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ABSTRACT: Cu-doped inorganic semiconductors with concomitant
optical properties have garnered enormous research interest in the last
two decades. However, uncertainties over the origin of Cu emission, its
oxidation state, resemblance with trap state emission, position of Cu
d-state, emission spectral width, and moreover understanding of the
doping mechanism restricted the wide development of the synthetic
methodology for high-quality Cu-doped nanocrystals. It has been shown
recently that the emission from Cu-doped semiconductor nanocrystals
can span over a wide spectral window and could be a potential color
tunable dispersed nanocrystal emitter. Herein, we report the size and
composition of variable Cu-doped ZnS/Zn;_,Cd,S zinc-blende (ZB)
surface alloyed nanocrystals with intense, stable, and tunable emission covering the blue to red end of the visible spectrum. Further, the Cu
dopant emission is distinguished from trap state emission, and the composition variable spectral broadening has been justified on
the account of a different environment around the Cu ions in the host lattice. Whereas some findings are in agreement with past
reports, several new physical insights presented here would help the community for an in-depth mechanistic study on Cu doping.
Moreover, these doped nanocrystal emitters can be a promising candidate for application ranging from optoelectronics to bio-
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B INTRODUCTION

Transition metal ions-doped semiconductor nanocrystals are
emerging as a lucrative alternative to semiconductor quantum
dots with tunable, intense, and stable emission in visible as well as
in near-IR spectral window for different optoelectronic applica-
tions.! Minimized self—absorption,lc’ld'2 higher excited-state
lifetime,> emission spectral width,''#3* and thermal stability'>
are the unique properties of this new series of nanocrystals
making these doped nanocrystals as important as quantum dots.
Insertion of transition metal dopants (e.g,, Mn, Cu ions, etc.)
creates intermediate energy state/s between the valence and
conduction band of host semiconductor nanocrystal and changes
its photophysical relaxation process."*”'* " 27% A 3 result,
the dopant emission evolves with new optical properties whose
nature and position vary with that of chosen hosts and dopants.
For Mn-doped nanocrystals, the dopant emission has been
restricted within the yellow-orange spectral window,'>%*%>°
but in case of Cu doping, a wide range of tunable emission has
been observed due to the tunability of the size of the hosts."*'8 As
compared to the Mn-doped system, the study of Cu doping is still
in a very nascent stage, even though it was reported decades
before.® The origin of this Cu dopant emission, reasons for its
higher intensity, tunability of emission, possibility of involving
Cu d-states, emission spectral width, and several other associated
properties have led to many questions, which are not yet
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resolved. There are several reports in the literature with contra-
dicting remarks, which puzzle the whole story and create hurdles
for the possible development of such useful tunable visible light
emitting nanocrystals.

The first problem to be encountered is with the oxidation
state of Cu ions in the doped semiconductor system, as argument
over the existence of Cu (I)’and Cu(II)***%® has been continuing
for a long time period with support for both states. Cu(1I) salts
are being used as the dopant source,'®3*37%72838¢ which
generates a strong belief that the Cu(II) ions retain their +2
oxidation state after being doped in group II—VI semiconduc-
tors. Moreover, in some cases for ZnS and CdS hosts, it has been
reported that sulfide ions reduce Cu(Il) to Cu(I), which is
confirmed by EPR measurement, thus establishing Cu(I) as a
stable oxidation state for these S)fstems.7a’7b’9 Hence, these
contradicting statements over the Cu oxidation state create
problems in establishing the mechanism of the Cu dopant
emission, and detailed scientific studies are needed to understand
the photophysical process of these doped nanocrystals.

