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1. INTRODUCTION

Luminescent semiconductor nanocrystals (NCs) or quantum
dots (QDs) have stimulated a great deal of research interest owing
to their fundamentally intriguing properties resulting from quan-
tum confinement effects and large surface-to-volume ratio,1�9

along with their potential applications in areas including biome-
dical labeling, photovoltaics, and light-emitting diodes.10�15

Their properties can be varied in a controllablemanner by varying
size, shape, and surface functionalization.

In particular, CdSe QDs have been studied extensively be-
cause of their absorption and emission wavelength ranges span-
ning much of the visible spectrum. However, the inborn toxicity
of cadmium has rendered the CdSe QDs less useful, regardless of
their obvious advantages.16,17 Wide bandgap semiconductor
NCs doped with transition-metal ions have developed as promis-
ing alternatives with tunable emission spanning the visible as well
as near-IR spectral window. Incorporation of a small amount of
dopant impurity changes the optical, magnetic, and electronic
properties of host semiconductor QDs.18�25 Some of the unique
characteristics attributed to this subgroup of nanomaterials
include longer excited-state lifetime, minimum self-absorption,

broad emission spectral window, and thermal stability.25�28

These transition-metal ion-doped semiconductor NCs, such as
zinc chalcogenides, can be a good alternative to the more toxic
NCs for the emerging field of NC-based devices, but because of
the extremely small volume of the NCs and dynamic nature of
growth process, doping all NCs concurrently has been an issue to
be tackled, even with powerful organometallic methods.28�30

In the case of ZnSe, Mn-doped NCs have been studied
extensively and successfully that show stability and efficient
photoluminescence ranging from 580 to 600 nm.10,31,32 Because
of similar crystal structure (zinc blende) and comparable lattice
parameters of MnSe, Mn can be easily incorporated into ZnSe.
However, doped NCs emitting in other regions of visible
spectrum are required for some applications. Doping semicon-
ductor NCs with Cu provides one option to fulfill this require-
ment, but contrary to Mn doping, serious problems have been
encountered in the case of Cu doping because of different crystal
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ABSTRACT: Stable and luminescent Cu-doped ZnSe nano-
crystals (NCs) were synthesized in organic solvents with
octadecylamine (ODA) as the capping ligand and characterized
using a combination of optical and structural characterization
techniques. Successful doping was achieved by adding Cu
during the growth phase of the NCs when their size was
∼4 nm. The appearance of red-shifted, intense photolumines-
cence (PL) peak with doping indicates the incorporation of Cu
in the NCs, and stability of dopant emission infers the internal
doping of NCs. Extended X-ray absorption fine structure
(EXAFS) studies revealed that Cu is surrounded by four neighbors in the lattice but is very close to the NC surface and gets
oxidized when NCs are precipitated from the solution. For the undoped sample, time-resolved PL studies using time-correlated
single photon counting (TCSPC) reveal the luminescence decay lifetimes of about 1.1, 12, and 60 ns that we attribute to near-
bandedge, shallow trap (ST) state, and deep trap (DT) state emissions, respectively. In addition to these decay components, the Cu-
doped sample was found to have a long-lived component with a lifetime of 630 ns. Luminescence decay lifetimes of near-bandedge
and ST state emissions were slightly shortened by doping (1 and 10 ns, respectively), suggesting that the Cu dopant competes with
these states in trapping the charge carriers from the conduction band (CB) or near-bandedge states. However, the presence of Cu
was found to increase the lifetime of DT states from 60 to 100 ns probably due to a decrease in coupling of electron and hole states
involved in this emission upon Cu doping. Synthesis of such stable, doped samples along with a better understanding of charge
carrier dynamics is significant for emerging optical applications of these NCs.
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structure of copper selenide. Although some progress has been
made in the recent years regarding Cu doping in this
system,25,33,34 the mechanism of Cu doping into the NCs, the
nature of the Cu dopant-related emission, local structure around
the dopant, and photochemical stability of the Cu-doped NCs are
still unresolved issues that require further study.

Studies of charge carrier dynamics using time-resolved fluor-
escence measurements not only provide information about the
nature of the optical transitions but also give insight into the local
environment around the optically active species and provide
information about how charge carriers interact with phonons and
particle surface.35,36 In addition, it is highly desirable to study the
lifetimes of various decay processes involved in photolumines-
cence (PL) for improving device performance in applications of
NCs, such as display devices, sensors, quantum cryptography,
solar cells, and lasers utilizing these NCs.1,37�40 Charge carrier
dynamics studies in semiconductor NCs have proven extremely
powerful in understanding fundamental properties of the parti-
cles’ electronic structure that are crucially important in device
applications. For instance, at the fundamental level, it is inter-
esting to explore how the quantum confinement effects would
alter the luminescent properties of dopant ions in semiconductor
NCs as increase in energy level spacing has drastic effects on the
rates at which excess electronic energy of an electron or hole
dissipates.13,41�43 Another factor affecting the charge carrier
dynamics in NCs is the surface of particles. NCs have large
percentage of surface atoms, often giving rise to surface dangling
bonds and defects. Such surface defects and dangling bonds can
introduce states within the bandgap of semiconductor that can
strongly affect relaxation pathways of charge carriers.44�46 Lu-
minescence decay kinetics of Mn2+ doped samples has been
extensively studied,47�49 but such detailed studies of Cu-doped
ZnSe are scarce and warrant further investigation.

