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ABSTRACT The dopant local structure and optical properties of

Cu-doped ZnSe (ZnSe:Cu) and Cu and Al co-doped ZnSe (ZnSe:Cu,Al)
nanocrystals (NCs) were studied with an emphasis on understanding the
impact of introducing Al as a co-dopant. Quantum-confined NCs with zinc
blende crystal structure and particle size of 6 4 0.6 A were synthesized
using a wet chemical route. The local structure of the Cu dopant, studied
by extended X-ray absorption fine structure, indicated that Cu in ZnSe:Cu
NCs occupies a site that is neither substitutional nor interstitial and is

adjacent to a Se vacancy. Additionally, we estimated that approximately

ZnSe:Cu ZnSe:Cu,Al

— ZnSe:Cu
—— ZnSe:Cu Al

25 -+ 8% of Cu was located on the surface of the NC. A* ™ co-doping aids in Cu doping by accounting for the charge imbalance originated by Cu™ doping and

consequently reduces surface Cu doping. The Cu ions remain distorted from the center of the tetrahedron to one of the triangular faces. The lifetime of the

dopant-related photoluminescence was found to increase from 550 = 60 to 700 =+ 60 ns after Al co-doping. DFT calculations were used to obtain the

density of states of a model system to help explain the optical properties and dynamics processes observed. This study demonstrates that co-doping using

different cations with complementary oxidation states is an effective method to enhance optical properties of doped semiconductor NCs of interest for

various photonics applications.
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olloidal semiconductor nanocrystals
C(NCS) or quantum dots (QDs) have

been studied extensively due to their
potential applications in economical, solu-
tion-processable devices. The intriguing op-
tical and electronic properties of the NCs,
originating from quantum confinement ef-
fects and large surface-to-volume ratio,' ™’
make them emerging candidates for appli-
cations in solid-state lightening,®® biomedi-
cal labeling,'®~'2 photovoltaics,'>'* lasers,’
and electronics.” Their properties can be
varied in a controllable manner by changing
the size, shape, or surface functionalization
and/or by introducing small quantities of
dopant atoms. Doped semiconductor NCs
constitute an important subclass of nanoma-
terials where a small amount of impurities
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are intentionally incorporated into the host
material, thus adding another degree of
freedom for altering their optical, electronic,
and magnetic properties.'®2° Doped nano-
materials possess unique properties that
are important for imminent applications,
including longer excited state lifetimes,
minimum self-absorption, broad emission
spectral window, and thermal stability.?’

Copper-doped II—VI semiconductor NCs
have been the subject of great interest in
recent years due to their potential as bright
visible light phosphors with size-tunable
emission.>>*>? The low toxicity and large
Stokes shift of the Cu related emission in
Cu-doped ZnSe NCs make them an attrac-
tive candidate for lighting and display
applications.?”?® However, the synthesis of
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Cu-doped ZnSe can be quite challenging because
there is a large difference in the solubilities of
copper selenide and zinc selenide (with K, values of
10777 and 3.6 x 10725, respectively),>**° which ren-
ders their co-precipitation rather difficult. As observed
in our recent study, copper enters ZnSe as Cut and
mostly stays on or closer to the surface of the host'
The +1 oxidation state would require the copper ion to
accompany defect structures, specifically selenium
vacancies (Vse), for charge compensation. A possible
route to stabilize Cu in the host lattice could be co-
doping with a group lll element, which accounts for the
charge imbalance and acts as a coactivator as well.
Coactivators have been found to introduce donor
levels just below the conduction band (CB)*? and
enhance the donor—acceptor pair (DAP) emission,
which is the primary emission seen in these systems.

To better implement the approaches for the rational
design of these doped semiconductor NCs, it is critical
to improve the understanding of the optical properties
of this class of NCs, which depend strongly upon the
local structure around the luminescence centers. The
local structure around the dopant ions is influenced by
the oxidation state mismatch and the ionic size differ-
ence between the dopant and the host cation. Photo-
generated electrons and holes are expected to decay
through these impurity ion luminescence centers with
different transition probability and decay rates as
compared to the host. Especially for NCs, the optical
properties and dynamical processes will be sensitive to
the local structure of the dopant atoms due to a strong
interaction between the quantum-confined exciton
and the dopant site. Therefore, it is extremely impor-
tant to obtain a clear, atomic level picture of the local
structure surrounding the Cu ion in these systems,
including the location of dopant ion in the NCs, local
distortions in bond distances, and oxidation state of
the dopant. Since the concentration of Cu is relatively
low in these materials (0.5% of the total Zn content)
and because it is difficult to differentiate between Zn
and Cu by standard X-ray diffraction (XRD), extended
X-ray absorption fine structure (EXAFS) as an element-
specific technique that is sensitive only to the first few
neighboring shells emerges as one of the most power-
ful techniques to resolve the local structure around the
Cu atoms. Although some studies have been done on
Cu-doped ZnS NCs,**3® such detailed investigation of
the Cu-doped ZnSe system is lacking.

In conjunction with the structural properties' studies,
the investigation of optical properties of the ZnSe:Cu
and ZnSe:Cu,Al systems using steady-state and time-
resolved photoluminescence techniques can help to
gain insight into the correlation between the structural
and optical properties as well as the associated elec-
tronic energy levels. In addition, dynamics studies of
the exciton or charge carriers can provide useful infor-
mation about the various photophysical processes
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involved. For example, it has been reported previously
that the inclusion of Cu in ZnSe can extend the
fluorescence lifetime from 10 ns to 600 ns.?' This effect
was attributed to the transient formation of Cu®" after
the hole becomes trapped by Cu™, forming a stable
hole state within the NCs. These studies are aimed at
optimizing the photoluminescence properties for po-
tential functional applications of the doped semicon-
ductor NCs.