Second, the exact position of the Cu d energy levels between
the valence and conduction band of the host semiconductor
nanocrystals is also not clear until now. Tunable Cu doping with
tuning the size of host suggests that the Cu d levels must lie
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between the valence and conduction band of the host nanocryst-
als, which takes part in the recombination process. From different
literature reports, the most acceptable photophysical mechanism
has been predicted involving Cu T states, which stay above the
valence band, and after excitation the valence hole transfers to
this T, state.®>”®%¥8510 The recombination then follows with the
electron in the conduction band and hole in Cu state, and
consequently tunable emission with the change in the band
gap of the host is observed. On the contrary, another report
suggests the Cu state remains just below the conduction band of
the host nanocrystals and takes part in the recombination process
by transferring the electrons from this Cu state to the valence
band of the host.”* Moreover, whether these proposed mechan-
isms are generic or vary with the nature of semiconductors is not
yet clear. Literature reports on Cu-doped nanocrystal hosts
show, for example, ZnS results in blue-green emission,>®"" in
ZnSe it is a little more extended to §reenish yellow spectral
window,'¥* in CdS it is orange-red,*'” and recently in InP, ¥ it
has been extended to near IR. On the basis of these reports, we
have summarized that the tentative position of the Cu states falls
close to the valence band for various semiconductor nanocrystals
shown in Figure 1, which indicates the Cu state position varies
from one semiconductor to other. However, variations in the
position of the Cu d-state with change in the composition of
host, dopant environmental position in lattice, etc., are not yet
established. A more ideal system with proper tuning of band gap,
composition, and size is required to study in detail the exact
position of Cu states and origin of the tunable dopant emission.

Third, the nature of the Cu dopant emission is also confusing.
For different host semiconductors, for example, ZnS, CdS, ZnSe,
InP, etc., the position, tunability, and broad nature of Cu dopant
emission resemble the surface state emission of respective host
nanocrystals.'*'&%1 All of these similarities create doubt over
the origin of the emission that it is from the surface trap or if it
really involves Cu d-state as reported in the literature. In case of
Cu-doped ZnSe with tunable emission, the intensity (above 40%
QY), thermal stability, and also the higher lifetime provide some
impression that this emission is different from surface trap state
emission.'¥** Yet its large emission width (70—90 nm) is still
confused with trap state emission.'®'

Fourth, the selective adsorption of the Cu dopant at different
facets of the host nanocrystal is not clear. Analogous to Mn,*
whether Cu dopant also needs suitable facets of the host crystal
lattice for adsorption or it can be adsorbed irrespective of the
crystal structure of hosts is still not investigated. From the
literature, it indicates that zinc blende ZnS'" and ZnSe'? and
wurtzite CdS'* and CdSe'® nanocrystals can be doped with Cu.
Therefore, it is difficult to predict the crystal phase-dependent
doping possibility for Cu dopants.

Hence, the doping of Cu and the involved photophysical
process for the dopant emission are still puzzling with so many
uncertainties, and more experimental as well as theoretical
support is needed to understand the hidden basic fundamental
science behind this. Nonetheless, stable and intense emission
associated with several new properties would enable these
materials for different practical applications like bioimaging,
LED fabrication, etc. By using group II—VI semiconductors,
which are well studied and have well-developed syntheses, we
report the possible Cu doping in II—VI alloyed nanocrystals
(Cd—Zn—S) to achieve control over the emission evolution and
tunability in entire visible window. The possible crystal phase
requirement for the dopant adsorption, distinguishing surface
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Figure 1. Bulk band gap and position of the Cu state close to the valence
band in InP, ZnSe, CdS, and ZnS nanocrystals. The Cu state posi-
tions are collected from various literature references.'®'”>® In case of
Cu-doped semiconductors having tunable emission (e.g, ZnSe), the
lowest emission energy position has been taken as the Cu energy state.

and internal doped Cu systems, excited-state lifetime decay, and
time delay photoluminescence spectra are also studied and
reported in this Article where some findings agree with existing
literature report and some provide new information.

