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Self-doped colloidal semiconductor nanocrystals
with intraband transitions in steady state

+ Dongsun Choit and Kwang Seob Jeong 2 *

The tunable bandgap energy has been recognized as a prominent feature of the colloidal
semiconductor nanocrystal, also called the colloidal quantum dot (CQD). Due to the broken degeneracy
caused by the quantum confinement effect, the electronic states of the conduction band (CB) are
separated by a few hundred meV. The electronic transition occurring in the conduction band is called
the intraband transition and has been regarded as a fast electron relaxation process that cannot be

readily observed under steady state. However, recent progress in the studies of intraband transitions

allowed the observation of the mid-IR intraband transition in steady state and ambient condition,

providing a pathway to exploit the mid-IR electronic transition for various optoelectronic applications.
The observation of the steady state intraband transitions has been possible due to the electron filling of
the lowest electronic state (1S¢) of the conduction band in the semiconductor nanocrystal. Specifically,
the nanocrystals are “self-doped” with electrons through chemical synthesis — that is, without the need

of adding heterogeneous impurity or applying an electrical potential. In this feature article, we summarize
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the recent advances in the study on intraband electronic transitions along with the interesting findings on
the magnetic and electronic properties of the self-doped colloidal metal chalcogenide semiconductor
nanocrystals. The mid-IR intraband transitions of non-toxic nanocrystals, which exclude the toxic mercury

and cadmium constituents, are also highlighted, which hold promise for safer applications utilizing the
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Introduction

The colloidal quantum dot (CQD) has been of great interest in
bioimaging,"* electronic,** optoelectronic®® and photovoltaic
applications”® due to a variety of advantages such as the
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higher quantum states of nanocrystals.

bandgap transition,”’® the solution-based
synthesis process and the availability of low-temperature
manufacturing.>""™* For more than three decades, continuous
studies on CQDs have made significant improvement, and
nowadays one can readily find commercial electronic devices

size-tunable

equipped with colloidal quantum dot displays.
Upon photoexcitation, an electron in the valence band of the
semiconductor nanocrystal is excited to the electronic states of
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the conduction band (CB). The electron in the higher electronic
states of the CB, called a hot-electron, is known to immediately
relax to the band edge, or the lowest electronic state of the
conduction band (1S.). In this process, the electron can interact
with phonons (crystal vibration modes).'® Then, the electron at
1S, recombines with a hole in the valence band, resulting in the
photoluminescence (PL, radiative recombination). Therefore,
it is essential to understand this hot-electron relaxation process
that takes place before the bandgap recombination process to
fully understand all the possible carrier kinetic processes
triggered by the photoexcitation, which eventually determine
the performance of the optoelectronic applications.> *'®

The intraband transition refers to the transition occurring
between the discrete electronic states such as the 1S.-1P,
transition. Therefore, the study on intraband transition will
provide valuable information on the hot-carrier dynamics. The
intraband transition is also important in utilizing a wider
optical range. The intraband transition is the only way to use
the energy smaller than the constant bulk bandgap energy
without changing the material constituent. This is because
the nanocrystal bandgap energy (E;nc) is a sum of the bulk
bandgap (Egbui) and quantum confinement effect, where the
quantum confinement effect is always positive, and thus the
nanocrystal bandgap energy is always greater than the bulk
bandgap.

For example, the bulk bandgap energy of B-HgS is 0.65 eV
and the intraband transition energy is ~0.12-0.4 eV, which
enables the use of energy smaller than the constant bulk B-HgS
bandgap energy.

In addition, the intraband transition is also tunable by
varying the nanocrystal size since the origin of the transition
is the quantum confinement effect. It produces a distinct
Gaussian peak whereas the bandgap transition is typically
overlapped with other interband transition. In other words,
the intraband transition is superior to the bandgap transition
in terms of wavelength selectivity. One thing to note is that the
clear optical peak of the intraband transition is only observed
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in the three-dimensionally quantum confined colloidal quantum
dots while quantum wires or quantum wells cannot give distinct
intraband transition peaks.

The advantage of the colloidal nanocrystal is the transition
energy tunability by merely varying the size of the nanocrystal.
Due to the accessibility to such small energy, the intraband
transition allows the colloidal nanocrystals to dramatically
expand the accessible energy range from UV to THz radiation.

Several experimental methods have been carried out to
examine the intraband transitions of colloidal nanocrystals.
The powerful method to study the carrier dynamics is the
transient spectroscopy to scrutinize the carrier relaxation as a
function of time. However, the native fast carrier relaxation of
the hot electron cannot guarantee the virtual use of the intra-
band transitions, and thereby, alternative methods were intro-
duced by several groups. The key concept of these alternative
methods is to incorporate excess carriers into the nanocrystals.