In the present work, we have synthesized and deter-
mined the local structure of the dopant ion in ZnSe:Cu
and ZnSe:Cu,Al NCs using EXAFS. X-ray absorption near
edge structure (XANES) have been used to determine
the oxidation states of the dopant and co-dopant in
these NCs. Their optical properties have also been
characterized with emphasis on photoluminescence.
In addition, the exciton and charge carrier dynamics of
these NCs have been investigated using time-corre-
lated single-photon counting (TCSPC) combined with
integrated singular value decomposition (SVD) global
fitting to elucidate the wavelength dependence of the
fluorescence recombination pathways, thereby allow-
ing for a regimented correlation between their struc-
tural and optical/dynamic properties. Furthermore,
density functional theory (DFT) calculations aimed at
understanding the electronic structure of the Cu re-
lated states have been performed using structural
information obtained by EXAFS to gain a precise
picture about the active energy levels involved during
electronic transitions. EXAFS studies indicated that Cu
impurity occupies a site that is neither an interstitial site
nor a high-symmetry substitutional. Most importantly,
co-doping with Al eliminated anion vacancies around
the Cu site and improved the photoluminescence (PL)
yield by increasing the lifetime of Cu-related emission.

RESULTS AND DISCUSSION

UV—Visible Absorption and PL. The UV—visible absorp-
tion spectra of both the ZnSe:Cu and ZnSe:CuAl
samples are shown in Figure 1(a). The spectra show
an absorption onset around 422 nm and a first exciton
peak around 403 nm, which is due to the band edge
excitation of the host and exhibits quantum confine-
ment effects. The first exciton peak position indicates
that both the samples have comparable particle size.
There are no noticeable differences between the ab-
sorption spectra of the two samples, indicating that Al
co-doping has essentially no effect on the electronic
absorption spectrum of ZnSe, which is not unusual.

The PL spectra shown in Figure 1(b) exhibit a broad
emission peak (fwhm ~80 nm) centered at 540 and
530 nm for the ZnSe:Cu and ZnSe:Cu,Al, respectively.
The samples show minimal host-related emission at
430 nm, indicating complete Cu doping in both cases.
There is no considerable difference in the spectral
features between the two samples with similar optical
density (0.2 OD) at the excitation wavelength of
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Figure 1. (a) UV—visible absorption spectra of ZnSe:Cu (red)
and ZnSe:Cu,Al (green) samples indicating that there is no
considerable change in the absorption after co-doping. (b)
PL spectra of the two samples with the same optical density
at an excitation energy of 390 nm. The PL gets blue-shifted,
and the quantum yield is almost doubled with Al co-doping.

390 nm. It is evident that the samples differ in PL
quantum yield (QY): about 3% for ZnSe:Cu NCs and 7%
after co-doping with Al. The lower QY in ZnSe:Cu is
likely due to electron trap states associated with Vs,
defects that originate from the charge compensation
required as a result of the Cut-doping. Introducing
AI*" would account for the charge imbalance, resulting
in the removal of these trap states thereby decreasing
the trap-mediated nonradiative electron—hole recom-
bination. The PL emission in Cu-doped ZnSe has been
attributed to the electronic transition from the CB or a
shallow donor level, optionally introduced by the co-
dopant or unintentionally by oxygen,*® to the Cu
d-states.” The PL arises from the initial photoexcita-
tion of a valence band (VB) electron to the CB in the
host ZnSe. The CB electron then might get trapped by
shallow trap (ST) states, surface dangling bond (DB)
states, or impurity donors such as Al or oxygen. The
hole generated in the VB then moves to Cu™, creating
a transient Cu>" acceptor state. Depending upon the
ligand geometry surrounding the Cu, the d-states of
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Cu?" are split by the ligand field, resulting in multiple
possible hole acceptor states, which has been pre-
viously regarded as the reason for the broad Cu-related
emission band, with a fwhm of ~80 nm. The PL was
seen to slightly blue-shift after Al co-doping, as indi-
cated by the vertical line in Figure 1(b). This suggests
that the donor states originating from Al are more
shallow than the donor states involved in the ZnSe:Cu
sample.

Crystal Structure, Size, and Composition. Powder XRD
patterns for both samples are shown in Figure 2(a),
which correspond to zinc blende ZnSe structure, ac-
cording to the data in the Joint Committee on Powder
Diffraction Standards Card (File No. 80-0021). Peaks
corresponding to the (111), (220), and (311) lattice
planes are indexed. No change in the crystalline phase
is observed by co-doping with Al. Using the Debye—
Scherrer formula, the crystallite size of the NCs was
calculated to be ~6 nm from the line width of the (111)
peak. A representative TEM image of the ZnSe:Cu,Al
NCs is presented in Figure 2(b) along with the histo-
gram and a HRTEM image as the insets. The diameters
of 100 particles were measured using the Image)
program*® (distributed by NIH) to obtain the histo-
gram. The average particle size was determined to be
6 nm with a size distribution of ~10%, as shown in the
inset of Figure 2(b). It is clear from the HRTEM image
and from XRD that Cu did not precipitate as a separate
phase, i.e., copper selenide as a separate particle or on
the surface of the ZnSe NCs. The TEM data regarding
the ZnSe:Cu sample are reported in Figure 2(c), it is
clear that the particle size and the size distribution
profile are almost the same as those of ZnSe:Cu,Al. In
fact, the size and size distribution is quite reporoduci-
ble with our synthesis procedure regardless of the
small amounts of added impurities as seen in our
previous study,®’ which focuses on ZnSe:Cu NCs.

The relative concentrations of Zn, Se, Cu, and Al
were measured using inductively coupled plasma op-
tical emission spectrometry (ICP-OES), the results of
which are presented in Table 1. The Zn:Se ratio and
relative Cu percent were essentially the same between
the ZnSe:Cu and ZnSe:Cu,Al samples. Additionally, the
results confirm the presence of Alin the co-doped system
at a similar mole ratio to the Cu, indicating that Cu and Al
dope into ZnSe as 1:1. This result confirms our previous
assertion that Cu dopes ZnSe as a monovalent cation,
requiring charge balance by the trivalent Al cation.