B RESULTS AND DISCUSSION

Designing Host Semiconductor Nanocrystals for Cu Dop-
ing. According to Figure 1, the position of the Cu d-energy level
is not fixed but rather varies with the nature of semiconductor
hosts.'#187%%% However, as it falls between the valence and
conduction band of a particular host nanocrystal, Cu state related
emission is always expected at a lower energy position as
compared to the band edge absorption. Following this principle,
a wide variety of semiconductor nanocrystals can be expected to
generate tunable dopant emission in different spectral window
once they get successfully doped with Cu. To study details of the
evolution mechanism of the Cu dopant emission, we confine our
synthesis for a particular II—VI semiconductor host, which
would provide widely tunable dopant emission with distinguish-
able dopant related optical properties. The ideal case would be of
CdS nanocrystals, which has the band edge exactly required to
provide size tunable dopant emission that spans over entire
visible range. Yet several reports on Cu-doped CdS nanocrystals
show that its tunability is restricted to a short-range yellow-
orange window.**'” We also failed to achieve the tunability of
emission covering the entire visible window by dopin% Cuin CdS
nanocrystals synthesized using the literature method'” following
high temperature colloidal technique. The other suitable host
might be the alloy of Cd, Zn, and S, which also possess the ideal
band edge absorption to achieve the wide tunable dopant
emission with required composition as a possible alternative.'®
In addition, the alloy nanocrystals would also provide the
information of both size and composition tunable doping effect,
which would help to identify the exact Cu state position and
the possible origin of the photophysical process. While follow-
ing different literature reports on Cd, Zn, and S alloyed
nanocrystals*®'** and introducing molecular Cu precursor
during growth/alloying, we failed to achieve significant dopant
emission as expected. Close analysis of the alloy formation
indicates that these nanocrystals have wurtzite (WZ) crystal
structure. As per the recent development of Mn dopant adsorption
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Figure 2. Schematic representation of formation of surface alloyed
nanocrystals of Zn, Cd, and S with ZnS core and Zn,_,Cd,S shell.
Initially, ZnS nanocrystals are synthesized using the literature reported
method, and then the calculated amount of cadmium precursor is
injected for the alloyed shell growth.

mechanism, where Mn prefers zinc blende (ZB) surfaces for
preferable adsorption,** we also tried to modify the synthetic
procedure to design ZB alloyed nanocrystals. On successful
designing of size and composition tunable ZB Cd, Zn, and S
alloyed nanocrystals, Cu is successfully doped during growth and
annealing, providing stable, intense, and tunable emission
extending over entire visible window. Moreover, as it provides
emission tuning and composition variable broadening, it would
be helpful to understand the fundamental science behind the
Cu doping. Hence, considering this newly developed alloyed
nanocrystals as a model host, we have studied different involved
physical insights to establish the origin of Cu dopant emission.
However, at this stage, we could not conclude the exact reason
of Cu doping in only ZB semiconductor nanocrystals, and it
needs further investigation.

Synthesis of ZB Alloyed Zn—Cd—S Host Nanocrystals.
Among the most popular synthetic methodologies, for nuclea-
tion and growth of spherlcal nanocrystals, CdS mostly forms
WZ'>'* and ZnS forms ZB" crystal phase. In normal alloy
formation conditions, fast reactivity of Cd with S leads to the
nucleation of WZ CdS nanocrystals. Moreover, the higher
chemical reactivity of Cd than Zn enriches Cd population in
the alloyed nanocrystals that leads to growth in WZ phase.'
Hence, to design the ZB alloyed structures needs more archi-
tectural control and balanced reactivity of the precursors.

To avoid both nucleation of WZ seeds and the possible cation
exchange during growth and/or alloying, we have designed here a
new methodology to synthesize ZB alloyed nanocrystals. The
method follows cubic ZnS seed mediated surface alloy formation
after addition of the appropriate amount (to avoid separate
nucleation of CdS) of Cd precursor during growth. Initial Zn
precursor concentration taken in the reaction mixture is also
important as it restricts the possible cation exchange by Cd.
Figure 2 shows a schematic presentation for the synthesis of ZB
surface alloy of Zn, Cd, and S (ZnS core and Zn, _,Cd,S surface).
In a typical synthesis, nearly 42 nm diameter of ZnS seed
nanocrystals was synthesized following our previous reported
method,” and the appropriate amount of cadmium myristate
solution has been injected at 220 °C. Continuous annealing at
this temperature tunes the band edge of the nanocrystals with
simultaneous alloying and growth. Figure 3a—c shows the TEM
images of seed ZnS and surface alloyed nanocrystal during
continuous growth/alloying. XRD (Figure 3d) supports ZB
structure throughout the annealing. Shifting of ZB ZnS peaks
toward ZB CdS supports the formation of alloyed struc-
ture. Surface alloying has been supported by etching and

successive ICP measurements (Supporting Information Table S1).
Figure 3e shows the blue shift of the absorption band edge,
indicating reduction in the size of the alloyed nanocrystals during
etching process. Decrease in elemental ratio of Cd to Zn during
etching was observed, which eventually ends up with no Cd atom
concentration, suggesting the nanocrystal has surface alloyed
structure. Also, after the completion of the reaction (i.e., no
tuning in emission position), the final ~6.5 nm nanocrystals
show a Zn:Cd ratio of 4:1 having an absorptlon band edge ~450
nm, but according to literature reported'® homogeneous alloyed
nanocrystal having ~450 nm band edge shows a Zn:Cd ratio of
1:3, which indicates our synthesized nanocrystals are not homo-
geneous but surfacely alloyed having ZnS in the core. Moreover,
blue shifting of XRD peaks (figure not shown) of etched sample
confirms the center is mostly populated with ZnS.