In this work, we seek to gain some new insights regarding the
doping parameters and stability of ZnSe:Cu NCs that were
sufficiently stable against photo-oxidation and exhibited PL
quantum yield up to 3�8% even after months. It was observed
that the choice of the alkyl phosphine used to dissolve Se and the
particle size at which the dopant precursor is added are very
important parameters for successful doping, which requires the
impurity ion to bind strongly to the surface of the host particle. As
Cu ions bind strongly to only certain facets of the host NC,29 the
dopant precursor should be added when the host NCs have well-
defined crystal facets that are achieved only after the particle has
grown to larger sizes. The host nuclei with particle size around
4 nm are large enough to exhibit polyhedralmorphology, at which
point the dopant ions adsorb onto the NCs strongly enough to
stay within the host lattice upon further growth, thereby achieving
successful doping. NCs that were sufficiently stable against photo-
oxidation and exhibited PL quantum yield up to 3% even after
months were synthesized using this technique.

Furthermore, a detailed study on exciton recombination
dynamics of NCs has been carried out using time-correlated
single-photon counting (TCSPC). A multiexponential fit to the
decay traces of undoped ZnSe sample yielded lifetimes ranging
from a few nanoseconds to tens of nanoseconds, which have been
attributed to near bandedge and trap state emissions. Upon
doping with Cu, a new long-lived component of 630 ns appeared
in addition to those observed in the case of undoped NCs, which
has been attributed to the transition involving Cu specifically.
Kinetics of near-bandedge and ST emissions was slightly affected
by Cu doping, resulting in shortening of their lifetimes. However,

incorporation of Cu significantly affects the decay rate of DT
state emission. Our findings are not only important in improving
the synthesis of doped semiconductor NCs in general but also
provide new insights into the charge carrier dynamics of Cu-
doped ZnSe NCs specifically.

2. EXPERIMENTAL METHODS

2.1. Materials. Octadecene (ODE, 90%), zinc stearate
(technical grade), tri-n-butylphosphine (TnBP, 99%), tributylpho-
sphine (TBP 97%, mixture of isomers), copper acetate (98%),
octadecylamine (ODA, 99%), copper acetate (99.9%), and chloro-
form (99.9%) were purchased from Sigma-Aldrich. Anhydrous
zinc acetate (99.98%) and Se powder (<325 mesh, 99.7%) were
from Alfa Aesar and Acros Organics, respectively. Methanol
(99.9%), acetone (99.7%), and hexanes (99.8%) were purchased
from Fisher Scientific. All chemicals were used without further
purification.
2.2. Synthesis of Cu-Doped ZnSe NCs.Copper-doped ZnSe

QDs were synthesized using growth-doping method similar to
the one used by Peng et al.,25 with somemodification. In a typical
synthesis, 0.06 g zinc stearate and 10mL ofODEwere loaded in a
50 mL three-necked flask that was then connected to Schlenk
line. The mixture was evacuated up to 100 mmHg three times at
room temperature and once at 90 �C for 10 min each; then,
under argon flow, temperature was raised to 300 �C. Se powder
(0.040 g) was dissolved in 0.40 g TBP along with 0.15 gODA in a
glovebox, and 1 mL of ODE was added to this solution. This Se
solution was injected to the reaction mixture at 300 �C and was
cooled to 250 �C for growth. To monitor the size of the NCs
using UV�visible spectroscopy, we took small aliquots
(∼0.2 mL) from the flask with a syringe and diluted them to
an optical density between 0.2 and 0.3 using chloroform. When
the desired particle size was reached, temperature was lowered to
200 �C, and calculated amount of copper acetate stock solution
was added that was prepared by dissolving 1.074 � 10�3 g
copper acetate in 1.25 g TBP. Temperature was then slowly
ramped up to 220 �C andmaintained for 2 h. At this temperature,
slow growth continues along with the doping. To build the ZnSe
shell, small amounts of 0.05 M zinc acetate solution (0.15 mL) in
TBP and ODE (0.1 M solution in TBP diluted to 0.05 M with
ODE) were added dropwise at regular intervals at 230 �C until
stable, internally doped NCs were made, as indicated by the
stability of PL. To avoid broader size distribution during growth,
we added zinc and selenium solutions at regular intervals50

except during the doping process. Undoped sample was prepared
under the same conditions.
2.3. Purification of NCs. As-prepared NCs in ODE were

mixed with an equal volume mixture of hexanes and methanol
(1:3, v/v) by shaking vigorously and then centrifuged to get the
methanol phase separated. Methanol layer was discarded, and the
process was repeated two to three times. With repeated extrac-
tions, the amount of ODE gradually decreased, and that of
hexanes increased with NCs being fairly soluble in this phase.
To get the solid particles, after a couple of extractions, the NCs in
ODE phase were precipitated using a minimum amount of
acetone and recovered by centrifuging. As observed by others,51

crashing the particles results in significant loss of PL regardless of
the sample being doped or undoped. Therefore, except for XRD,
ICP, and EXAFSmeasurements, the NCs were stored in hexanes
andODEphase obtained after repeated extractions. In this phase,
NCs did not show any significant loss of PL, even after months.
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2.4. Instrumentation.The UV�visible spectra were recorded
at room temperature using Hewlett-Packard 8452A diode array
spectrometer. Perkin-Elmer luminescence spectrometer LS50B
was used to obtain the PL and PL excitation spectra at room
temperature. Low-resolution TEM measurements were per-
formed on a JEOL model JEM-1200EX microscope at 800 KV.
High-resolution TEM was performed on a Philips CM300-FEG
at the National Center for Electron Microscopy at Lawrence
Berkeley National Laboratory.
Cu concentrations were determined through inductively

coupled plasma (ICP) measurements using a Perkin-Elmer Opti-
ma 4300DV inductively coupled plasma optical emission spectro-
meter (ICPOES). NCs were repeatedly purified to remove excess
precursors and then dispersed in chloroform. After evaporating the
chloroform, dried samples were digested in concentrated nitric
acid and pumped at a rate of 1.5mL/min into the plasma chamber.
For EPR measurements, a Bruker ElexSys E500 (9.5 GHz)
spectrometer, equipped with a standard TE102 cavity, was used.
Data were collected at ∼115�125K using a variable temperature
control system equipped with a nitrogen vapor using cavity.
X-ray diffraction (XRD) measurements were performed on a