The addition of excess carriers in the nanocrystal can be
achieved by several methods that have been carefully investi-
gated for the last two decades.'® Charge transfer (or chemical)
doping,"” electrochemical doping,'® photochemical doping,>®
and self-doping®" methods are the examples.

The injection of the carriers into the nanocrystals with
discrete energy levels make it possible to observe the intraband
transition in the infrared regime corresponding to the transition
from the lowest electronic state (1S.) to the second lowest
electronic state (1P.).>>° The energy of the intraband transition
occurring between 1S.-1P. is ~0.1-0.5 eV which is larger than the
longitudinal optical (LO) phonon by a factor of 3 to 20 depending
on the composition and the size of the nanocrystal. For instance,
the intraband transition of the HgS CQD is ~0.12-0.4 eV and its
LO phonon is 0.031 eV.** Thus the less effective coupling between
the intraband transition and the LO phonon enables a clear
observation of the intraband transition.

This feature article focuses on the methods that have been
used for observing the intraband transition of colloidal nano-
crystals and provides future direction of the study of the
electronic transitions occurring in the higher quantum states
of colloidal nanocrystals.

Ultrafast spectroscopy

The study of the intraband transition was initiated during the
end of the last century. Guyot-Sionnest and his co-workers first
started the intraband transition of colloidal nanocrystal study
by performing the picosecond visible pump infrared probe
spectroscopy to directly measure the transient intraband
absorption of CdSe colloidal quantum dots in the mid-IR
regime in 1998 (Fig. 1A and B).**** Klimov and his co-workers
also carried out the visible electronic pump-probe spectroscopy to
measure the interband exciton relaxation while the intraband
transition could indirectly calculated (Fig. 1C).?® Since then, the
time-resolved intraband spectroscopy for the CQDs has been
intensively performed to understand the hot carrier dynamics.
Due to the coulomb potential between the electron and hole,

This journal is © The Royal Society of Chemistry 2018
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Fig.1 (A) The CdSe NC time evolution of the visible-induced IR
absorption spectra with size dependence filled circles 43 A, open squares
38 A, open circles 31.5 A respectively. Reprinted with permission from
ref. 22 Copyright (1998) by the Applied Physics Letters, (B) room tempera-
ture visible induced transient FTIR spectra reprinted with permission from
ref. 17. Copyright (2000) by the American Chemical Society, (C) TA
spectrum of different delay between delay and pump time with different
size of NC. Reprinted with permission from ref. 25. Copyright (1998) by the
American Physical Society, (D) room temperature population dynamics of
1S state with photo-excited carriers. Reprinted with permission from
ref. 18. Copyright (2005) by the American Physical Society.

the intraband transition is extremely fast, so that the carrier
dynamic information can be obtained merely by ultrafast
spectroscopy (Fig. 1D).

To make the intraband transition useful for applications,
the lifetime should be slower than the pico- or femtosecond
time scale. Hence, there have been many efforts to achieve
long-lived carriers in the CB such as the bandgap engineering
of the core/shell nanocrystals.'"'*?*2728 Elongating the carrier
lifetime has been successful to some degree by several researchers
studying with bandgap-engineered nanocrystals, but the time
scale is still too fast to use for applications®” Furthermore, the
intraband radiative recombination process was not possible to
observe in those days.

Electrochemical doping

In order to observe the intraband transition without using the
ultrafast spectroscopy, electrochemical potential or chemical
treatment method were proposed by the Guyot-Sionnest and
his co-workers in 2000 and 2001, providing a method to observe
the intraband transition using a commercial infrared spectro-
meter in steady state, which also renders opportunities to
perform the trion or biexciton studies.'”"*°

In electrochemical doping, the quantized electronic states,
mainly the 1S, state of the nanocrystal, are filled with carriers

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) Integrated photoluminescence intensity of CdSe/ZnS with
different potentials. (B) Photoluminescence spectra with different potential
(C) sample photograph with UV illumination; 0 V, —1.5 V, and resetting to
0 V respectively. IR and UV-visible spectra of (D) 5.4 nm CdSe nanocrystals
and (E) 7.0 nm CdSe nanocrystals with different potentials from ref. 19.
Reprinted with permission from AAAS.