The growth of the alloyed structure on ZnS seeds follows here
a chemical activation process by cadmium precursor. In our reac-
tion condition, seed ZB ZnS$ can grow maximum up to ~4.2 nm
(average) despite the presence of excess Zn and S precursors
at 300 °C injection and 260 °C growth temperature. Increase
of temperature for the possible activation of zinc precursor
(zinc stearate) rather agglomerates these nanocrystals but does
not help them to grow beyond this size. Yet injection of cadmium
to this reaction mixture (at the reduced temperature of 220 °C
to avoid the self-nucleation of CdS) triggers the growth and
alloying. Myristate salt of cadmium has been chosen for effective
growth at this reduced temperature. We investigated that at this
temperature zinc stearate precursor is activated in the presence of
Cd-myristate with excess of myristic acid. In fact, myristic acid
activates zinc as well as S precursor,'” and they are precipitated
along with Cd during the growth leading to surface alloyed
ZB nanocrystals. This excess of activated zinc precursor helps
to suppress the displacement of Zn from seed ZnS by more
reactive Cd.

Further, the composition variable band gap tuning of this
surface alloyed nanocrystals in which the center is confined with
pure ZnS and the surface is the alloyed one differed from the
homogeneous alloying."*'® It is important to point out that there
is no weak quantum confinement effect (QCE) observed like
Zhong et al. reported on Cd—Zn—S alloyed nanocrystals,'**
which is indicated by the absorption spectra (Figure 4a, left
panel) despite the small bulk Bohr radius of CdS and ZnS
(typical exciton Bohr radii of ZnS and CdS are 2.2 and
3.0 nm)."? A similar observation has been reported by Ouyang
et al. for the small sized Cd—Zn—S alloyed nanocrystals.”® Also,
the band gap derived from the absorption edge does not match
with the band gap of homogeneous alloy calculated according
to the alloy band gap equation'>”*" based on the effective mass
model for a particular composition. This indicates ~1.5—2 nm
growth of alloy on seed ZnS surface controls the entire band gap
tunability of the system. This is further supported by the rapid
red shift of the ZnS band edge (~50 nm) soon after the Cd
injection. Therefore, the change of band gap mostly depends on
the composition of surface alloy and not on the whole nano-
crystal. The position of the Cu band and tunability of the Cu
emission in association of the host tunable band gap have been
predicted as per the results obtained and discussed in the later
part of this Article.

Doping Process and Spectral Evolutlon We have adopted
here the growth doping strategy' 43 o dope the ZB alloyed
nanocrystals, where dopant ions are allowed to adsorb on the
host seed nanocrystals and then nanocrystals are further grown
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Figure 3. (a—c) Transmission electron microscopic (TEM) images of seed ZnS and successive stages during alloy growth. (d) XRD of two surface
alloyed nanocrystals during successive alloying and growth. Shifting of the peak positions from ZnS side toward CdS indicates alloying of nanocrystals.
(e) Successive UV—visible spectra of the surface alloyed nanocrystals during the etching process. Significant blue shift of the band edge suggests for

reducing the size of nanocrystals.
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Figure 4. (a) Evolution of UV—visible (left panel) and corresponding photoluminescence (right panel) during doping of Cu in the alloyed
nanocrystals. The bottom spectrum (black line) of the left panel indicates for ZnS seeds only before injection of dopant Cu source. Excitation wavelength
is 365 nm. (b) Digital picture of samples collected in a typical experiment from different stages of the doping process of the alloyed nanocrystals. These

are excited using a hand-held UV lamp at 350 nm excitation.