Rigaku Americas Miniflex Plus powder diffractometer using Cu
Kα (λ = 1.5405 Å) as the incident radiation. Diffraction patterns
were recorded at a rate of 2� per minute with a step size of
0.04�. Sorvall RC-5C Plus centrifuge was used at 14000 rpm at
room temperature to crash the NCs. FTIR measurements were
carried out with a Perkin-Elmer FTIR spectrometer (spectral
resolution 4 cm�1).
For the EXAFS studies, ZnSe:Cu NCs were deposited on a

filter paper and then encapsulated in tape; a single layer of this
kind was used in the data collection process. The EXAFS data
were collected at the Stanford Synchrotron Radiation Light-
source (SSRL) on beamline 10�2 at 10 K using a Si (111)
double monochromator, detuned 50% at 9200 eV to reduce
harmonics. Small slits with a height of ∼0.7 mm gave an energy
resolution of 1.3 eV. The Cu K-edge data were collected in
fluorescence mode, using a 13-element Ge fluorescence detector,
and were reduced using standard techniques (RSXAP).52

Lifetime studies of the ZnSe doped and undoped systems were
performed at room temperature using TCSPC. A 5W coherent
Verdi-V5 (532 nm) laser was used to excite a Ti:sapphire crystal
within an optical resonator cavity (Kapteyn-Murnane Labora-
tories, model: MTSMini Ti:Saphire) to produce a tunable mode
locked laser line between 790 and 820 nm with a frequency of
200 MHz and average power of 333 mW. The mode-locked light
source was passed through a pulse picker (Conoptics, model 350-
160) controlled by a Conoptics synchronous countdown (model
305), allowing for the pulse train to be set to durations ranging
from 50 to 2600 ns. The pulse picked light (790 nm) was then
frequency doubled by passing it through a BBO crystal that was
subsequently reflected of a dichroic mirror, which was passed
through a quarter wave plate and polarizer. This beam was then
incident upon the sample, at which point the beam width was 2
mm. Photogenerated emission was collected at 90� with respect
to the pump laser with a series of collector and focusing lenses
and mirrors that guided and concentrated the signal through a
420 nm cutoff filter to remove laser light and a magic-angle
polarizer before it was separated by a monochromator
(Princeton Instruments SP2150i) with 0.25 nm resolution with
1200 grooves/mm and 500 nm blaze grating. The monochro-
matic light was focused on an avalanche photodiode (id-Quan-
tique id100�50 single photon detection module) whose signal

was recorded with a photon counting board (Becker and Hickl,
model: SPC 630) that collected in reverse stop�start mode.53

A number of time windows were collected to characterize
adequately the wide range of time constants observed in the
decay spectrum of the samples investigated and were 50, 380, and
2000 ns for individual emission wavelengths ranging from 430 to
560 nm, which were recorded every 10 nm. The undoped ZnSe
QDswere probed using a 50 ns window over 4096 channels and a
380 and 1000 ns window over 1024 channels using repetition
rates, which allowed the particles to recover fully for the various
components measured. For the Cu-doped sample, we monitored
the following time windows over the reported channels: 50 ns/
4096, 380 ns/1024, and 2000 ns/256 channels. The instrumental
resolutions were 0.05, 0.32, and 0.7 ns for 50, 380, and 2000 ns
time windows, respectively. Data was analyzed using an IGOR
Pro-based (wavemetrics) macro procedure developed in-house.

3. RESULTS AND DISCUSSION

3.1. Effect of Alkyl Phosphines on Nanocrystal Growth.
Monomer activity defined as the effective monomer concentration
plays a key role in NC synthesis and is profoundly affected by the
ligands.54 Alkyl phosphines are used to dissolve Se and the
concentration, steric effects, and length of the alkyl chain deter-
mine the effects of alkyl phosphines on monomer reactivity. The
monomer reactivity decreases with increase in ligand concentra-
tion and the strength of the bond between the monomer and
ligand.55,56 In the case of alkyl phosphines with the same number
of carbon atoms, greater monomer activity was observed for those
having greater steric hindrance due to alkyl chain branching. In the
case of 99.9% TnBP, beyond a certain concentration (∼0.5 M),
the monomer phase is so stable that nucleation does not happen.
However, starting with lower concentration of TnBP, nucleation
does happen, but as the concentration of TnBP increases, while
adding zinc acetate solution in TnBP, the particles finally disin-
tegrate. When using Tri-iso-butylphosphine (TiBP) or mixture of
isomers in which case the bonding strength to the monomer is the
same as that of TnBP but owing to greater steric factor, the
monomer activity is greatly enhanced, which results in better yield
of NCs. Also, the NCs are found to be fairly stable at higher
concentrations in the case of TiBP and mixture of isomers. This
could be due to the fact that during dynamic growth of the NCs,
once incorporated into theNC it is hard for the free bulky ligand to
get attached to the anion and have it back into themonomer phase.
3.2. Effect of Cu-Doping on ZnSe NCs. Synthesis of transi-