Cu and Al K-Edge XANES. The Cu K-edge XANES spectra
of the two samples are presented in Figure 3(a) along
with the standard samples including Cu foil and Cu,Se.
XANES is sensitive to the nature of chemical bonding,
oxidation state, and local structure around the atom
being probed. The fine structure of the spectrum for
ZnSe:Cu,Al differs considerably from that of the ZnSe:
Cu in the energy range 8986—8997 eV, indicating that
Al is incorporated in the vicinity of the Cu ion. The fine
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Figure 2. (a) XRD pattern of ZnSe:Cu (red) and ZnSe:Cu,Al
(green) samples exhibiting zinc blende crystal structure. (b)
TEM image of ZnSe:Cu,Al NCs with the inset showing the
HRTEM image of a single nanocrystal along with the histo-
gram. (c) Representative TEM image of ZnSe:Cu NCs with
the insets showing histogram and an HRTEM image.

structure of Cu,Se is quite different from both of the
Cu-doped NC samples. However, the edge position is
consistent with the +1 oxidation state of Cu.3 Also, in
the case of K-edges of transition metals with partially
filled d-states, a pre-edge peak is observed due to
transition from 1s — 3d states. Such transitions are

GUL ET AL.

|
TABLE1. ICP-OES Analysis of ZnSe:Cu and ZnSe:Cu,Al NCs

FS

N

molar % of Cu of total % of Al of total
sample In/Se ratio In content In content
InSe:Cu 1.09 0.49
InSe:CuAl 1.13 0.52 0.60
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Figure 3. (a) Comparison of Cu K-edge XANES for ZnSe:Cu,
ZnSe:Cu,Al, Cu,Se, and Cu metal. The plots were normalized
at higher energies. (b) XANES spectra at the Al K-edge for
ZnSe:Cu,Al, Al;03, and Al foil. The spectra indicate that Al
exists in the +3 oxidation state in the NC sample and there is
no clustering of elemental Al. (c) Magnitude of the Fourier
transform of experimental EXAFS functions (k®y) in ZnSe:Cu,
ZnSe:Cu,Al, and Cu,Se for the Cu K-edge along with that of
the Zn K-edge of ZnSe NCs.
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dipole forbidden, but become weakly allowed due
to hybridization with p-states. In the case of the Cu
K-edge, a pre-edge would be expected if the ion were
in a +2 oxidation state (3d° electronic configuration),
as reported in the case of Cu ions with empty
d-states.***! The absence of such a pre-edge peak in
our data (Figure 3a) is further evidence of Cu being in
the +1 oxidation state in these NCs.

To further confirm the Al co-doping, XANES spectra
were measured at the Al K-edge and are presented
in Figure 3(b) for the ZnSe:Cu,Al sample along with
those of Al,03 and Al foil. The absorption edge shifts to
higher energies with increasing oxidation state. For the
ZnSe:Cu,Al sample, the absorption edge appears at
higher energy than elemental Al, which indicates that
there is no clustering of Al. Also, the absorption edge
for the NC sample starts around the same energy as
that of Al,Os;, which indicates that Al is in the +3
oxidation state in this sample. Although the signal-
to-noise ratio is not very good in the case of the ZnSe:
Cu,Al sample due to the low concetration of Al, it is
quite obvious that the first peak is broad in the case of
the NC sample and the fine structure differs from that
of Al,Os3, which further indicates that Al gets incorpo-
rated into the NCs and has a different local environ-
ment than Al in Al;Os.

EXAFS

The Fourier transforms (FT) of the Cu K-edge EXAFS
data for the ZnSe:Cu and ZnSe:Cu,Al samples are
shown in Figure 3(c) along with the Zn EXAFS from
the ZnSe NCs as well as the Cu EXAFS from the Cu,Se
standard, for comparison. The EXAFS data at the Zn
K-edge of the ZnSe:Cu NCs confirm that the Cu local
structure in ZnSe:Cu is different from that of Zn and
that the Cu doping is not a simple substitution of Zn. In
Figure 3(c), the x-axis is the apparent distance, which is
approximately 0.5 A shorter than the actual distance
due to the phase shift.*? The first peak in these traces
corresponds to the nearest neighbor Se atoms in
cubic ZnSe. It is clear that the first peak positions for
Cu are slightly shorter than that for Zn. Since Cuand Zn
are neighboring elements in the periodic table and the
backscattering atom is Se in all the cases here, the
profound differences among the traces are due to
different local structures around the absorbing atoms.
In addition, the Cu EXAFS for the ZnSe:Cu and ZnSe:Cu,
Al samples differ from each other; the peak in the
former is asymmetric, appears at slightly shorter dis-
tance, and has lower amplitude as compared to the
more symmetric peak of ZnSe:Cu,Al. The asymmetry
and comparatively reduced amplitude in ZnSe:Cu in-
dicate that there is more than one type of Cu center.
Although the amplitudes are quite different, the first
shell peak position for Cu,Se aligns well with that of
ZnSe:Cu,Al. This implies that Cu™ ions in these two
might occupy sites of similar symmetry.

GUL ET AL.

In EXAFS. FEFF8 was used to construct the theore-
tical EXAFS paths from the ZnSe zinc blende structure,
which was used as the starting model.*® For fitting the
Zn K-edge data of ZnSe NCs, three single scattering (SS)
paths were used, which include Zn—Se (2.45 A), Zn—Zn
(4.00 A), and a longer Zn—Se (4.70 A), with the bond
lengths being constrained to the cubic ZnSe structure
(only allowing small variations). The amplitude reduc-
tion factor (S,%), which accounts for the many-body
effects such as the shake up/off process at the absorb-
ing atom, was obtained from the bulk ZnSe and fixed to
0.81. The coordination number (N) of the first shell was
fixed to N = 4, while the N number of the second and
third shell was allowed to vary since a considerable
number of NC atoms are on the surface, which may
lead to a reduced average number of second- and
third-shell neighbors from N = 12 in the bulk. The fit
obtained is shown in Figure 4(a), which agrees well
with the experimental data. The values for the Debye—
Waller factor (0°) were 0.004, 0.006, and 0.008 A® for the
three SS paths used. The complete results of the fit are
reported in Table S1 of the Supporting Information and
agree well with the experimentally determined param-
eters of bulk ZnSe, except that the number of second
and third neighbors was found to be 9.1 &+ 0.4 and
7.6 £ 0.4, respectively, which is less than that of bulk
ZnSe (N = 12).%*%

