 Bleached band-edge and new IR absorption are
apparent, consistent with electronic doping as outlined above,
and carrier freeze-out is not observed down to liquid He

Scheme 2

Scheme 3

Figure 4. Addition of CB electrons into colloidal In2O3 nanocrystals
via aliovalent doping with Sn4+. (a) Absorption spectra show loss of
band-edge absorption and new IR absorption with Sn4+ incorporation.
(b) Schematic representation of shifts in the band edges (redox
potential) with added Sn4+. Stabilization of the CB edge below EF
allows accumulation of CB electrons. Adapted with permission from
ref 22. Copyright 2015 American Chemical Society.
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temperatures,22 indicating degenerate doping with EF above the
CB edge. In contrast with the electron-transfer and photo-
doping examples discussed above, these excess electrons are
extremely stable, allowing ITO nanocrystals to be handled in air
without oxidation. Colloidal AZO nanocrystals show similar
stability.31,49,50

A striking observation is that ITO nanocrystals do not
transfer electrons to undoped In2O3 nanocrystals,22 despite
having EF above their CB edge. In photodoped nanocrystals,
rapid electron transfer is observed when a driving force
exists.22,51,52 These observations indicate that rather than
raising EF, Sn

4+ dopants stabilize the In2O3 CB relative to EF
(Figure 4b), which is defined by the solution and nanocrystal
surfaces. This CB stabilization is due to strong Sn4+−electron
Coulomb interactions.

3.3. Equilibrium Charge Injection upon Redox Shifting

It is also possible to shift nanocrystal band-edge potentials
using extrinsic ions or surface dipoles. Such postsynthetic
redox-potential tuning offers a valuable tool for modifying
electronic properties. To illustrate, Figure 5a shows a series of
electronic absorption spectra collected during electron-transfer
reduction of colloidal ZnO nanocrystals.36 As-prepared nano-
crystals show little intraband absorption even after adding 20
equivalents of the reductant CoCp*2, indicating little electron
transfer. Upon addition of protons, however, electrons are
transferred to ZnO. Figure 5b shows a linear relationship
between the number of CB electrons added per nanocrystal and
proton equivalents,36 indicating that the electron transfer is
gated by protons. Here, the CoCp*2 redox couple defines EF
for the colloidal solution. Protons shift the ZnO CB lower and,
when the electron chemical potential in ZnO is below that in
CoCp*2, equilibrium electron transfer to ZnO is thermody-
namically favored. This result is summarized schematically in
Figure 5c, which reflects the well-known potential−pH
Pourbaix diagrams derived from the Nernst equation53 and
widely observed in bulk and nanoscale oxides.54−56 A similar
phenomenon was recently observed in colloidal HgS nano-
crystals,38 where addition of Hg2+ to undoped nanocrystals
yielded a band-edge absorption bleach and new intraband
absorption, suggesting that Hg2+ binding stabilizes the CB
sufficiently for nanocrystal reduction, presumably by reduced
surface traps.
These examples illustrate the powerful conclusion that

postsynthetic redox shifting can generate electronically doped
colloidal nanocrystals when performed in the presence of a

suitable reservoir of charge carriers. Notably, the added ions
(H+, Hg2+) are not themselves donating the electrons but
instead are shifting band-edge potentials such that redox
equilibria involving other redox-active species favor nanocrystal
reduction.

4. REDOX-POTENTIAL TUNING WITHOUT
EQUILIBRIUM CHARGE INJECTION

In many cases, semiconductor band edges are shifted without
addition of free carriers. Scheme 1c,d illustrates a scenario in
which perturbation of a nanocrystal makes it easier to reduce,
but EF is too far from the band edges to introduce substantial
concentrations of band-like charge carriers. We categorize such
nanocrystals as redox-shifted. In colloids, this scenario shows
obvious qualitative differences from the scenarios discussed
above. In quantum-dot solids, ensemble carrier types and
densities can be altered via such perturbations.57−61

4.1. Surface Dipoles

Recent work has demonstrated that tuning dipole moments at
colloidal PbS nanocrystal surfaces can shift absolute CB and VB
energies substantially (Figure 6).62 Surface dipoles were
interpreted as sums of molecular and interface dipoles, with
ligands presumably binding as anions to surface Pb2+. Band-
edge energies were measured using UV photoelectron spec-
troscopy (UPS, Figure 6c). Molecules that withdraw electron
density from the nanocrystals stabilize the bands, whereas those
that donate electron density destabilize the bands. Even without
generating free carriers, surface dipoles clearly impact the
electronic properties of the nanocrystals, tuning their redox
potentials by over ∼1 V. This type of redox-potential tuning is a
powerful capability in the development of nanocrystals for
photovoltaics or other electronic applications.
4.2. Ionic Impurities

Another interesting example of redox shifting is seen in InAs
nanocrystals exposed to excess cations. InAs nanocrystals
containing large numbers of copper or silver impurity ions have
been prepared and characterized via scanning tunneling
spectroscopy (STS).63 Figure 7a shows absorption spectra of
the parent InAs nanocrystals and of the same nanocrystals after
addition of CuCl2, AgCl, or AgNO3. The cations quickly diffuse
into the InAs lattice, with their charge-compensating anions
likely remaining at the nanocrystal surfaces. These cations cause
small shifts of the first excitonic absorption energy but no
evident bleaching, indicating negligible free-carrier densities
under these conditions. STS data (Figure 7b) show large shifts