injected through the electrochemical method in the electrolyte."*°

The nanocrystals in the film are crosslinked with each other
through sufficiently short ligands to allow conductivity, and an
external potential is applied to the nanocrystal film through
electrochemical gating effect. The applied potential varies the
Fermi level of the nanocrystal, thereby manipulating the density of
carriers inside the nanocrystal. Raising (or lowering) the Fermi
level with the electrochemical potential allows stable occupation of
electrons (or holes) in the electronic state, so that the electronic
states of the quantum dots beyond the 1S.(1S},) state can be readily
explored. The higher electronic states are monitored by optical
absorption or conductivity change as shown in Fig. 2D and E.*°
Compared to the field effect transistor, the electrochemical doping
method has an advantage of charging the entire quantum dot film
since the electrolyte efficiently penetrates into the quantum dot
film whereas the field effect transistor charges only a few mono-
layers nearby the dielectric layer.>"** The electrochemical doping
method has been rapidly developed and enabled sophisticated
control of the luminescence of nanocrystals. For example, the
variation of the potential leads to the intensity change of the
bi-color emission from the nanocrystal and the matrix mixture.*?
Furthermore, studies that employed the electrochemical doping
method for nanocrystals provided valuable information on the
dynamics of carriers and higher quantum states of nanocrystals,
leading to the fundamental understanding of nanocrystals.>***

Chem. Commun., 2018, 54, 8435-8445 | 8437
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Although electrochemical doping is an excellent method for
the fine control of doping density in nanocrystals, it does not
ensure permanent high doping density of the nanocrystal since
the nanocrystal is susceptible to decomposition by the applied
potential in some cases. The stable potential range is an
indicator that shows the electrochemical potential range in
which the material can stably maintain the excess carriers. The
stable potential range can be determined by considering the
reduction potential of the constituent elements of the nano-
crystals. For example, the range of stable doping for HgS lies
between —0.73 V and 1 V, which is obtained from the oxidative
and reductive reaction of HgS bulk according to ref. 35. The
oxidative potential for (HgS), + 2h* — (HgS),_.S + Hg*" is
1 V/NHE using E = AG}/2F + E°, where AG{, F and E° are the free
energy of formation, Faraday constant and reduction potential,
respectively. Therefore, if the holes are generated at a potential
more positive than 1 V, the HgS nanocrystals is readily decom-
posed (oxidized). Similarly, when the electrons are present at a
potential more negative than —0.73 V, the HgS nanocrystals are
easily reduced. For ZnSe nanocrystals with a reduction
potential of —0.762 V (vs. SHE) for Zn/Zn>", it is less likely to
form an n-doped material because the conduction band of the
bulk ZnSe is —1.5 V (vs. SHE), meaning that the material can be
readily oxidized by giving off excess electrons. Furthermore, the
electrochemical doping is likely to have a tolerable number of
oxidative/reductive charging cycles due to the possibility of the
surface chemistry change.

Charge transfer doping

Charge transfer doping, which has been frequently used in the
field involving conducting polymers,*® was first successfully
applied to colloidal quantum dots in 2000."” The addition of a
reducing agent such as sodium biphenyl causes the injection of
electrons to nanocrystals, resulting in the occupation of the
lowest electronic state (1S.) of the CB with electrons under inert
conditions. As the 1S, state is fully filled, the intraband transi-
tions (1S.~1P,) of the electrons and the corresponding bleach of
interband transition (1S,,-1S. bandgap) appear in the mid infrared
and visible region, respectively (Fig. 3A and B). This method has

A B
1 T . ; .
i — Pristine 1S -1S
A 7] by Ve
-~ - ¥ Y
Sosf 0O &;1;";;%’?,&0” [7A4 3 Doped
e | Visible bleach// o
@ 06 i Vepepleacy o [1S-1P
3 e e
= 2
g 04 < 9 ‘ / 1
s g \
2 § 1S,-1P,
ot = . | SO ISPy
0 02 04 0616 18 2 22 24 26 0.0 0.3 0.6 0.9 1.2
Energy (eV) Energy (eV)

Fig. 3 (A) Absorption spectra of CdSe NC (dotted line) with biphenyl
reagent (solid) and without (dashed line) from ref. 17. Reprinted with
permission from AAAS. (B) Pristine and cobaltocene treated PbSe absorp-
tion spectra from ref. 37. Reprinted with permission from AAAS.
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been used for understanding the quantized state of nanocrystals as
shown in Fig. 3B.

Unfortunately, the charge transfer doping method is
restricted to inert conditions since the carriers are readily
quenched upon air exposure (Fig. 3A). Therefore, the charge
transfer doping heavily relies on the reduction potential of the
reducing agent and the size of the nanocrystal. Nonetheless,
the charge transfer doping approach has been frequently used
to dope the nanocrystals or to explore higher electronic state.®”

Other doping methods such as photoelectrochemical doping
are also available, but those methods were already fully covered by
other excellent review papers.”® Thus, we focus on the doping
methods that were incorporated for studies involving the intra-
band transition.