Cu EXAFS. Since Cu™ replaces a Zn>" cation in the
ZnSe lattice, a number of charge-compensated models
have been proposed to correct the charge imbalance
caused by Cu doping. The two primary models are (i)
two Cu™ ions replace two Zn®" ions and an accom-
panying neighboring Se?”~ vacancy (Vsc..) is created,*
and (i) one Cu™ substitutes for one Zn** ion (Cuz,,) and
a second dopes at an interstitial site, Cu; 4748

Initially, theoretical EXAFS functions were calcu-
lated using FEFF8 starting from the known cubic ZnSe
structure and replacing the central Zn atom with
Cu. The Sy parameter was determined empirically by
fitting the Cu EXAFS data for CuSe (data not shown
here) and was fixed to 0.83. Using these Cu—Se param-
eters from the ZnSe:Cu3, model, no reasonable fit
could be obtained, as expected. One such fit is shown
in Supplemental Figure S1 and Table S1 (ZnSe:Cu
fit #1), in which the Cu—Se bond distances were
allowed to vary during the fit procedure, as we expect
Cu—Se to be shorter than Zn—Se. As mentioned, the FT
first peak is asymmetric, indicating the contribution
from more than one type of Cu center, likely from Cu
atoms on the surface of the NC. In addition, the AE,
value for this fit turns out to be quite large (—13.68 +
4.0), which is another indication that Cu exists in
more than one phase in this system. Consequently,
we added a Cu—O0 path, which represents the surface
Cu coordinated to octadecylamine, water, or oxygen
(in the case where Cu gets oxidized). Also, the first
neighbor peak (Cu—Se) is expected to be at a similar or
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Figure 4. (a) R-space data (blue) for ZnSe NCs at the Zn K-edge along with the fit (red) carried over the r-space of 1.1—4.7 A.
The fast oscillation represents the real part of FT. The data were fit to a sum of three peaks: Zn—Se, Zn—Zn, and a longer Zn—Se
(for the fit parameters see Supplemental Table S1, ZnSe NCs). (b) Fit #2 (red) of the Cu EXAFS data (green) for the ZnSe:Cu
sample carried over the range 1.3—2.7 A (see Supplemental Table S1, ZnSe:Cu fit #2). A Cu—O shell had to be included to
account for the surface Cu content, which turned out to be 25 4 8% of the total Cu. (c) Structural model for local structure
around the core Cu showing two neighboring Cu ions accompanying a Se vacancy. Atom colors are Zn (purple), Se (yellow),
and Cu (pink). (d) R-space data (green) for the ZnSe:Cu,Al sample including fit #2 (red) to the first shell, carried out over the
range 1.3—2.7 A. For this fit Cu—Se distances for three Se first neighbors were restrained around 2.34 A, whereas the distance

was allowed to vary for the fourth Se.

shorter bond distance compared to ZnSe; therefore, a
variable parameter of Cu—Se bond distance was used
during the fit. A good fit was obtained as shown in
Figure 4(b) (Supplemental Table S1, ZnSe:Cu fit #2). For
this fit, the reduced chi-square value decreased by
more than half of its value by including a Cu—0 path
(x%q decreased from 289 to 47), which indicates the
validity of the additional path. With this fit, the number
of nearest Cu—Se neighbors was found to be 2.7 + 0.3
for the core Cu, while a shorter Cu—O fraction was
about 0.9 £ 0.3. This implys that a major fraction of
interior Cu must be accompanying a Se vacancy, and
the surface Cu site was estimated to be 25 4 8% of the
total Cu content. A local structural model of internally
doped Cuy, is shown in Figure 4(c) with two neighbor-
ing Cuions along with the Vg.. The Cu—Se distance was
found to be 2.34 A, which is 0.11 A shorter than the
bond distance if Cu were substitutional to Zn (Zn—Se
is ~2.45 A). A similar defect structure has been reported
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recently for Cu-doped ZnS which shows that Cu
accompanies a Se vacancy.*

It is interesting to note that there is no second-
neighbor peak in the ZnSe:Cu EXAFS. Even though a
considerable amount of Cu is estimated to be on the
surface, it is expected to have enough Cu—Zn second
neighbors that would result in a second-neighbor
peak.*® However, if Cu is displaced away from a Vs,
and gets closer to the remaining three Se by 0.11 A,
which corresponds to an off-center displacement of
Cu by ~0.46 A, the 12 Zn second neighbors would no
longer be equidistant from the absorbing Cu. In this
case, the Zn second neighbors would contain three
groups: three of them being around ~3.6 A from Cu,
six with almost unchanged distance at ~4.0 A, and the
remaining three at a distance of ~4.4 A. With such
variability in the second-neighbor distances, the sec-
ond neighbor peak would split by approximately 1/3 A
and the real parts of the FT would be out of phase for
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each component, resulting in a small amplitude be-
tween 3 and 4 A, as was seen in the r-space data. Using
the parameters of this defect structure around Cu, a fit
was carried out over the longer range of 1.1—4.4 A and
is shown in Figure S2 (Supplemental Table S1, ZnSe:Cu
fit #3). The fit agrees well with the data having a small
amplitude between 3 and 4 A.

In the case of Cu; ", there are two possible interstitial
sites in the zinc blende structure, as addressed by
Goldman et al** One of the interstitial sites has four
Se nearest neighbors at 2.45 A and six Zn neighbors at
2.83 A, whereas the second site has four Zn nearest
neighbors at 2.45 A and six Se neighbors at 2.83 A.
FEFF8 was used to calculate the EXAFS functions for
both Cu;* possibilities by starting with the cubic ZnSe
and placing the central Cu at an interstitial site. We
carried out the fits by adding the Cu—Zn peak around
2.83 Afor Cu;" and restraining the Cu—Zn pair distance
to 0.05 A around the nominal distance. In all such
fits, with varying fractions of Cu;*, the amplitude
corresponding to the interstitial peak turns out to be
negligible. Similar results were obtained for the second
interstitial site with Zn first neighbors and Se second
neighbors. Therefore, we concluded that the fraction of
Cu;, if present, is negligible.