along with alloying to bury the adsorbed dopant ions and keep the reaction system. The required amount of Cd stock solution
them away from the surface of nanocrystals. After formation of (see Supporting Information, SI) has then been injected at the
ZnS seeds (~4.2 nm), the reaction temperature has been same temperature, and the progress of the reaction is mon-
reduced to 220 °C, and molecular Cu precursor (Cu-sterate itored spectrophotometrically. Within a few seconds, the
in octadcene) has been introduced (~1.5% of zinc) dropwise to dopant emission appears, and with the progress of alloying
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Figure S. (a) Quantum yield (QY) of doped alloyed nanocrystals versus the band edge absorbance (Abs.) shifting during successive alloying and
growth. (b) Change of the emission peak position of Cu dopant emission and surface trap emission with tuning of the band edge of alloyed nanocrystals.
(c) Excited-state lifetime decay plots of the dopant emission at different emission center.

and growth, it intensifies, broadens, and red shifts from ~500
to 680 nm (Figure 4a, right panel). The UV—visible spectra
(Figure 4a, left panel) indicate that the band edge of the
nanocrystals moves along with the tuning of the emission. A
digital picture of Cu-doped alloyed nanocrystals under UV
excitation is shown in Figure 4b. The best quantum yield (QY)
of the dopant emission has been observed as 38%, but average
reactions show 20—30% QY.

To know whether this intense and tunable emission originated
from Cu center or from trap state, a chemical sensing experiment
has been carried out for surface doped alloyed nanocrystals. A
mixture of trioctylphosphine (TOP) and oleylamine (OA) has
been used to clean out Cu from the nanocrystals surface. From a
typical synthesis, soon after the evolution of dopant emission, the
reaction mixture was taken out and treated in a chemical bath of
the mixture of TOP and OA. Within minutes during stirring the
emission completely quenched without reducing the nanocryst-
als size, and this suggests that the emission is coming because of
the involvement of Cu dopant center. Yet for internally doped
nanocrystals, the sample taken out after successive alloyed layer
growth did not quench the emission with the surface cleaning
process. After Cu was cleaned out from the surface doped
nanocrystals, when Cu is reinjected following the doping process,
the intense dopant emission again evolutes and red shifts with the
progress of the reaction. This confirms that Cu states are
responsible for this emission. A similar kind of surface cleaning
for Co’*-doped ZnO nanocrystals has also been done by
Schwartz et al. with trioctylphosphineoxide (TOPO) to clean
out the Co®" ions.** In accordance with all these facts, our
system agrees with several other reports' 47" in the literature
that the host exciton recombines via the Cu impurity state
providing broad, intense, tunable emission at longer wavelength
than the band edge absorption.

Adsorption of Cu Dopant and the Doping Process. Figure Sa
shows a typical evolution process of the dopant emission, which
follows a sharp enhancement of the emission soon after the
cadmium addition. Even in the presence of excess Zn and S
precursors in the reaction mixture, the growth and alloying just
starts after the Cd injection, which evolutes and enhances the
dopant emission. This suggests that Cu ions, which were introduced
to ZnS seeds, precipitated along with Cd, Zn, and S precursors.
Further overgrowth of host nanocrystals does not significantly

1011

enhance the emission intensity. Therefore, the emission evolution
process for the Cu dopant mostly depends on the adsorption of
dopant ions and is different from traditional quantum dots where
the excitonic emission slowly enhances with growth, reaches a
maximum, and then reduces. This is noted here that a very small
amount of Cu ions (~0.8% of the total cations) are introduced for
effective Cu doping as their dilution in the reaction mixture prevents
them from forming CuS nanocrystals, but with increase of con-
centration, black colored CuS™ nanocrystals nucleate and grow,
which interfere in the doping process. We have found that the
sample that gives the highest quantum yield contains ~0.6—0.8%
(with respect to total cation concentration) Cu dopant concentra-
tion confirmed from ICP. All these measurements in Figure Sa were
carried out in situ without further purification. The purification
process quenches the surface dopant emission and not the internal
one, which is a general phenomenon in doped dots. Hence, we can
conclude that the dopant emission intensity significantly changes for
the surface and internally doped nanocrystals.

Surface Trap State versus Cu State Emission. Even though
intense and wide range tunable emission from doped alloyed
nanocrystals signifies the involvement of Cu centers, its position
and broadening are very often confused with the surface state
related emission.>* To distinguish between these two factors, we
have performed a controlled reaction of the alloyed system
without Cu addition for comparison (Figure S1). Under identical
reaction time, there is a wide difference in the tunability range
(Figure Sb) for the less intense trap state emission and highly
intense Cu dopant emission. Also, at high temperature (280 °C),
the disappearance of trap state emission of the undoped surface
alloyed nanocrystals due to annealing effect'>* and less effect on
emission intensity of Cu-doped alloyed nanocrystals show signifi-
cant distinct origins for these two channels. Further, the excited-state
lifetime (discussed in a later section) completely distinguishes Cu
dopant emission from the trap state. Table S2 gives the comparison
of similarities and differences of both dopant and trap state emission.