tion-metal-doped II�VI semiconductor NCs has proved to be
challenging. The obstacles have been reported to be due to
intrinsic “self-purification” property of QDs, whereby dopants
are expelled to the surface,57,58 leading to PL quenching. How-
ever, a kinetics-based model for successful doping of semicon-
ductor NCs has been proposed by Erwin et al.29 On the basis of
this model, adsorption strength of doping impurities on well-
defined NC facets determines the doping, and binding energies
of dopants are higher for Se-rich (001) facets of zinc blende
structure as compared with the other crystal facets. The surface
composition of the NCs can be controlled by the relative
concentrations of its constituents during the nucleation and
growth process. Therefore, carrying out the growth in Se-rich
medium makes it possible to get NCs with Se-rich facets on the
surface. As a result, all syntheses in this investigation were started
with a Se:Zn ratio of 6:1. Because such well-defined facets
develop after the NCs have grown up to a certain diameter, at
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which stage the NCs exhibit polyhedral morphology,59 the Cu
doping precursor was added after the particle size reached∼4 nm,
corresponding to an exciton peak position around 400 nm, as
monitored by UV�visible absorption. Even if the dopant was
added in early stage of growth, no stable PLwas observed until the
particle size had grown big enough to demonstrate polyhedral
morphology. Also, increasing the temperature beyond 240 �C
during or after the doping stage to enhance growth rate results in
completely surface-doped NCs whose PL quenches quickly.
Because more active zinc precursor, that is, zinc acetate dissolved
in TBP, is required for growth at lower temperature, NCs were
allowed to grow up to ∼4 nm at higher temperature using zinc
stearate as the zinc source. This would reduce the amount of TBP
required for zinc acetate solution that has to be used for growth
after the addition of dopant precursor.
3.3. Structure and Composition: XRD, TEM, and ICP.

Figure 1a shows the representative XRD pattern of the sample
indicating a zinc blende structure. (111), (220), and (311)
diffraction peaks are seen in the XRD pattern. The signal has
some background from the glass substrate on which the sample
was mounted. The peak broadening is an indicative of the
nanocrystalline nature of sample. From the line width of (111)
peak, the average crystallite size was calculated to be∼6 nm using

the Debye�Scherrer formula.60 From the TEM image of ZnSe:
Cu0.5% sample, diameters of 150 particles were measured using
the ImageJ program (distributed by NIH), and average particle
size was found to be ∼6 nm with a size distribution of ∼10%
(Figure 1 b). HRTEM image of singleNC in the inset clearly infers
the crystalline nature of QDs.
ICP measurements were performed on doped samples with

varying Cu concentrations. The results showed an incorporation
efficiency of almost unity with respect to the zinc incorporated.
Quantitatively, this might seem a little bit higher than expected,
but qualitatively these results are in agreement with observed PL
attributed to Cu doping and comparable results (with 10% error)
were seen from the ratios of step heights of Cu and Zn K-edges
during EXAFS measurements.
3.4. Structural Characterization: EXAFS. An average of four

k-space data scans for the ZnSe:Cu0.6% sample is shown in
Figure 2a and shows a reasonable signal-to-noise ratio out to

Figure 1. (a) XRD pattern of ZnSe:Cu0.5% sample. (b) TEM image of
NCs with inset showing HRTEM image of a single nanocrystal and the
histogram.

Figure 2. (a) Average of four data scans for the ZnSe:Cu0.6% sample in
k-space. The data for the ZnSe:Cu0.1% (not shown) have a larger
amplitude and a higher signal-to-noise ratio. (b) Averaged r-space data
(solid black line), fit of data to theoretical Cu�O and Cu�Se peaks
(blue dots), single Cu�O peak (red line), and single Cu�Se peak
(dotted magenta line) for ZnSe:Cu0.1% (top panel) and ZnSe:Cu0.6%
(bottom panel). For the ZnSe:Cu0.6%, N1 = 2.060, N2 = 1.940, σ1 =
0.0799Å, and σ2 = 0.1049Å. For the ZnSe:Cu0.1%, N1 = 3.116, N2 =
0.884, σ1 = 0.0952Å, and σ2 = 0.0920Å.
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∼10 Å�1; for the ZnSe:Cu0.1% sample, the overall amplitude is
larger, and the signal-to-noise ratio is better. Figure 2b shows the
r-space data obtained using a fast Fourier transform (FFT) k-
range of 3.0�9.5 Å�1 for two samples, ZnSe:Cu0.1% (top panel)
and ZnSe:Cu0.6% (bottom panel). The peaks in r-space corre-
spond to shells of neighbors at different distances from the
excited Cu atom. These peaks are shifted by a known amount
(roughly �0.4 Å) compared with actual bond lengths.
The data in Figure 2b show a prominent peak near 1.6 Å, but in

ZnSe:Cu, the first Cu�Se peak for Cu on the Zn site should
occur farther out, near 2.1 Å, assuming little distortion. There-
fore, an apparent shortening by ∼0.5 Å is unexpected and
inconsistent with simple substitution. However, in CuO, Cu
has four O neighbors in the first shell with almost equal bond
lengths, two at 1.95 Å and two at 1.96 Å, and in r-space these
peaks occur near 1.6 Å. Therefore, a visual examination of the r-
space data suggests that a significant amount of oxygen has been
introduced into the Cu environment in the ZnSe:Cu NCs.
Theoretical Cu�O and Cu�Se single-peak EXAFS functions
were generated using the known crystal structures and the
FEFF8.2 code.61 Fitting the data to a sum of these two peaks
(Figure 2b, dots), with the total amplitude constrained to four
neighbors and the amplitude ratio of Cu�O to Cu�Se allowed
to vary, yielded a good fit for both samples. In both cases, the
Cu�O amplitude was large. In these fits, the Cu�O and Cu�Se
bond lengths were also allowed to vary but did not change by
more than 0.01 Å, confirming the presence of oxygen in the NCs.
For the ZnSe:Cu0.1% sample, the Cu�O to Cu�Se amplitude
ratio is roughly 3:1, whereas for ZnSe:Cu0.6%, the amplitude ratio
is closer to 1:1, indicating a smaller relative amount of oxygen.
Because the PL of surface-doped NCs gets quenched within a

few minutes,25,33 we assume that Cu was initially present within
the host NCs because PL did not show any significant decrease
over a period of months if particles were not precipitated, even
with a shell that was ∼1 nm thick. As indicated by the PL loss
along with decreased solubility, crashing the NCs from solution
results in considerable loss of capping ligands, which leads to
surface oxidation and corrosion of NCs, as observed in CdSe,62