For the ZnSe:Cu,Al sample, theoretical FEFF func-
tions were generated from a model by starting with
the cubic ZnSe structure, replacing one Zn with Cu and
another Zn, in the nearest neighbor shell, by Al. No
reasonable fit was obtained using these theoretical
functions. The closest fit obtained for the first shell,
when the Cu—Se distances were allowed to vary,
is presented in Figure S3 of the Supporting Informa-
tion. The coordination number of Cu—Se corre-
sponding to this fit was 3.6 + 0.3, and the R-factor
value, which is a measure of the absolute misfit
between the data and the fit, was 0.091 (Table S1,
ZnSe:Cu,Al fit #1).

Another possibility could be considered based on
the recent crystal structure studies of Cu,Se by Gulay
et al.>° They reported that Se ions are in a close-packed
arrangement, making layers in ABC sequence, with Cu
ions occupying all the tetrahedral interstices. It was
reported that, out of 12 Cu ions of the unit cell, 11 of
them are shifted from the center of the tetrahedral site
toward the edge or one of the faces of the tetrahedron.
Not only are the individual Cu—Se bond distances
different in this crystal structure, but also they are
different from other Cu centers of the unit cell. Such
anisotropic distribution of Cu could well explain the
reduced amplitude of the first peak and the absence
of the second neighbor peak in the FT of Cu,Se EXAFS
(Figure 3c), which further supports the argument
above for the negligible amplitude of the second-
neighbor peak in the NC sample. In addition, the
amplitude of the peak for Cu in Cu,Se is smaller than
that in the NCs (Figure 3b). This might suggest that the
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Cu ions in the NCs have less anisotropy in their
distribution and prefer a certain triangular plane of
the tetrahedron, instead of a random distribution,
as in Cu,Se. This would further support the argu-
ment that Al occupies a site in the vicinity of Cu,
causing it to prefer a particular triangular facet of the
tetrahedron.

Keeping in view the crystal structure of Cu,Se, we
carried out another fit with two Cu—Se paths such that
for the first path the Cu—Se distance was restrained
around 2.34 A, whereas the distance was allowed to
vary for the second one.The resulting fit (fit #2) for the
first shell is shown in Figure 4(d) and agrees very well
with the data. For this fit, the Cu—Se distances are
2.35 A, corresponding to a coordination number of
2.8 £ 0.2, and a second Cu—Se distance of ~2.67 A,
corresponding to a coordination number of 0.9 + 0.2
(Table S1, ZnSe:Cu,Al fit #2). This indicates that the
Cu site is not exactly substitutional; not only does the
Cu move closer to three Se, but the fourth Se likely
becomes displaced from its position and moves
toward the Cu as well. Again the displacement of
Cu from the center of the tetrahedral site would
split the Cu—Zn second-neighbor peak into three:
one at a distance shorter than normal, one at
almost the nominal pair distance, and the third one
at a longer distance. Such a splitting is expected to
reduce the amplitude for the second-neighbor peak
as described earlier. This may be the reason that no
substantial amplitude is observed between 3 and
4 A in the r-space data, as exhibited in Figure 3(c).
A fit carried over the longer range (1.1—4.4 A)
starting with the parameters corresponding to this
distorted Cu site is shown in Figure S4 (Table S1,
ZnSe:Cu,Al fit #3).

To find out the fraction of surface Cu in the ZnSe:Cu,
Al sample, a Cu—O path was added in the EXAFS fitting.
However, the quality of fit did not improve consider-
ably; the contribution was negligible and an increase in
reduced chi-square was observed. Therefore, we con-
clude that there is little surface Cu in this sample, if any.
Hence, AP not only compensates the charge imbal-
ance but also enhances the solubility of the Cu in the
host, resulting in internally doped NCs. As observed in
the ZnSe:Cu, the inclusion of Cu;" into the fitting model
did not improve the fit.

DFT Calculation of Density of States. The electronic
structure of the ZnSe NCs before and after Cu doping
was studied using DFT with the PBE functional, ultra-
soft pseudopotentials, and plane wave basis sets. The
density of states (DOS) for the host material was cal-
culated for a 64-atom supercell and is presented in
Figure 5(a). The Cu-doped ZnSe NC system was studied
with a 63-atom supercell in which two Zn atoms were
replaced by Cu and the Cu—Se nearest neighbor
distance was distorted to the bond distance mea-
sured by EXAFS, placing Cu in a distorted trigonal
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Figure 5. (a) Partial DOS for Se p (red) and Zn s (purple) and
Cu e (brown) and t, (green) states, calculated with the
63-atom supercell, as well as for the Vs, state caused by
Cu doping, which are related to the Zn s dangling bond
orbital (blue). (b) Partial DOS for Se p (red), Zn s (purple), Cu
e (brown), Cut, (green), Al s (light blue), and Al p (dark blue)
states.The total density of states (DOS) of ZnSe 64-atom
supercell (solid black) shown in both (a/b).

geometry. The fourth Se, shared by both Cu dopants,
was removed, forming a Vse.-. The Zn s and Se p DOS
obtained from this calculation are shown in Figure 5(a).
The VB is due to Se p-states while the CB is from
strongly hybridized Se p and Zn s orbitals, as was
also the case in the ZnSe system. The integrated local
density of states (LDOS) can be seen in Figure 6. The
Cu d(e) and d(ty) DOS as well as the Vs..- related
states (which is the dangling bond Zn s orbital) are
also shown. These states were multiplied by a scaling
factor in order for them to be visible against the VB
and CB states, making the vertical axis arbitrary in
Figure 5.