Self-doping: mercury chalcogenide
nanocrystals

The methods described above have several limitations when
used for studies on the intraband transition. For example, the
ultrafast spectroscopy enables one to observe the intraband
transition only in the fast time scale. Also, the intraband
transitions are only observed when either an electrochemical
potential is applied or reducing agents are present under inert
condition. Indeed, it has been difficult to dope nanocrystals
without a post-doping process since the carriers swiftly go
through recombination processes once added. Additionally,
the carriers are prone to involve in chemical reactions occurring
at the surface of the nanocrystals.

The synthesis of the self-doped (or lightly doped) nano-
crystals where a high doping density is achieved without the
use of any external factor such as an electron-donating molecule,
applied electric field, or optical pumping, has great significance
for the nanomaterial research utilizing quantum confined states.
In colloidal quantum dot applications, only the bandgap transi-
tion has been intensively utilized for applications, although there
are a number of possible transitions occurring over the inter- and
intraband. The self-doping approach will offer more opportunities
to fully exploit the quantum confined states (Fig. 4A and B).

Recent progress in the studies of the intraband transitions
by our own group and the Guyot-Sionnest group made observa-
tion of the mid-IR intraband transition in steady state possible
by successfully incorporating excess electrons into the CB,
providing a way to exploit the mid-IR electronic transition for
fundamental understanding of the physical property of hot
carriers and for various optoelectronic applications.*® The
steady state intraband transition has been realized due to the
electron filling of the lowest electronic state (1S.) of the CB
(Fig. 4B and 6A). By controlling the number of electrons in the
nanocrystal through chemical synthesis without an addition of
heterogeneous metal impurity, it is possible to tailor the
magnetic and optical property of the nanocrystal.*®

Understanding the mechanism of how electrons fill the
electronic states of the CB is useful for many reasons. Firstly,
it provides clear understanding of the electron dynamics in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Absorption spectra of HgS CQD with $2~ and Hg?* layer by
layer growth. Reprinted with permission from ref. 36 copyright 2014
American Chemical Society. (B) Surface treatment schematics of HgS
CQD (C) HgS absorption and photoluminescence spectra reprinted with
permission from ref. 39. Copyright 2014 American Chemical Society.
(D) HgSe absorption and photoluminescence.

nanocrystal by excluding the hole dynamics occurring in the
VB or in the mid-gap states. In addition, it also allows the
intraband transition in steady state without worrying about
the bandgap-based Auger process.

Secondly, the ability to control the number of electrons in
the discrete energy states offers a way to tailor the magnetic
properties determined by the number of unpaired electrons.
The magnetic property depending on the number of unpaired
electrons in the nanocrystal is different from that resulting
from the paramagnetic property of the transition metal-doped
semiconductor nanocrystals.*>*' The magnetism study of the
self-doped nanocrystal will provide useful insight to under-
standing the nature of the spin of the carrier in nanocrystals.
Furthermore, spintronics and quantum computing applications
can be considered for future applications using nanocrystals with
unpaired electrons.

To note, the self-doped nanocrystals can serve as promising
materials along with other materials generating long wave-
length light emission. Graphene and metal nanomaterials
researchers have carried out intensive studies to produce
emission through various methods.**™*” For example, graphene
nanoribbons create a narrow bandgap and show emission in
the infrared.”” ***® In addition, the metal clusters are interesting
due to the unexpected emission in the visible regime. Generally,
nanomaterials with a high density of charge carriers exhibit
surface plasmon resonance (SPR) and thermal emission under
photoexcitation. The fact that the excitonic radiative recombi-
nation of these materials were observed indicates the emergence
of holes by tuning the size or shape.’®° In other words, the
concentration of charge carriers was intentionally lowered via
modifications, so that excitonic radiative recombination was
possible. With respect to changing the level of carrier density,
the intraband transition study uses an approach that is

This journal is © The Royal Society of Chemistry 2018
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opposite to that used by studies involving graphene and metal
nanomaterials. At a low level of carrier density similar to that of
a typical semiconductor nanocrystal, the intraband transition
of the semiconductor nanocrystals is very fast (picosecond time
scale) followed by the bandgap transition. Thus, colloidal
quantum dots of relatively low carrier density require addi-
tional carriers to be able to stably fill the lowest electronic states
of the CB.