where exposure to air resulted in diffusion of oxygen to deeper
layers after oxidizing the surface Se. Also, the sample that shows
greater Cu�O to Cu�Se amplitude ratio (3:1) was precipitated
five times and suffered more loss of capping ligands as compared

with the second sample that was crashed only twice and exhibited
the Cu�O to Cu�Se amplitude ratio of approximately 1:1.
Alternatively, it can be argued that at lower concentrations Cu
was mostly present on the surface, as reported in case of Mn-
doped ZnSe63 and Cu-doped ZnS,64 but it requires further
EXAFS investigations of the ZnSe:Cu samples in solution form
before precipitating.
3.5. FTIR Analysis of Surface Ligands. Identification of the

capping ligands attached to the sample after washing was
achieved through use of FT-IR. In brief, a small amount of
QDs dispersed in hexanes was deposited on a NaCl window and
allowed to dry under N2(g) stream, upon which the disk was
placed in the vacuum transfer chamber of a nitrogen glovebox
and evacuated for 10 min. The chamber was filled with N2(g), and
the disk was transferred to a desiccator and stored for no more
than 1 h before the spectrum was collected. The resulting spectra
were characteristic of an aliphatic primary amine indicated by the
stretching frequencies: 1555 (NH2 scissoring), 1466 and 1377
(CH2 bending), 1076 (CN stretching), shoulder 738 (NH2 out-
of-plane bending), and 721 cm�1 (CH2 rocking).

65 To verify the
identity of the ligands, the spectrum was recorded using a sample
prepared with free ODA in KBr. Both spectra have been reported
in Figure 3 over the range from 600 to 1800 cm�1 because the
NH stretching region was not useful in identification due to
broadening effects and have therefore not been reported. A quick
comparison of the two spectra further confirms the identity of the
capping ligand as a long chain aliphatic primary amine.
3.6. Oxidation State of Copper. Although the precursors

used for doping semiconductor NCs with Cu contain Cu(II),
literature regarding the oxidation state of Cu in the resulting NCs
is inconsistent. Whereas some have reported the existence of
Cu(II),33,34,66,67 others have argued about its incorporation as
Cu(I).64,68�71 Because Cu(II) is a d9 system with one unpaired
electron and Cu(I) being d10 system is diamagnetic, the EPR
spectra of doped samples with different Cu amounts were taken to
confirm the oxidation state of Cu within our NCs. None of the
samples exhibited any detectable EPR signal (Figure S1 of the
Supporting Information), indicating the presence of copper as
Cu(I). This is in agreement with previous reports where no EPR
signal was detected for Cu-doped semiconductor NCs, except
under excitation, where paramagnetism has been observed.72

Therefore, we believe that Cu(II) was reduced to Cu(I) in the
reaction medium, as reported by Isarov et al., who have proposed
the reduction of Cu(II) toCu(I) by anions constituting theNCs.69

3.7. UV�visible Absorption Spectra. Successive UV�visible
spectra for ZnSe:Cu0.7% sample are shown in Figure 4. Given the
bandgap of the bulk material being 2.69 eV (461 nm) and Bohr
exciton radius of 4.5 nm,73 the first excitonic transition at 2.99 eV
(415 nm) observed in the UV�visible spectra is clearly blue-
shifted and indicative of quantum confinement. After TBPSe
injection, the initial growth was rapid and, within a few seconds,
the first excitonic peak appeared around 380 nm, indicating the
formation ofNCs. Initially, the excitonic peak was broad because of
a broad size distribution, but as the growth continued, the spectra
evolved into narrower peaks, suggesting nearly monodisperse size
distribution of NCs. Undoped and doped ZnSe NCs showed
indistinguishable UV�vis spectra (Figure S2 of the Supporting
Information), indicating that Cu doping has no or negligible effect
on the electronic absorption of the host ZnSe NCs.
3.8. Photoluminescence. 3.8.1. Undoped ZnSe NCs. To bet-

ter understand the relevant energy levels in doped and undoped
NCs, it is useful to review briefly the properties of the

Figure 3. FT-IR spectra of ZnSe:Cu capped with octadecylamine as a
thin film on a NaCl window (red) and octadecylamine (green) for
comparative identification.
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corresponding bulk system. Bulk ZnSe with a bandgap of 2.69 eV
(461 nm) exhibits bandedge emission around 2.67 eV (465 nm)
along with the self-activated emission involving a donor�acceptor
pair (DAP).74,75 Donor�acceptor nature of this process has been
confirmed through optically detected magnetic resonance
(ODMR) and time-resolved spectroscopy.75�77 Intrinsic defects
like interstitial zinc or halides that are not detectable in spectro-
scopic analysis could be the donors involved in self-activated
emission. Recently, oxygen as an unavoidable background impurity
has been reported as the donor impurity involved in self-activated
emission.78 These donor centers have been reported to exist 0.01 to
0.03 eV below the conduction band (CB), as determined by
measurements of Hall coefficients of bulk samples.79�81

PL spectrum of undoped NC sample synthesized under the
same conditions as a doped sample and excited at 390 nm is
shown in Figure 5. The near-bandedge emission peak around
435 nm (2.85 eV) is asymmetric, and fitting reveals that it

consists of two Gaussians, one peaked at 433 nm with a fwhm
of 15 nm and the second one peaked at 445 nm with a fwhm of
20 nm. This might arise because of transitions involving impurity
donors and ST states, respectively. The fitting is shown in the
inset of Figure 5. In addition to this main band, the PL spectrum
features a broad low intensity band with a maximum around
478 nm (2.6 eV), as determined by the fitting. This broad band is
attributed to emission fromDT states and self-activated emission
comprising DAP recombination involving impurity donors and
acceptors like Zn vacancies or zinc vacancy-donor-associated
pairs on neighboring sites, as the sample was synthesized in Se-
rich medium.
Near-bandedge emission arises from the initial excitation of