Excited-State Lifetime Decay of Dopant Emission. The
excited-state lifetime of the dopant emission at various positions
has been measured to identify its origin. Normally, lifetime of the
excitonic emission as well as the surface emission for various
semiconductor nanocrystals falls in order of one and few tens
nanoseconds (ns), respectively,”® whereas for doped nanocryst-
als in which an additional energy state has been incorporated by

dx.doi.org/10.1021/ja1089809 |J. Am. Chem. Soc. 2011, 133, 1007-1015
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Figure 6. (a) Two representative UV—vis and PL spectra of Cu-doped alloyed nanocrystals showing significant difference in their PL full-width at half
maxima (fwhm). (b) Schematic representation of the possible energy states of Cu in ZnS and CdS semiconductor hosts. (c) Composition tunable
spectral broadening. Change of fwhm of the dopant emission during growth and annealing of the alloyed nanocrystals. The ratio of Cd to Zn has been
calculated from ICP measurements. (d) Schematic representation of different Cu states during conversion of Cu(I) to Cu(II) in the composition variable

alloyed nanocrystals and the possible recombination process.

dopant is expected to have a longer excited-state lifetime. For Cu-
doped ZnSe, the lifetime has been reported in order of hundred
nanoseconds, and it changes with tuning the emission position.*
We have also observed the microsecond order excited-state
lifetime of the Cu dopant emission for these alloyed host
nanocrystals, and it increases with alloying and growth
(Figure Sc). Further time delay PL measurement has been
carried out to compare the origin of Cu dopant and surface trap
emission. One and five microsecond (us) time delay PL mea-
surements for emission centered at ~645 nm retain the dopant
emission, which indicates it originates from dopant related
channel but not from the related trap whose lifetime falls within
~90 ns. Hence, the wide difference of excited-state lifetime of
dopant emission from the trap state completely distinguishes its
origin with the involvement of Cu state.

Oxidation State of Cu and Possible Mechanism of Exciton
Recombination. To understand the exciton recombination
process, the oxidation state of Cu in the nanocrystal is very
important. As Cu(I) d'® and Cu(II) d° have different electronic
configurations, electron paramagnetic resonance (EPR) spectra
of the alloyed doped nanocrystals were measured to identify the
presence of unpaired electron of Cu. No EPR signal has been
observed, which suggests the absence of Cu(II) (Figure S3). Yet
the EPR of molecular precursor used for doping (Cu(II)stearate)
in the control measurement shows a signal indicating its

paramagnetic behavior. Hence, even Cu—II precursors are used
for doping, and the absence of any EPR signal in the doped
nanocrystals supports the presence of Cu-I, which is expected
from the reduction of Cu(Il) in the reaction system. This result
also overlaps with earlier reports of Isarov et al., which have
suggested the reduction of Cu-II to Cu-I by anion (sulfides)
present in the nanocrystals.”*

In the presence of Cu-l, the recombination of the exciton
generated from host nanocrystal involves two possible radiative
processes. One involves transfer of Cu d-state electron to the
valence hole, and the other process occurs with the conduction
electron transfer to this hole trapped Cu-d state. Between these
two processes, the dopant emission depends upon the one that is
more favorable. For semiconductor nanocrystals, when the band
gap changes the movement observed in the conduction band is
much more than the valence band because of the small effective
mass of the electron compare to the hole.”* As band gap change is
seen as a shift in conduction band,** the recombination process
that occurs through the second process, which involves con-
duction electron transfer to the hole trapped Cu-d state, can
only give the wide tunable dopant emission. It rules out
the radiative recombination possibility of the Cu-d state to
valence hole. Further, the energy corresponding to the dopant
emission gives the energetic location of the Cu-d states in the
band gap that is found closer to the valence band for our host
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nanocrystals, which also agrees with some previous reports
explaining the energetic location of Cu-d states in II—VI
semiconductor nanocrystals.”>510%25