Neither the optical property nor the magnetic property of
the self-doped nanocrystals was successfully observed before
2014. To note, the doping density achieved by the self-doping
approach to be discussed is smaller than that of the heavy
doping regime, so there are other empty quantized states
remaining in the CB. The electron density of the self-doped
nanoctystal is less than 8 per nanocrystal.>******! The appearance
of the intraband transition measured in steady state is clear
evidence of the successful self-doping because the steady state
1S.~1P,. intraband transition would not have been observed if the
lowest electronic states of the CB, 1S., are empty of electrons
(Fig. 4B). The first report on semiconductor nanocrystals self-
doped with electrons was shown with mercury sulfide colloidal
quantum dots by Jeong et al. in Fig. 4C.*° The black and red
spectra correspond to the absorption and emission spectra of the
steady state intraband transitions of HgS CQDs, respectively and
the wavelength of the spectra relies on the nanocrystal size.
The dip of the emission spectrum and the sharp peaks of the
absorption spectrum at 2890 and 2910 cm ™' are attributed to
the symmetric and asymmetric CH vibrational modes of the
dodecanethiol ligands. The infrared photoluminescence is
quenched by the vibrational mode of organic molecules.
Regarding the synthesis process, there are no challenging
synthetic techniques involved to generate the self-doped
mercury chalcogenide colloidal quantum dot. The HgS and
HgSe colloidal quantum dots are synthesized with no difficulty
by modifying the procedure for synthesizing HgTe colloidal
quantum dots.>>>* However, it is worth to note that one should
handle the mercury compound with great care during the
synthesis due to the extreme toxicity.

Since the intraband transition is available in steady state
under ambient condition, the electronic transition can be used
for photodetection through exciton splitting. The intraband
photocurrent of the HgE quantum dot film has been detected
in the mid-IR regime.*' To note, the intraband transition is
explicitly different from the localized surface plasma resonances
(LSPRs) in that the intraband transition produces radiative
recombination under photoexcitation whereas the LSPRs undergo
no excitonic emission. More information on the work involving
the use of intraband transition for mid-IR photodetection can be
obtained by excellent reviews written by Guyot-Sionnest and
Lhuillier.>*

Interestingly, the self-doped colloidal quantum dot is highly
sensitive to the charge of the nanocrystal surface as shown in
Fig. 4B. Identical constituent ions of the nanocrystals were
added into the HgS colloidal quantum dots.*® Surprisingly, the
addition of the anion (S*7) and cation (Hg>") leads to quenching
and recovery of the intraband transition, respectively. Specifically,

Chem. Commun., 2018, 54, 8435-8445 | 8439
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the ammonium sulfide in formamide solution was added to the
HgS CQD in tetrachloroethylene solution, which led to the
quenching of the intraband absorption and photoluminescence.
In contrast, consecutive addition of the mercury cation recovers
the intraband transitions. The intensity variation of the intraband
transition is reproducible under ambient conditions. The appear-
ance and disappearance of the intraband transition is attributed
to the surface dipole of the nanocrystal.® Concretely, the positive
charge at the surface balanced by the surrounding counter anion
lowers the electronic states of the nanocrystal versus vacuum level,
eventually leading to the appearance of the steady-state intraband
transition. In contrast, the negative charge on the surface
balanced by the surrounding cation results in the elevation of
the electronic state, resulting in the disappearance of the intra-
band transition and recovery of the bandgap transition.

The electrochemical result supporting this hypothesis is well
described in the ref. 39. Both conduction and valence band
energy states of HgS, HgSe and HgTe nanocrystals are largely
perturbed by the post surface treatments. Both homogeneous
and heterogenous ions were used to generalize the effect of the
cation and anion surface potentials.

In the microscopic view, the shift of the conduction and
valence bands can be explained by the change of the surface
dipole on the nanocrystal surface.>* In the sulfide treated HgE
CQDs, the sulfide (S*7) binds to the mercury ions at the surface
of the nanocrystals. Therefore, the surface dipole pointing
outward from the bound sulfur elements to free positive ions
surrounding the nanocrystal causes both conduction and
valence band energies to go up, making HgS CQD undoped.
Meanwhile, the surface dipole of the mercury ion treated HgS
CQD points inward from the free negative ions to the bound
mercury elements at the nanocrystals, leading to the n-doped
nanocrystal through lowering the band energies (Fig. 4B). The
electrostatic potential at the surface area of 20 A* of (111) was
roughly calculated to be 1.8 eV with the smallest dielectric
screening being ¢ = 1. The potential change caused by the
surface dipole is very large compared to the bandgap of
the nanocrystals at ~1.0 eV. This hypothesis is supported
by the surface sensitive work function of the metal induced
by self-assembled monolayers.>”

The variation of the conduction and valence band energies
has been observed by others as well. Brown et al. measured the
shift of the band energy of PbS colloidal quantum dot with various
surface ligands by using ultraviolet photoelectron spectroscopy.
It was confirmed that the band energy is readily altered by varying
the surface conditions.”® The surface dipole dependence of the
band energy may also explain the enhanced device performance of
the quantum dot film treated with cations. Wang et al. presented
the variance of the conductivity of PbS quantum dot film during
successive ionic layer adsorption and reaction (SILAR).>” The
enhancement in the performances probably originate from the
lowering of both the conduction and valence band energy, leading
to a large doping density of the n-type quantum dot.