valence band (VB) electron to CB from where it descends to the
ST states or impurity donors and then recombines with the hole
in VB or hole trap states, resulting in the emission around
435 nm. DT state emission stems from zinc vacancies or
selenium dangling bonds on the surface, giving rise to states
deep in the bandgap of the ZnSe NCs.82,83 Here the photo-
generated hole is immediately filled by an electron from the
selenium atomwith dangling bond. Subsequent emission follows
after the holemigrates and finally recombines with the electron in
the CB or vice versa. This emission is always broad because there
would be many different selenium dangling bond species on the
surface that might be singly or doubly filled. Fit generates the
broad featureless region that peaks around 478 nm (Figure 5). A
schematic energy level diagram describing all decay processes is
shown in Figure 6.
3.8.2. Cu-doped ZnSe NCs. The spectral evolution of the PL of

doped sample is shown in Figure 7. The PL spectra are similar to
those observed by others previously.25,33 The dopant precursor
was not added until the host NCs had grown to a certain size
(∼4 nm), where they exhibit polyhedral morphology at which
stage the PL peak was∼415 nm. After the dopant precursor was

Figure 5. PL and PL excitation spectra of undoped and Cu-doped ZnSe
NCs. Inset: PL spectrum of undoped sample along with the three peaks
generated through fitting.

Figure 6. Proposed energy level diagram for doped and undoped
sample. The blue emission at 435 nm (2.85 eV) and green Cu emission
at 515 nm (2.4 eV) have been described as originating from defect and
impurity-induced ST states just below the CB.

Figure 4. UV�visible spectra of ZnSe:Cu0.7% sample at different time
intervals.
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added, the host peak started to decrease in intensity, whereas the
contaminant peak increased. Complete doping took about 2 h
during which time slow growth was also observed, as indicated by
the movement of bandedge absorption along with a red shift of
the emission band. As long as Cu ions were on the surface, the PL
would decrease sharply in a few seconds; but once the host shell
was grown, the PL became stable and was found to increase with
time if the sample was kept under a UV light, due to photo-
annealing. A digital photograph along with the corresponding PL
spectra of undoped and doped NCs under UV light, with varying
amounts of Cu, is shown in Figure 8, signifying the greener
emission with increasing Cu amount.
With Cu-doped bulk samples, two Cu acceptor centers have

been reported, one 0.7 eV above the VB involved in Cu-red
emission and another 0.4 eV above the VB giving rise to Cu-
green emission.76,77,84 In the PL spectra of the NCs, the energy
difference between the maxima of near-bandedge and dopant

emission was found to be ∼0.4 eV. This energy difference puts
the Cu level 0.4 eV above the VB (Figure 6), indicating that the
Cu emission in ZnSe:Cu NCs is analogous to the Cu green
emission in the bulk material. Because of quantum confinement
effects, the CBmoves to higher energies, resulting in blue shifting
of the green emission with decreasing particle size.
A proposed mechanism of the observed emission involves

the initial excitation of a VB electron to the CB in the host ZnSe.
Cu(I) ion being negatively charged with respect to the lattice
then binds the hole through long-range coulomb interaction in
an effective mass-like state, producing a transient Cu2+ acceptor
state. This process involves a transition from undistorted Cu+

to Jahn�Teller distorted Cu2+ ion, but lattice strain during this
transition is not taken into account because when Cu is
substituted into a tetrahedral lattice site, Jahn�Teller effect
has to work against the forces maintaining the lattice, and
distortion is expected to be minimized. Next, the electron in the
CB moves to a ST state associated with zinc dangling bonds or
impurity donors such as halides or associated oxygen, as
observed in EXAFS analysis, from whereon follows the recom-
bination of this electron with the hole-trapped d-state of Cu.
This donor�acceptor recombination results in emission at
515 nm (2.4 eV).
Transient Cu2+ state is split into higher t and lower e levels

(Figure 6), giving rise to 2T2 (
2D) ground state or 2E excited

state, and both of these have the possibility to accept excited
electron, which results in broadening of the dopant peak71,85,86

that has a fwhm of ∼80 nm. The positions of neither excitonic
nor the dopant emission band show any change with excitation
wavelengths between 335 to 390 nm. Also, the PL excitation
spectra recorded for different emission wavelengths were found
to be similar. This further supports the view that broadness of
emission is intrinsic and not due to heterogeneity of NCs in
terms of particle size distribution. During the 2 h doping process,
no zinc precursor was added that resulted in broader particle size
distribution, but addition of zinc precursor during shell growth
was found to make the size distribution narrower, resulting in the
reduction of fwhm of dopant peak from 85 to 80 nm.
3.9. Time-Resolved Fluorescence. 3.9.1. Kinetics of the Blue

Emission Band.Fluorescence lifetimes of different decay processes

Figure 8. Digital photograph along with the PL spectra of undoped and doped ZnSe NCs, with different concentrations of Cu, under UV irradiation.

Figure 7. Normalized PL spectra before and after the addition of
dopant precursor along the course of synthesis for ZnSe:Cu0.7%. Dopant
precursor was added after the host particles have grown for 0.5 h. λex =
335 nm when particles are really small (30 s and 15 min spectra) and
λex = 390 nm afterward.
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were investigated using the TCSPC technique. The charge carrier
dynamics in doped and undoped ZnSe NCs was monitored
following photoexcitation at 395 nm. Owing to the small Stokes
shift (15�20 nm), the samples had to be excited with energy at
least 15�20 nm higher than that needed for the first excitonic
transition to eliminate laser scatter in the decay trace. This
excitation energy was low enough to ensure that the first or
lowest energy exciton was created and hot electron relaxation
dynamics would be minimized. The samples did not show any
sign of photobleaching during the course of measurements, which
could otherwise introduce complications to the measurements.
The results, normalized by maximum amplitude, for time-

resolved emission between 430 and 460 nm are shown in
Figure 9, with time scales varying from the 50 ns range in
Figure 9a,b to the 380 ns in Figure 9c. For the decay trace