Figure 5. Shifting redox potentials of colloidal ZnO nanocrystals using protons. (a) Absorption spectra of ZnO nanocrystals with 20 equiv of
CoCp*2 and various amounts of added H

+. The arrow shows the direction of increased H+. (b) Number of CB electrons added per ZnO nanocrystal
vs added H+. Panels a and b adapted with permission from ref 36. Copyright 2013 American Chemical Society. (c) Schematic representation of ZnO
nanocrystal band-edge stabilization by H+.
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of the band energies, however (i.e., redox-potential shifting).
Figure 7c depicts these changes schematically. EXAFS data
suggest that copper ions are incorporated interstitially,64 where
their positive charges stabilize the InAs CB, making the
nanocrystals easier to reduce. Silver is proposed to incorporate
substitutionally in its +1 oxidation state.63 Replacement of In3+

with Ag+ yields a net negative charge that destabilizes the
bands, making the nanocrystals more difficult to reduce. In each
case, the bands are shifted relative to a reference potential (V0),
but free carriers are introduced only with applied bias, that is,
under nonequilibrium conditions. The same shifts in redox
potentials should be observable electrochemically, for example,
Figure 2.
Redox shifting is also evident in Ag+-doped CdSe nanocryst-

als. Figure 8a shows absorption spectra of undoped and Ag+-
doped CdSe colloidal nanocrystals at various Ag+ concen-
trations.59 No excitonic absorption bleach is observed upon Ag+

addition, again indicating an absence of free carriers. The
electronic properties of these Ag+-doped CdSe nanocrystals
were probed by incorporating them into thin-film field-effect
transistors (FETs). Figure 8b plots drain current (ID) vs
reference voltage (V) for devices containing nanocrystals with
different Ag+ concentrations. The sharp increase in ID with
increasingly positive V indicates that electrons are the mobile
charge carriers in these films. Figure 8c shows that the device
turn-on voltage generally becomes more positive as the amount
of Ag+ per nanocrystal increases. Because the band gap does not
change with added Ag+ (Figure 8a), the VB is also shifted, as in
Figure 7c (right). These results demonstrate that charged
impurities can tune electronic properties of colloidal semi-
conductor nanocrystals enough to affect device performance,
even without introducing free carriers at thermal equilibrium.

5. IMPORTANCE OF CHARGE-CARRIER RESERVOIRS
In the examples of Section 4, excess free carriers are only
observed under nonequilibrium conditions, much like in

intrinsic nanocrystals. The question arises: Why are equilibrium
free-carrier populations observed in some cases (Figures 1, 4,
and 5) but not others (Figures 6−8)? When aliovalent dopants
are added (e.g., Sn4+ into In2O3, Ag

+ into InAs or CdSe), they
are typically already ionized and hence cannot themselves
provide the charge-compensating carriers. The appearance of
excess free carriers is thus limited not just by nanocrystal
composition, but also by the availability of charge-carrier
reservoirs with suitable potentials, for example, solvated redox
reagents or redox-active surface species (traps, vacancies, etc.).
Given such a reservoir, the chemical potential of a carrier within
the nanocrystal then must be tuned relative to that of the
reservoir to achieve equilibrium carrier transfer into a
nanocrystal band. In Figures 6−8, no such reservoirs are
evidently available. In many cases, the availability of a suitable
carrier reservoir is intimately linked to the redox potentials of
nanocrystal surface traps (Scheme 1c). Without controlling
surfaces, EF is poorly defined and likely poorly positioned, and
electronic doping chemistries will be similarly poorly

Figure 6. Redox shifting of colloidal PbS nanocrystals via ligand
exchange. (a) Schematic representation of the ligands investigated. (b)
Total surface dipole, represented as a sum of molecular and interface
dipoles. (c) CB and VB energies measured by UPS. The arrow shows
the order in which the band energies are given, coinciding with the
arrow in panel a progressing clockwise starting with Br−. Adapted with
permission from ref 62. Copyright 2014 American Chemical Society.

Figure 7. Redox shifting of InAs nanocrystals via addition of cations.
(a) Absorption spectra of as-prepared InAs nanocrystals (black) and
the same nanocrystals with added AgNO3 (red) or CuCl2 (blue). (b)
STM spectra of the nanocrystals from panel a. Panels a and b adapted
with permission from ref 63. Copyright 2011 AAAS. (c) Schematic
summary of the shifts in band-edge potentials with ion addition.
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controlled. In addition to the many synthetic challenges
associated with composition control (not addressed here),
future progress in nanocrystal electronic doping therefore
requires improved understanding and control of surface
chemistries at the microscopic level. Recent advances in this
direction are encouraging.65,66

6. CONCLUSION

The preparation of electronically doped colloidal semi-
conductor nanocrystals possessing excess band-like charge
carriers at thermal equilibrium represents a long-standing
challenge in nanoscience, with ramifications for both
fundamental research and numerous potential technologies.
This Account highlights several recent successes in this field. A
distinction is proposed between electronic doping that
introduces equilibrium excess band-like charge carriers and
electrostatic redox-potential shifting without equilibrium excess
band-like charge carriers. Spectroscopic signatures are outlined
for distinguishing between these two regimes experimentally.
Future advances in controlling nanocrystal compositions,
surface chemistries, and redox reactivities will undoubtedly
yield a diverse portfolio of new materials with attractive physical
and electronic properties that will accelerate the development
of nanocrystal-based technologies.
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