Change in the Nature of Emission Spectra during Anneal-
ing/Growth. One of the important features of the Cu dopant
emission is the broad emission spectra as compared to the
normal excitonic emission of quantum dots. Generally, in
undoped quantum dots, emission broadening is observed due
to particle size distribution, and hence in case of these Cu-doped
alloy nanocrystals the particle size distribution-dependent broad-
ening is also expected. To investigate this, photoluminescence
excitation (PLE) spectra have been measured at different posi-
tions for a particular dopant emission spectrum (Figure S4), and
no significant change has been observed, suggesting the sample
has a narrow particle size distribution, which is also supported by
TEM (Figure 3b,c). This clearly suggests that the broadness of
this spectrum is not due to the size distribution of host
nanocrystals. In these doped alloyed nanocrystals, the generated
exciton transfers its valence hole to the filled higher potential Cu
(I) d-state and changes it to Cu (II), which has two different
energy states T, (D) and E(D). Both these two energy states have
the possibility to accept the excited electron from the conduction
band of the host nanocrystals, which may broaden the corre-
sponding emission spectra,®>'****

One of the prominent examples for Cu-doped semiconductor
nanocrystals is Cu-doped ZnSe, which is the first of its kind that
provides tunable intense dopant emission. When the dopant
emission nature has been analyzed throughout the reaction
process, a significant difference in the dopant PL fwhm was not
observed."® Yet in our particular alloy case, we have observed a
continuous change in dopant emission broadening during the
reaction process (Figure 4a and 6a). We have analyzed the
dopant Cu d-energy level differences and their effect on the
dopant emission spectra for ZnS and CdS nanocrystals. The
energy difference is found as ~0.86 eV (~123 nm) and ~0.71 eV
(~308 nm) for Zn$S and CdS, respectively (Figure 6b).'*** This
indicates that the emission spectral broadening (with respect to
wavelength scale) is governed by these two Cu d states energy
difference and is expected higher for CdS than for ZnS. As our
host nanocrystals are alloys of Zn, Cd, and S, it should show
continuous broadening with increase of Cd content. Figure 6¢
shows the composition variable change in PL fwhm from ~100
to ~200 nm, and this trend agrees with the above prediction.
From this observation, we can assume that the lattice environ-
ment around the dopant Cu when changed from pure Zn
neighbors to both Zn and Cd (Figure SS), the energy difference
between the two Cu states changes, and that results in the
continuous broadening of dopant emission. A schematic pre-
sentation of the exciton relaxation mechanism has been shown in
Figure 6d. In a recent report on Cu-doped InP with ZnSe
interface, Xie et al. have also shown the Cu dopant PL fwhm
closely match with the energy difference of the Cu states.'8 As
observed for the Cu-doped system, the energy difference of the
two Cu-d states and movement of the host conduction band is
mostly responsible for the radiative emission. This dopant
emission depends on the nature, composition, and size of
semiconductor nanocrystals, which could also be the associative
reason for this broadening of the PL spectra. Furthermore, lattice
vibration in these alloyed nanocrystals may also be responsible to
some extent in this emission broadening for this unique nature
of Cu dopant. However, more experimental results, extension
to other systems, and importantly theoretical supports are

T=250°C

Figure 7. Temperature effects of Cu-doped alloyed nanocrystal shown
by visual observation, confirming the doped nanocrystals are thermally
stable.

necessary for better understanding of different electronic
processes and change of spectral nature.

Thermal Stability and Processability of Cu-Doped Nano-
crystals. As reported above, the emission for the Cu dopant is
associated with the Cu energy level (Figure 6d), and therefore it
should be less coupled with lattice vibration in comparison to the
excitonic of undoped semiconductor nanocrystals. Visually, these
Cu-doped alloyed nanocrystals did not show a significant change
in emission upon heating to 250 °C, whereas (Figure 7) generally
undoped quantum dots suffer almost complete quenching of its
band gap PL'8 at about 150 °C. After heating to 300 °C, the
emission intensity of the d-dots also showed some noticeable
decrease, although this decrease in emission at 300 °C is found to
be reversible. When the sample was cooled to room temperature,
the emission intensity was almost recovered.

Further, these doped nanocrystal emitters can be transferred
to the water without losing the emission intensity significantly
following the common surface modification process.’® The
emission is stable both in aqueous and in nonaqueous disper-
sions, and no further surface modification treatment (for exam-
ple, thiol or S) is necessary as in the Cu-doped selenide system.