recorded at 430 nm on the short time scale (50 ns), where most
of the PL comprises excitonic emission or emission from ST
states, the undoped sample exhibits slightly larger amplitude of
fast decaying components than that of the doped sample. At
longer wavelengths, the amplitude of the slower decay becomes
more prominent for the doped sample. It is quite evident from
the decay traces that overall fluorescence lifetime increases
noticeably as the wavelength is changed from 430 to 460 nm.
The individual wavelength decay traces were fit using multi-

exponential fitting with the rise being fit by the instrument
response function (IRF), as collected from a scattering sample.
Each decay trace, which was both wavelength and delay window-
dependent, was fit first with both lifetime and initial intensity as
variable fitting parameters. The individual lifetime components
were averaged, and each decay was refit with lifetime fixed and
initial intensity as the variable parameter. This process was then
reversed, and the traces were fit with initial intensity fixed and
lifetime as the variable fitting parameter. The individual lifetime
components were reaveraged, and the individual traces were
again fit with initial intensity as the variable fitting parameter. As a
result, one equation, f(t), was established, which could describe
the decay trace for any time window and any wavelength with
initial intensity (A1, A2, ...) being the only variable parameter,
with y accounting for baseline correction, reported as eq 1

f ðtÞ ¼ y þ ∑ Aet=τ ð1Þ

The time constants did not show any wavelength dependence
over the observed wavelengths. On the time scale of 50 ns, the
time-resolved PL decay profiles for both doped and undoped
samples could be fit using the same multiexponential decay,
yielding 1.1 ( 0.05 (τ1) and 12 ( 1 ns (τ2) time constants
corresponding to the undoped sample and 1.0( 0.05 and 10( 1
ns for the doped sample (Table 1). Fitting the data taken on the
longer time scale of 380 ns generates onemore decay component
with the lifetime varying from 60( 10 ns (τ3) in undoped sample
to 100 ( 10 ns in the doped sample. The residual plots
corresponding to the fitting of different decay traces have been
reported in the Supporting Information (Figures S3 and S4)
Emission collected between 430 and 460 nm derives mostly

from the recombination of trap-state electrons. These electrons
must decay through phonons and wait for a compatible nuclear
configuration before they can recombine with hole. A perfect
fitting in this region generates a fast component decaying within a
few tens of picoseconds, which is ignored because it is on the same
time scale as the instrumental resolution. The next fastest
component with a lifetime of ∼1 ns is attributed to the near
band-edge emission or excitonic emission, whereas the lifetime of
10 ns is assigned to emission from ST states, which involve Zn
dangling bonds. The slow decaying component (60 ns in
undoped sample and 100 ns for the doped sample) probably
corresponds to emission fromDT states created by Se2� dangling
bonds or zinc vacancies or self-activated emission involving aDAP
recombination, as previously reported for Mn2+-doped sample.49

Figure 9. (a) TCSPC traces of undoped (red) and doped ZnSe:Cu0.7%
(blue) at 430 nm. (b) Decay collected at 460 nm for undoped (red) and
doped (blue) samples with shorter time window. (c) 460 emission
intensity vs time collected with a longer time sweep. Smooth lines
represent the fit.

Table 1. Lifetimes for Various Decay Components in ZnSe:
Cu and ZnSe NCs

sample τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns)

ZnSe:Cu 1.0 ( 0.05 10 ( 1 100 ( 10 630 ( 130

ZnSe 1.1 ( 0.05 12 ( 1 60 ( 10
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Comparison of the time-resolved decay curves for the doped
and undoped samples can provide insight about the origin of
emission bands in the blue region along with the effect of doping
on various decay components. Because the electrons residing in
CB or ST states are delocalized, there would be a significant
overlap between the electron and hole wave functions, which
results in faster decay due to higher exciton recombination
probability. In addition, interstitial and surface defect states could
be partaken by these delocalized electrons that further increase
the decay rate for this emission. Both of these factors justify why
emission decay at 430 nm has a larger amplitude fast component
than that observed for 460 nm emission, as shown in Figure 9.
Similar to the reports in other systems like CdS and ZnS,23,87,88

a definite correspondence has been observed between the
emission wavelength and the decaying rate, where the emission
decay is faster when it is closer to the bandedge. This is due to the
reason that electrons/holes in the CB/VB or in ST states are
more delocalized as compared with the charge carriers in DT
states, which results in more overlap of electron and hole wave
functions, leading to the faster decay.

The change in lifetime for DT state emission from 60 to 100 ns
after doping is indicative of significant interaction between the
dopant levels and DT states. This could be due to the reason that
Cu+, being relatively negatively charged with respect to the
neighboring lattice, acts as an efficient hole trap center so that
the hole trap states of the host lying closer to the VB like the Cu+

state (Figure 6) can no longer trap the hole as effectively as in the
case of undoped sample. This would result in DT state emission
originating mostly from the hole trap states that are relatively
deeper as compared with those involved in the case of undoped
sample. With the hole trap states lying deeper in the doped
system, there would be less overlap between the hole and
electron wave functions due to the localization of deeper states
which results in increasing the lifetime of DT state emission. A
slight decrease in the lifetimes of short-lived components after
doping suggests that the Cu dopant has some influence on the ST
states as well. One possible mechanism is that the Cu dopant
competes with the ST states in trapping the charge carriers from
the CB or near-bandedge states. Alternatively, lifetime short-
ening could be due to the increased density of trap states caused
by the Cu dopant in ZnSe host.
3.9.2. Kinetics of the Green Emission Band. Emission fromDT