The Cu de_,. and d,. orbitals (collectively, d(e))
were found to be strongly hybridized with the VB Se
p-states and contribute to the VB edge. This result is
contrary to the currently accepted model, which places
the e orbitals above the VB edge.?® The Cu d,,, d,, and
d,y (t,) states are found to be above the VB edge within
the band gap (Ey). The five Cu d orbital DOS can be
found in the Supplemental Figure S5. Using a Gaussian
peak to fit the Cu t, DOS peaks, the Cu t; states are Eyg
+0.31 eV and have a fwhm of 120 meV. The state
associated with the Vs, has two energies, a bonding
(Vse) and an antiboding (Vs.*) configuration. This can
be easily seen in the integrated LDOS plots shown in
Figure 6. Using Gaussian peaks, the bonding orbital is
Eyg +1.26 eV, while the antibonding state is Eyg +2.19 eV.
For the sake of consistency in measuring the energy
spacing between levels, Gaussian peaks were applied
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with the same fwhm as the Cu-related t, peak to fit the
VB and CB edges. This allows us to measure peak-to-
peak distances, which we take to be more consistent
than the min, max, or average of a given state or band.
The calculated Eg is 248 eV, while the quantum-
confined experimental Eg is 3.07 eV. Taking the ratio
between calculated and experimental Eg as a correc-
tion factor, we can assert that the Cu t, < Vs, energy
gapis 1.18 eV (1050 nm), the Cu t, ~— Vs.* gapis 2.33 eV
(530 nm), and the Cut, — CB gap is 2.69 eV (460 nm). A
labeled figure with these values can be found in the
Supplemental Figure S6(a). These results confirm that
the green PL observed in the emission spectrum is
mainly due to the recombination of a hole trapped in
the Cu t, state and the electron from the Vs.*. The Vse
bonding state apparently acts as an electron trap,
causing a reduction on potential QY from these sys-
tems. It is likely that the Cu < Vs.* and Cu <— VB both
contribute to the green PL peak in these systems,
however further discussion is continued supporting
the former case below.

The DOS for the ZnSe:Cu,Al system was studied in a
64-atom supercell by replacing two Zn atoms with a Cu
and an Al. Both atoms were distorted in the same
direction toward three Se neighbors so the bond
distances would be 2.35 A. The fourth Se was distorted
toward the Cu and Al with a bond distance of 2.67 A.
The calculated DOS are reported in Figure 5(b) along
with the ZnSe DOS, for comparison. As before, the
Se 2p and Cu d(e) states are hybridized and make
up the VB edge. The Cu d(t,) states are found at Eyg
+0.45 eV, similar to the ZnSe:Cu system, as deter-
mined by Gaussian fitting. The Gaussian fit peaks and
energy level labels can be seen in the Supplemental
Figure S6(b). States associated with Al were found
separate and below the CB edge at Eyg +2.38 eV.
These states were made up of Al sp3-hybridized
orbitals. The integrated LDOS are shown in Figure 6.
Again using the calculated E4 (2.48 eV) and experi-
mental Eg as a correction factor, the Cu d(t;) < VB
transition is expected at 480 nm, while the Cu d(t,) — Al
is calculated to be 520 nm. These results confirm
the DAP recombination mechanism in this system. It
is also expected that the ZnSe:Cu,Al will have a
slightly blue-shifted PL compared to the ZnSe:Cu
due to the shallow donor state caused by Al being
higher in energy than the Vs.* state. This result
suggests that the emission in the ZnSe:Cu system is
due, primarily, to the Cu — Vs.* transition, as the
ZnSe:Cu,Al PL is blue-shifted with respect to the
ZnSe:Cu PL.

Time-Resolved Photoluminescence. The time-resolved
PL of ZnSe:Cu and ZnSe:Cu,Al NCs was investigated
using TCSPC. The fluorescence decay was monitored
following photoexcitation at 395 nm, which is low
enough to minimize initial hot electron relaxation.
The PL decay traces were collected over the entire
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wavelength range of the PL emission peak at a number
of individual wavelengths. The time dependence of the
normalized emission collected at 530 nm is shown in
Figure 7(a) for both samples. The PL decay for both
samples extends out to 1800 ns, which is orders of
magnitude longer than the fluorescence lifetime
observed in the host ZnSe." It is evident that the
inclusion of Al has a significant effect on the decay
by increasing the lifetime of the recombination. To
elucidate the effects of Al on the fluorescence
process, the single-wavelength traces were fit with
a triple-exponential function, eq 1, where [(t) is the
intensity as a function of time t, A; is the initial PL
intensity of the individual component, and t; is the
lifetime of that component. The rise component was
fit with the instrument response function as col-
lected from a scattering sample consisting of a
nondairy creamer. The results of the fit are shown
in Figure 7(a).

3
I3 = Y Alde/m (1)

i=1
The two relatively fast decaying components are
similar in both samples, which are 15+ 1and 100 £ 10 ns,
and are attributed to recombination from ST and deep
trap (DT) states, respectively. ST states might originate

GUL ET AL.

from Se vacancies, whereas Se dangling bonds on the
NC surface give rise to DT states.’’ The lifetime for the
slow decaying component, which is attributed to
dopant-related emission, was found to increase
from 550 & 60 ns to 700 + 60 ns after Al co-doping.
Upon photoexcitation, Al acts as an electron trap,
whereas Cu acts as a hole trap, giving rise to DAP
emission. It is suggested that the efficiency of Al
as an electron trap and the spatial proximity of the
donor and acceptor levels could be the reason for
increased PL QY and lengthened lifetime. How-
ever, the elimination of surface Cu and Se vacancies
after co-doping could also affect the nonradiative
recombination.

The wavelength dependence of the three time
constants was examined by taking the lifetimes to
be independent of the wavelength and examining
the wavelength dependence of the initial amplitude
alone. This procedure was carried out with an in-house-
written procedure that utilizes singular value decom-
position to obtain the orthogonal wavelength and
time-dependent basis vectors, the latter of which are
subsequently fit using a triple exponential function to
obtain the wavelength-independent time constants
reported. The SVD global fitting procedure provides
the wavelength-dependent initial amplitude, referred
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Figure 7. (a) PL decay traces of ZnSe:Cu and ZnSe:Cu,Al
samples collected at 530 nm using a TCSPC system. Each
trace required a triple-exponential function to achieve
a good fit, which is plotted on top of each decay trace.
(b) Spectral deconvolution representing the contribu-
tion of various lifetime components to the steady-state
PL. The integrated PL from each component at each
collected wavelength is plotted and fit with a Gaussian
function.