Il CONCLUSION

We report here the efficient, stable, and water-soluble Cu-
doped nanocrystals with emission tunable in the entire visible
window by incorporating Cu dopant in ZB surface alloyed ZnS/
Zn,_,Cd,S nanocrystals. In addition, mechanism of dopant
adsorption, its emission evolution, and different associated
photophysical insights are studied. The main findings of this
Article are as follows. First, the adsorption of Cu dopant is
facilitated on the ZB crystal phase of the host ZnS/Zn,_,Cd,S
surface alloyed nanocrystals. Second, the emission positions,
extent of emission tunability, remarkable enhancement of in-
tensity, longer excited-state lifetime, and existence of time delay
PL of the dopant emission clearly distinguish it from surface state
emission. Third, the oxidation state of Cu and its position
between the valence and conduction band for this particular
alloy system are investigated, and a possible electron—hole
relaxation mechanism is predicted. Fourth, dopant related emis-
sion broadening is associated with the composition distribution
of the alloyed nanocrystals. The above findings would give a
better paradigm of the understanding of Cu doping in semicon-
ductor nanocrystals, which is the first ever doped system devel-
oped so far with emission spanning over the entire visible
window. Moreover, the results presented here agree with several
old concepts of Cu doping, that is, emission broadening,
tunability, presence of Cu(I), etc., and also provide some new
information, that is, composition variable spectral broadening,
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crystal phase selective dopant adsorption, wide range of spectral
tunability over the entire visible window, and definite supports
that well distinguish Cu dopant emission from surface state
emission, which will help the community to investigate different
veiled fundamental aspects of Cu doping in future.

B EXPERIMENTAL SECTION

Synthesis of Zinc Blende Alloyed Nanocrystals. Initially,
small sized ZnS nanocrystals were synthesized following the procedure
reported in reference 3e. In a typical synthesis, 0.063 g of Zn(St),,
0.012 g of S powder, and 0.6 g of ODA are loaded in a 50 mL three-
necked flask along with 10 mL of ODE. The reaction mixture was
degassed for 15 min by purging with argon. The reaction flask was then
heated to 270 °C and annealed for S min and then cooled to 220 °C.
After that, 2 mL of cadmium myristate stock (see SI) was swiftly injected
to the reaction mixture at same temperature. The reaction mixture was
further annealed, and samples were taken out for measurements at
different time intervals. Synthesized nanocrystals were precipitated by
using excess of acetone from ODE and further purified by choosing
chloroform as solvent and acetone as nonsolvent.

Doping Cu in Alloyed Nanocrystals. For Cu doping in alloyed
nanocrystals, 0.1 mL of Cu(St), stock solution (see SI) was added
dropwise at 220 °C temperature before addition of cadmium myristate
in the above synthesis and annealed for 30 min. After that, the reaction
was followed as stated in above procedure.

Surface Cleaning of Doped Nanaocrystals. For the specific
etching of Cuion doped on the surface of nanocrystal, a TOP—OA (1:1)
mixture was used as the etching agent. In a typical experiment, purified
nanocrystals having an OD of 0.3 at 350 nm were taken in 2 mL of
TOP—OA mixture and heated at 180 °C for the desired time and then
cooled to room temperature and then again purified with aceto-
ne—methanol mixture. For stepwise surface cleaning, the desired times
were chosen as 5, 10, and 20 min. We have observed 20 min is sufficient
for complete surface cleaning at our chosen temperature of 180 °C.

Etching of Nanocrystals. Benzoyl peroxide was chosen as an
etching agent for these doped nanocrystals. In a typical procedure, the
doped nanocrystals after repeated purification were dispersed in chloro-
form, and a calculated amount of benzoyl peroxide (0.1 mmol with
nanocrystals solution having OD 0.3 at 380 nm) was added to this
reaction mixture under vigorous stirring. 0.2 mmol of oleic acid also was
added to be a counterion of etched metal ions. After 20 min of stirring,
the UV—visible spectra of doped nanocrystals, such as doped ZnS/
Zn,_,Cd,S systems, were found to be ~8 nm blue-shifted. Next, the
solution was collected at a certain temperature and precipitated with
acetone. Precipitated nanocrystals were again purified and reprecipitated
for ICP measurement.
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