With respect to the material stoichiometry, the stoichio-
metry of the nanocrystals is apparently changed by the addition
of the anion and cation resources. Based on the result of
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inductively coupled plasma optical emission spectroscopy
(ICP-OES) and the XPS analysis, the as-synthesized or the
mercury ion treated HgS CQDs show ~ 30% excess of the cation
while the sulfide treated HgS CQD has an equivalent amount of
the metal and chalcogenide.?® The excess metal proportion is
frequently observed from other n-type colloidal quantum dots
such as PbS and PbSe.>*”*® However, these nanocrystals do not
generate steady state intraband transitions because the 1S,
state lies higher than the H,/H,O reduction potential, resulting
in the loss of the electron of the 1S. by the hydrogen gas
generation.>>® To note, the stoichiometrically balanced core/
shell quantum dots such as HgSe/ZnS CQD do not appear the
steady state intraband absorption, that could limit the use of
the transition for further applications.

The observed steady state intraband transition of the colloidal
quantum dot has mostly been viewed as the 1S.~1P, transition.>?
Due to the fast relaxation of the electron, we barely achieved to
observe the first intraband transition (1S.-1P.) of CB in steady state.
If further carriers were to occupy the 1P, state in steady state, the
second intraband transition (1P.-1D.) should appear in principle.

Conventionally, thiol ligand molecules have been incorporated
during the HEE (E = S, Se) nanocrystal synthesis. However, in order
to get rid of any possible concerns including hole quenching or
oxidation process under IR photoexcitation, we used oleylamine
ligands rather than the thiol ligands (Fig. 5A and B). Surprisingly,
the oleylamine passivated HgS CQD films on a gold substrate
demonstrate both the first and the second intraband transitions
(Fig. 5C and E). Although there was no success of removing the
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first intraband transition (1S.-1P.) by complete carrier occupation
of the 1P, state, the emergence of the second intraband transition
offers a new avenue for future optical property study of colloidal
quantum dots. The longitudinal optical (LO) phonon of the HgS
nanocrystal was measured by using Raman spectroscopy, and the
value of LO phonon is 262 cm™" (32 meV), which is one order
of magnitude smaller than the intraband transition energy. The
second lowest intraband transition with the amine-based ligands
will be promising for the use of the nanocrystal for multistep
memory and flexible device (Fig. 5C-F).

The mercury chalcogenide colloidal quantum dot showing
the intraband transition under steady state was thought to be
occupied by two electrons in the 1S. state. As a result, no
distinct magnetic feature was observed from the HgS CQDs
due to the paired electrons unless metal impurities such as
manganese are incorporated into the nanocrystals®®°"°* If so,
before fully occupying the 1S, state, an intermediate state
with single electron occupation should be present, which is
conceptually analogous to the singly occupied molecular orbital
(SOMO). Our results proved the existence of the singly occupied
quantum state (SOQS), achieved by kinetically controlling the
chemical synthesis process.*® (Fig. 6A, D and E)

The unpaired electron at the 1S, state is detected by electron
paramagnetic resonance (EPR) spectroscopy that has a g-value of
2.54, which is larger than that of free electrons. In semiconductors,
the g-value of the carrier relies on the carrier density (Fig. 6D and F).
Therefore, depending on the electron density tuned by changing
the size of the nanocrystal, the g-value can slightly change. The
stoichiometry of the nanocrystal largely affects the emergence of
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the SOQS. For example, the SOQS arises only when the metal-to-
chalcogenide ratio is over unity and when smaller than 0.3.
When the metal-to-chalcogenide ratio is around 0.3, the 1S, state
seems to be fully filled with two electrons referred to as the
doubly occupied quantum state (DOQS) (Fig. 6A-C). Surprisingly,
the HgSe nanocrystal in the solid state ensemble showing the
paramagnetic property produces different g-values at different
angles to the magnetic field. The peak corresponding to the
unpaired electron shifts to lower Gauss at both 90° and 270°, and
recovers its original Gauss at 180° (Fig. 7B). This infers that the
spins of the nanocrystals have preferred direction when the
samples are dried under vacuum.

The XRD spectra indicate that the HgSe(111) facet is enhanced
when the nanocrystal exhibits the steady state intraband transi-
tion (Fig. 6C). This carefully suggests that a geometric distortion
arising from the enhancement of a certain facet may be required
for the steady state intraband transition.