states constitutes the PL in the region from ∼430�630 nm for
the undoped sample, whereas for the doped sample, Cu-related
emission dominates in this region. Copper green emission,
having maxima around 515 nm, has significant overlap from
trap state emission, as indicated by the PL spectrum of the
undoped sample (Figure 5), where the long tail of the near
bandedge emission extends up to 570 nm. Therefore, the first
half of the green emission band in the doped sample would
have considerable contributions from ZnSe trap states in
addition to the dopant emission. To characterize the effect of
the decrease in the DT state emission on the decay profile,
decay traces were collected at different wavelengths across the
green emission band ranging from 470 to 560 nm, as shown in
Figure 10a; however, data for the undoped sample were
collected only up to 500 nm because of the low intensity at
longer wavelengths.
Figure 10b shows the fluorescence decay collected at 500 nm

for the doped and undoped samples. It is evident that the decay
was faster in the undoped sample, and the long-lived component
of doped sample was quite pronounced. The wavelength-depen-
dent decay traces are reported in Figure 10a for the doped
sample, which show that the amplitude of long-lived component
becomes increasingly dominant at longer wavelengths.
Amultiexponential fit to the decay profiles of the doped sample

collected in this wavelength region yields a long-lived component
with a lifetime of 600 ( 130 ns. This slow decay component,
present only in the doped sample, must be due to copper-related
emission. Because the host peak in the doped sample was not
completely eliminated, there might be some particles that were
left undoped that could affect the relative amplitude of the decay
components due to Cu versus trap states. However, this should
not alter the kinetics of dopant or trap state emission.
The percent contribution by each lifetime component to the

overall fluorescence process was calculated for each decay profile of
the series of wavelengths observed (Figure S5 of the Supporting
Information). For calculation of percent contribution, each wave-
length-dependent fitting function, which had only the initial
intensity as the variable and was the sum of all individual lifetime
components f(t) (eq 1), was integrated and compared with the
integrated intensity for each individual component, an example of

Figure 10. (a) Time-resolved emission decays of doped sample col-
lected at 470, 490, 510, 530, and 560 nm. (b) 500 nm emission intensity
versus time for undoped (green) and doped (red) samples.
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which is reported in eq 2. This was taken to be the percent
contribution from that lifetime component at a specificwavelength.

% intensity ðλÞ ¼

Z
A1e

�t=τ1 dt
Z

f ðtÞ dt
�100 ð2Þ

Fitting the data in Figure S5 of the Supporting Information,
the intensity was calculated over the entire PL spectral range for
each lifetime component. Subsequently, these data were used to
deconvolve the PL spectrum, as shown in Figure 11. This plot
clearly indicates that the majority of the emitted photons coming
from the doped sample are due to the Cu impurity. There is still a
large portion of the photons coming from DT state emission;
however, it is interesting to note that this component has amaxima
at relatively longer wavelength (500 nm), as compared with that of
undoped sample (478 nm). This observation further supports the
argument for increase in lifetime of DT states after doping.
As previously mentioned, in the case of Cu green emission,

excitation of a VB electron to the CB is followed by the formation
of a transient Cu2+ acceptor. The subsequent capture of the
electron by this acceptor is expected to be slow because of the low
electron capture cross section of Cu2+.89 At room temperature,
the lifetime for Cu dopant in ZnS has been reported to be 500
ns,67 whereas in this study, it is longer (630 ns) but nevertheless
very close. The difference in lifetimes observed for ZnSe:Cu and
ZnS:Cu may be partially due to different energetics of ZnSe as
compared with ZnS including bandgap location and bandgap
energy but could also be due to variability in the nonradiative
recombination pathways. Also, in the same work by Bol et al., the
Cu lifetime at 4 K was reported to be 20 μs. Because the quantum
yield was measured to be 2 to 3% in this study, the radiative
component was calculated to be 25( 5μs, which is in agreement
with the low-temperature studies. The long-lived radiative com-
ponent is very similar to that of the triplet state emission
observed in Cu+-doped glasses at room temperature, which
was measured to be 41 μs.90 It is, therefore, likely that the dopant
emission in these systems involves a triplet as well; however,
direct evidence of this has not been reported.

At longer wavelengths, it was expected that the major decay
process contributing to emission would be coming from energy
exchange to the Cu phosphor. This is also clear from the trend
that relative ratio of amplitudes of fast components to that of slow
components decreases as the emission wavelength is moved from
the left-hand side of the dopant peak to the right-hand side
(Figure 10a). However, this decrease in amplitude ratio that is
due to decreasing overlap of trap state emission with dopant
emission (Figure 5) does not affect the time constant for slow
decay component due to copper.

4. CONCLUSIONS

Stable Cu-doped ZnSe NCs were prepared using ODA as a
capping agent. Adding the dopant at a stage where host NCs have
developed well-defined crystal facets helped to adsorb copper
strongly on to the NCs that would not be expelled onto the
surface when ZnSe shell is grown. After solvent extractions to
remove the unreacted precursors, NCs stored in a mixture of
hexanes andODE are very stable and demonstrate quantum yield
up to 3�8% even after months. Cu doping introduces efficient
hole traps that quench the emission involving hole trap states
lying closer to the VB and significantly increases the lifetime of
DT states probably due to decreased coupling in electron and
hole trap states comprising DT state emission. In addition, Cu
doping slightly decreases the lifetimes of fast decay components
arising from excitonic and ST state emissions by competing with
these states in trapping the charge carriers. The EXAFS results
indicate that in theNC samples used for the EXAFS studies many
of the Cu neighbors are O atoms. This might arise from Cu
mainly on or close to the NC surface. It is interesting that Cu
appears to have four neighbors in ZnSe and the Cu�Se bond
length is close to the expected value because for ZnS:Cu at low
concentrations the number of S neighbors is closer to 3, and the
Cu�S bond is compressed. The doping approach adopted is
successful in preparing stable Cu-doped semiconductor NCs,
and time-resolved PL studies of the charge carrier dynamics is
helpful in understanding their fundamental optical and electronic
properties in relation to their structural characteristics revealed
by EXAFS and other techniques.
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