to as the B-spectra. To examine the number of photons
emitted by a given recombination process, which is
directly related to the number of electron hole recom-
bination events produced through a given process, the
B-spectra (BS) were integrated with respect to the
individual time constants to obtain the photon flux
Dp, eq 2. The results of this analysis are shown in
Figure 7(b).
®p(4) = BS(L) / e udt 2)
The ®; data corresponding to each spectral com-
ponent were then fit with a Gaussian function. It is
quite obvious from the plot that the majority of the
emitted photons correspond to the Cu impurity for
both samples. Although there is some contribution
from ST and DT state emissions (15 and 100 ns
components), the ratios of trap state emissions to that
of dopant emission vary considerably among the two
samples.
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The enhanced QY and decrease in the trap state
emission could be explained on the basis of structural
and electronic properties as revealed by EXAFS and
DFT. In the ZnSe:Cu sample, Cu centers are associated
with Se vacancies and ~1/4 of the Cu is on or near the
surface of the NC, which can lead to nonradiative
recombination. A" co-doping not only compensates
for the charge imbalance originating from Cu™ doping,
thus eliminating the Se vacancies associated with the
Cu center, but also results in enhanced internal doping
of Cu. This would lead to a decrease in the density of
trap states and trap states related emission, as ob-
served in the time-resolved PL data. In addition, Al acts
as an efficient electron trap center, increasing DAP
emission, thereby decreasing the probability of trap-
mediated nonradiative recombination, and leads to
enhanced QY.

CONCLUSIONS

A wet chemical method was used to synthesize
ZnSe:Cu and ZnSe:Cu,Al quantum-confined NCs. XRD
revealed a zinc blende structure and a particle size
around 6 nm, which is further confirmed by TEM.
XANES confirms that Cu is in a +1 oxidation state,
and Al, in a +3 oxidation state, gets incorporated in the
vicinity of the Cu site. For ZnSe:Cu NCs, EXAFS supports
the existence of two types of Cu sites. One was the
interior site where Cu ions occupy an off-centered
tedrahedral site accompanying a Se vacancy. This
accounts for approximately 3/4 of Cu content, whereas
the remaining Cu™ occupies a surface site. Co-doping
with AP results in internal doping; however, Cu™ is
neither substitutional nor interstitial but occupies a dis-
torted Cuj, site close to three of the Se and displaced
away from the fourth one. For both samples, the distortion
leads to splitting of the second-neighbor peak to such an
extent that real parts of the FT are no longer in phase,
resulting in reduction of amplitude to almost negligible.
Fitting the data by including an additional peak around
2.83 A, corresponding to Cu;™ second neighbors, reveals
that there is no considerable fraction of Cu;*.

Co-doping with Al was found to increase the QY by a
factor of 2. Following photoexcitation, electrons be-
come trapped at Al donor states, whereas Cu ions act
as hole traps, leading to a DAP recombination. DFT
calculations suggest that e d orbitals of Cu are strongly
hybridized with the VB of the ZnSe NC and t, d orbitals
act as the hole traps after photoexcitation. The effi-
ciency of Al as an electron trap and spatial proximity of
the donor and acceptor sites could be the origin of
improved QY in ZnSe:Cu,Al. In addition, as revealed by
EXAFS, without Al 1/3 of the Cu dopant atoms are on or
near the surface, which tends to result in trap states
that lead to decreased PL. TCSPC studies show that the
PL decays follow a triple exponential for both samples.
The lifetime constants related to the ZnSe trap
states are similar for the two samples, but the lifetime
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associated with dopant-related PL increases from 550
ns in ZnSe:Cu to 700 ns in ZnSe:Cu,Al. The enhance-
ment of PL from co-doping not only is intriguing

EXPERIMENTAL SECTION

Materials. Zinc stearate (technical grade), octadecene (ODE,
90%), tributylphosphine (TBP 97%, mixture of isomers), copper
acetate (98%), octadecylamine (ODA, 99%), copper acetate (99.9%),
and chloroform (anhydrous) were from Sigma-Aldrich. Se powder
(<325 mesh, 99.7%) was purchased from Acros Organics, and
anhydrous zinc acetate (99.98%), cuprous selenide (99.999%), cupric
selenide (99.999%), aluminum tristearate (technical grade), alumi-
num oxide (99.97% metal basis), and boron nitride (99.5%) were
bought from Alfa Aesar. Methanol (99.9%) and Acetone
(99.7%) were purchased from Fisher Scientific. All the chemi-
cals were used without further purification.

Synthesis of N(s. Doped ZnSe NCs were synthesized following
the method of Peng et al.,** with some modification as reported
previously.3' Briefly, 0.12 g of zinc stearate in 20 mL of ODE was
heated to 300 °Cin a 50 mL three-neck flask under argon flow.
To this solution of ZnSt, was injected a 3 mL degassed mix-
ture of Se powder (0.080 g) dissolved in 0.80 g of TBP along with
0.30 g of ODA and diluted with ODE (2 mL). The heat was
removed 30 s after the injection, and the mixture was cooled to
200 °C, at which point the sample was equally divided between
two flasks, one part for making the Cu-doped sample and the
second one for the Al co-doped sample. The purpose of using
the ZnSe cores from the same batch for both doped and co-
doped NCs was to minimize the subtle differences between the
samples. For ZnSe:Cu, a calculated amount of a copper (Cu
being 0.5% of total Zn content) stock solution (1.074 x 1073 g
of copper acetate dissolved in 1.25 g of TBP) was added
dropwise to ZnSe cores at 200 °C. The temperature was then
slowly ramped up to 240 °C and maintained for 2 h, during
which 0.15 mL aliquots of zinc acetate solution (0.1 M solution
in TBP diluted to 0.05 M with ODE) as well as selenium solution
(as mentioned earlier) were added at regular intervals until no
change was observed in the PL spectra. The Al co-doped sample
was prepared the same way as ZnSe:Cu except that a calculated
amount of aluminum stearate suspension (in ODE) was added
along with a copper acetate solution. Also, a pure ZnSe sample
was synthesized similarly without adding any impurities. To
monitor the absorption and PL spectra, small aliquots (~0.2 mL)
were taken from the flask with a syringe and diluted to an
optical density between 0.2 and 0.3 at 390 nm using chloroform.
The unreacted precursors were solvent extracted twice from the
crude sample by mixing it with a mixture of chloroform and
methanol (1:4). To isolate the solid particles, NCs in the ODE
phase were precipitated using acetone, recovered by centrifu-
ging, and stored under argon.