The magnetization of the film of the HgSe nanocrystal has
been investigated by the superconducting quantum interference
device (SQUID) measurement (Fig. 7). The HgSe films demon-
strate the superparamagnetic and diamagnetic feature for the
SOQS (N. = 1) and DOQS (N. = 0 or 2), respectively*® (Fig. 6D).
To note, no heterogeneous metal impurity was added into the
nanocrystal. Thus, the magnetic property examined are intrinsic
of the HgSe nanocrystals. Due to the large surface-to-volume
ratio, the electronic property swiftly responds to the surface
environment. Just as the intensity of the intraband transition
is tuned by the surface treatment, proved in previous papers, the
magnetic property is also governed by the surface treatment.
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(Fig. 6F) Further magnetic properties of the HgSe CQDs arising
from the occupation of the higher electronic state were also
reported, although more thorough study is required to assign the
specific electronic state where the unpaired electron remains.

The electron occupation of the electronic state of the CB also
seems to enhance the electron mobility. An electron mobility
of 1.29 ecm®> V' s7' was obtained from the Al/SCN-HgS
CQDY/Si0,/Si field-effect-transistor (FET). The intraband transi-
tion of the HgS CQD film attenuated through the annealing
process due to the efficient coupling of nanocrystals. The
optimum annealing temperature of 90 °C for the HgS CQDs
was found as well, which is reasonable considering the nano-
crystal reaction temperature of 120 °C. Although the self-doping
carrier density is larger than the conventional quantum dot,
the electron mobility was not substantially enhanced.®*

Along with the nanocrystal size, the compositional change of
the nanocrystal significantly affects the electronic transition.
The cation-exchange method where the portions of Hg and Cd
are varied in the Cd,Hg; _,Se alloy nanocrystal was introduced to
tune the major electronic transition from the visible to mid-IR
of nanocrystals.*® (Fig. 8A) Through the compositional change,
we succeeded in shifting the major electronic transition from the
bandgap transition to the intraband transition. In addition, the
localized surface plasmon resonance (LSPR) was observed as
well due to the increase in the carrier density of the nanocrystal
(Fig. 8B and C).®**” The change of the major electronic transition
from the bandgap transition to LSPRs represents that the nano-
crystal properties dramatically change from the semiconductor to
metal-like nanocrystal through the cation exchange method.

During the compositional change, the corresponding mag-
netic properties were carefully monitored by EPR spectroscopy
in ambient conditions (Fig. 9A). Interestingly, the magnetic
property varies from diamagnetic to paramagnetic and again
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recovers the diamagnetic property. The appearance and dis-
appearance of the paramagnetism depending on the portion of
Hg in Cd,Hg; ,Se alloy nanocrystal reveal that the lifetime of
the unpaired carrier is not negligible even for the alloy nano-
crystal formation process (Fig. 9D). The electron dispersive X-ray
(EDS) elemental mapping (Fig. 10) clearly visualized the composi-
tional change of the Cd,Hg; ,Se alloy nanocrystal. As the major
electronic transition is tuned from the bandgap to the intraband
transition, the nanocrystals respond to different wavelength
irradiation. For example, with increased Hg element of the alloy
nanocrystal, the major electronic transition appears in the mid-IR
regime, and thereby the mid-IR irradiation generates the corres-
ponding photocurrent. On the other hand, the CdSe nanocrystal,
the starting material, exhibits no photocurrent upon the mid-IR
irradiation (Fig. 9B and C). When the carrier density exceeds the
doping range leading to a substantial amount of electrons in the
CB, the LSPR can appear in the mid-IR regime as reported by
Shen et al.®® The same feature was identified in the Cd,Hg;_.,Se
alloy nanocrystal. Manipulating the composition of the alloy nano-
crystal is a promising method to control the optical, electrical
and magnetic properties caused by tuning the carrier density in
the nanocrystal. The cation exchange and successive nanocrystal
growth allow the expansion of the range of electronic transition
from visible to mid-IR range in this work. In principle, nano-
crystals with shorter bandgap transition energy such as blue visible
light or up to ultraviolet should also be possible to be tuned down
to the terahertz (THz) range with optimum combination. With
respect to applications, the absorption spectra of the Cd,Hg; ,Se
alloy nanocrystal has optical selectivity compared to the bulk
commercial infrared detectors with a broad absorption spectrum
such as CdHgTe (MCT).