Structural and Spectroscopic Measurements. A Hewlett-Packard
8452A diode array spectrometer was used to measure the
UV—visible spectra at room temperature. PL spectra were
recorded using a Perkin-Elmer Luminescence spectrometer.
PL QY of NCs was calculated by comparing the integrated PL
intensity of the NCs (PLyc) in chloroform to that of perylene dye
in ethanol.>? The absorption of the dye (Absgye) and each NC
sample (Absyc) at the excitation wavelength (390 nm), the
temperature, and the refractive indices of the solvents were
taken into account for QY calculation using eq 3.

PLNC Absdye Nchloroform

QY = QY
ve F’Ldye Absnc  Nethanol

3)

Low-resolution TEM measurements were performed on a
JEOL model JEM-1200EX microscope at 80 kV. High-resolution
TEM (HRTEM) images were obtained at Lawrence Berkeley
National Laboratory using a Philips CM300-FEG at the National
Center for Electron Microscopy.

Elemental analysis was performed with inductively
coupled plasma optical emission spectroscopy (ICP-OES) using
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fundamentally but also opens up new avenues for
the potential technological applications of doped
semiconductor nanomaterials.

a Perkin-Elmer Optima 4300DV. To remove the excess precur-
sors, NCs were repeatedly purified using a Sorvall RC-5C Plus
centrifuge that was used at 14 000 rpm at room temperature to
crash the NCs and then dried before digesting them in an
Optima-grade HNOs/HCl mixture (aqua regia). The digested
samples were diluted with Milli-Q water and pumped at a rate of
1.5 mL/min into the plasma chamber.

A Rigaku Americas Miniflex Plus powder diffractometer was
used for XRD measurements utilizing Cu Ko (4 = 1.5405 A) asthe
incident radiation. Diffraction patterns were recorded at a rate
of 2° per minute with a step size of 0.04°.

Zn and Cu K-edge XANES and EXAFS data were collected at
the Stanford Synchrotron Radiation Lightsource (SSRL), on
beamline 7-3 at 10 K with an average current of 300 mA and
at an electron energy of 3.0 GeV. The radiation was monochro-
matized using a Si (220) double crystal monochromator, which
was detuned to 50% of its maximum at the Zn/Cu K-edge to
minimize the effects of higher harmonics. The beam size on the
sample was reduced to 0.5 mm vertical and 1.0 mm horizontal
fwhm, and the intensity of the incident X-rays (lp) was mon-
itored by a N,-filled ion chamber in front of the sample. Zn data
were collected in transmission mode, whereas, due to low
concentration, Cu data were collected in fluorescence mode
using a 30-element Ge detector (Canberra), with the samples at
45° to the incident beam. The energy was calibrated by using
the rising edge positions of Cu foil (8980.3 eV) and Zn foil
(9660.7 eV). Cu K-edge data were collected for NC samples
along with those of Cu,Se and CuSe standards. For the EXAFS
studies, samples were deposited in plexiglass sample holders
with Kapton film windows. In the case of Cu,Se and CuSe
standards, the samples were diluted with boron nitride to a
concentration of 0.3% and sandwiched between two layers of
Mylar tape.

Standard programs>® based on the IFEFFIT library,>* were
used for data reduction and fitting. While reducing fluorescence
data, the pre-edge background was fit to a line with a constant
baseline, whereas the post-edge background was fitted to a
spline function. In the case of transmission data, the pre-edge
and post-edge backgrounds were fit to a Victoreen and spline
function, respectively. The extracted k-space data, k3x(k), aver-
aged over 5 scans, was then used to FT the data into r-space.
For the Zn K-edge, a k-space window of 3.5—14.0 A" was used
for FT, whereas for Cu K-edge data the FT range used was
3.5-11.0 A=". The window function used consisted of a rectan-
gular part in the center and Hanning parts on the sides having a
Hanning fraction® of 0.2.

X-ray absorption spectra at the Al K-edge were measured
on beamline 6.3.1 at the Advanced Light Source at Lawrence
Berkeley National Laboratory. The data were collected in partial
fluorescence yield (PFY) mode using a silicon drift detector
(SIl Vortex), and total electron yield (TEY) mode by monitoring
the sample drain current. The beamline resolution was set
to ~1.0 eV at the Al K-edge. Photocurrent from a gold mesh,
inserted in the beamline before the sample, was used to
normalize the spectra. The XAS spectrum of 0.4 um Al metal
foil was used for energy calibration.

Time-resolved PL studies of the ZnSe:Cu and ZnSe:Cu,Al
samples were performed at room temperature using TCSPC as
described in our previous report.®' Briefly, a Ti:sapphire crystal
(Kapteyn-Murnane Laboratories, model MTS Mini Ti:Saphire)
was pumped with a 5 W Coherent Verdi-V5 (532 nm) laser to
produce a tunable, mode-locked laser line between 790 and
820 nm with a frequency of 100 MHz. A pulse picker (Conoptics,
model 350-160) was utilized to prepare a pulse train of 0.5 MHz,
after which the 790 nm light was frequency doubled to 395 nm
using a BiBO crystal. After separating the 790 and 395 nm light
with a dichroic mirror, the 395 nm (50 ps pulse width) was then
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used to excite the NC sample in chloroform. The PL was
collected at 90° with respect to the incident laser and passed
through a magic angle polarizer followed by a monochromator
with a resolution of 0.25 nm. The monochromatic light was then
focused on an avalanche photodiode, where photons were
counted in a reverse stop—start mode.”®

A number of time windows were collected to investigate the
wide range of time constants observed in the decay spectrum
of these samples and were 50, 380, and 2000 ns for individual
emission wavelengths ranging from 450 to 650 nm. The NCs
were probed using a 50 ns window over 4096 channels, 380 and
1000 ns windows over 1024 channels, and a 2000 ns window
over 256 channels. The instrumental resolutions were 0.05, 0.32,
and 0.70 ns for 50, 380, and 2000 ns time windows, respectively.
Data were analyzed using an IGOR Pro-based (wavemetrics)
macroprocedure developed in-house.
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