Silver chalcogenide: toward non-toxic
self-doped nanocrystals

The mercury element in the nanocrystal exhibiting the intra-
band transition in steady state has been indeed a barrier for

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 High-angle annual dark-field (HAADF)-STEM image of CdHg(5)Se (A-E) and CdHg(8)Se (F-J) CQD Cd (green), Hg (blue), and Se (red). Adapted

with permission from ref. 63. Copyright 2017 American Chemical Society.

researchers who have little experience with handling the
mercury compound. Therefore, there is a great need to replace
the Hg with a less toxic or non-toxic material. We, therefore,
synthesized the Ag,Se colloidal quantum dot that produces a
mid-IR absorption spectrum.®® The synthetic method of the
Ag,Se is not significantly different from what Sahu et al
reported.”®”" Sahu et al. reported that the confinement is weak
based on the small shift of the mid-IR absorption peak when
varying the nanocrystal size, which they attribute to the high
carrier density of the Ag,Se nanocrystal.”* To note, the observed
mid-IR absorption peak was assigned as the bandgap transition
by Sahu et al. Our spectroelectrochemistry results demonstrate
that the mid-IR absorption peak emanates from the intraband
transition while the corresponding bandgap transition appears
at the NIR regime (Fig. 11C and D). Both transitions are

This journal is © The Royal Society of Chemistry 2018

strongly correlated with each other, corroborated by the fact
that when one transition is enhanced, the other is attenuated
since the 1S, state is shared during the electron transition.
It is important to note that the electron occupation of the 1S,
state is only observed when the metal element is in excess in
the Ag,Se nanocrystal. Under photoexcitation, the intraband
exciton is created in the electronic state of the CB, and the
mid-IR radiation is emitted, which is a direct evidence for the
formation of the intraband exciton (Fig. 4D and 11A). The
intraband PL is also size-tunable as similar to the bandgap
PL since the electronic states in the CB are affected by the
quantum confinement effect as well. The exciton formation of
the Ag,Se CQD is confirmed by the mid-IR photocurrent
measurement. The Ag,Se/ZnO thin-film transistor generates
a photocurrent under mid-IR irradiation and the threshold

Chem. Commun., 2018, 54, 8435-8445 | 8443
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image (B). The schematics of spectro-electro chemical cell (C) and
reduction (green) and oxidation (red) spectra of Ag,Se sample (D). Adapted
with permission from ref. 69. Copyright 2018 American Chemical Society.

voltage shifts to negative values, confirming the exciton splitting
of charge carriers.

General methods to generate the
intraband photoluminescence

It has been only four years since the first observation of the
intraband PL of the colloidal nanocrystals. In 2014, 2016, and
2018, the method to observe the intraband PL of HgS, HgSe,
CdSe and Ag,Se CQD were reported by the Guyot-Sionnest and
Jeong groups.10,22728,31,32,34,39,40,63,69

The intraband PL for cadmium chalcogenide colloidal quan-
tum dots was measured in 2016, inferring that the intraband PL
can be a general feature of the colloidal nanocrystals.>” Depending
on the energy of the 1S, state relative to vacuum, strategies to
generate the intraband PL should differ from material to material.
This is because, in principle, the highest occupied electronic
states vary depending on the material. For example, in case of
the CdSe CQDs, a long-lived electron can be created when using
multiphoton excitation in the presence of a hole quencher,
whereas the hole quencher is unnecessary for the self-doped
CQDs to generate the intraband PL.>*>%?7283139,40,51,54,63,64,69
This is because the electrons of CdSe are short-lived due to the
strong electron-hole Coulomb interaction. To avoid the electron—-
hole recombination, an efficient hole quencher is required. The
multiphoton excitation method, in principle, can be extended to a
wide variety of nanocrystals in order to generate the intraband PL
spectra, although the signal-to-noise ratio must be improved.

Concluding remarks

In sum, a significant step forward has been possible in the
studies on intraband transition through the self-doping of
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nanocrystals, providing fundamental information on charge
carrier dynamics, and opening up a pathway to exploit the
quantum confined states of colloidal nanocrystals beyond the
bandgap transition. As opposed to previous doping methods
requiring post-doping process, the self-doping method main-
tains carriers in the electronic states of the nanocrystals,
making it possible to observe intraband transitions in steady
state and ambient condition. The recently demonstrated self-
doping approach provides a means to initiate a new direction
for colloidal quantum dot research. To note, due to the high
carrier density, the self-doped nanocrystal is very sensitive to
the surface conditions. By altering the electrostatic potential of
the surface which varies the direction of the surface dipole, the
intraband transition can be quenched and recovered. The surface
sensitivity may serve as useful properties for electronic, opto-
electronic, sensor and photovoltaic applications. Interesting studies
on the magnetic properties of the self-doped nanocrystal may open
the possibility to harness the colloid nanocrystal for low-cost
spintronics, non-volatile memory, infrared optoelectronics, catalyst,
imaging, and quantum computing. In addition, by changing the
metal proportion in Cd,Hg; ,Se alloy nanocrystal, a wide optical
window ranging from the visible to mid-IR regime was obtained.
As a nontoxic alternative to mid-IR intraband transition materials,
Ag,Se colloidal quantum dots hold great promise. Lastly, the
intraband PL in the mid-IR regime available with the low-cost
semiconductor nanocrystals is promising for free space communi-
cations, medical imaging, and photocatalytic applications.
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