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ABSTRACT: The electronic and magnetic properties of the
luminescent excited states of colloidal Cu*:CdSe, Cu*:InP, and
CulnS$, nanocrystals were investigated using variable-temperature
photoluminescence (PL) and magnetic circularly polarized
luminescence (MCPL) spectroscopies. The nanocrystal electronic
structures were also investigated by absorption and magnetic
circular dichroism (MCD) spectroscopies. By every spectroscopic
measure, the luminescent excited states of all three materials are
essentially indistinguishable. All three materials show very similar
broad PL line widths and large Stokes shifts. All three materials
also show similar temperature dependence of their PL lifetimes
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and MCPL polarization ratios. Analysis shows that this temperature dependence reflects Boltzmann population distributions
between luminescent singlet and triplet excited states with average singlet—triplet splittings of ~1 meV in each material. These
similarities lead to the conclusion that the PL mechanism in CulnS, NCs is fundamentally different from that of bulk CulnS, and
instead is the same as that in Cu*-doped NCs, which are known to luminesce via charge-transfer recombination of conduction-
band electrons with copper-localized holes. The luminescence of CulnS, nanocrystals is explained well by invoking exciton self-
trapping, in which delocalized photogenerated holes contract in response to strong vibronic coupling at lattice copper sites to

form a luminescent excited state that is essentially identical to that of the Cu*-doped semiconductor nanocrystals.

B INTRODUCTION

Copper-doped semiconductors are classic phosphor materials
that have been used in a variety of applications for nearly a
century.' Recently, attention has turned to the development of
colloidal copper-doped semiconductor nanocrystals (NCs),
which combine the unique luminescence properties of copper-
doped semiconductors with the solubility and optoelectronic
tunability of semiconductor NCs. Ternary semiconductor NCs
containing copper as a (formally) stoichiometric component of
their composition, for example CulnS, or CulnSe,, have also
recently generated interest as cadmium- and lead-free
alternatives to more conventional NC materials, such as CdSe
and PbS.””” Both the copper-doped and copper-based NCs
have size and composition-tunable energy gaps and display very
broad, tunable photoluminescence (PL) bands centered at
energies significantly lower than their band gap energies.””*™""
This tunability, combined with the minimal overlap between
their absorption and PL spectra, make such NCs attractive
phosphors for numerous applications in optical imaging and
spectral conversion.'””'® For example, we have recently
demonstrated that Cu™:CdSe and CulnS,/CdS core/shell
NCs exceed the performance of other leading colloidal NC
phosphors when used as luminophores in luminescent solar
concentrators.' "> To optimize these materials as phosphors, it
is important to understand the details of their PL mechanisms,
many of which remain largely unexplored. Here, we examine
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the luminescent excited states of two copper-doped semi-
conductor NC materials, Cu*:CdSe and Cu":InP, and one
copper-based semiconductor NC material, CulnS,, using a
combination of temperature-dependent PL and magneto-
optical spectroscopies.

Photoluminescence in bulk copper-doped semiconductor
phosphors originates from recombination of an electron that is
partially localized at a shallow donor defect with a hole that is
strongly localized at a deep acceptor level associated with the
copper dopant.”"” This donor—acceptor pair luminescence is
characterized by a long PL decay time dictated by the spatial
separation between the donor and acceptor sites, and a PL
energy that is determined by the combined depths of the donor
and acceptor defects. The PL energy is thus much smaller than
the band gap energy of the host semiconductor. Like their bulk
counterparts, photoluminescence in copper-doped semicon-
ductor NCs arises from recombination of a largely delocalized
electron with a copper-localized hole, but in most cases the
electron appears to occupy the NC conduction band (CB)
rather than being bound to an individual donor defect. For
example, several researchers have observed that the lumines-
cence of copper-doped semiconductor NCs shifts to lower
energy as the CB shifts to lower energy due to changes in the
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NC size or composition.” These observations establish

charge-transfer recombination of a CB electron with a copper-
localized hole as the accepted mechanism of PL in copper-
doped semiconductor NCs (Figure 1, arrow 3). According to

CB

Figure 1. Illustration of the mechanism of MLcgCT luminescence in
Cu'-doped semiconductor nanocrystals. Upon photoexcitation (1),
the hole rapidly and nonradiatively localizes from the valence band to a
Cu* dopant to form a Cu**-like ion (2). Radiative recombination of
the electron from the conduction band with the copper-localized hole
results in emission of a photon (3).

this mechanism, the energy difference between the first
excitonic absorption and the PL peaks is determined primarily
by the energy difference between the copper 3d orbitals and the
valence-band (VB) edge. Pronounced delayed luminescence
was also recently observed in copper-doped NCs and attributed
to electron trapping and detrapping at NC surface sites,””
analogous to the delayed donor—acceptor luminescence of bulk
copper-doped semiconductors.”"”

The origins of the large PL line widths observed in copper-
doped semiconductor NCs are still under debate. Lumines-
cence line narrowing measurements have demonstrated that
this line width is not a consequence of size heterogeneity within
an ensemble of doped NCs, and this width was instead
concluded to arise from a distribution of copper energy levels
due to local structural inhomogeneities.”” PL spectra of single
NCs possessing single copper dopants show the same large line
width as the ensemble spectrum, suggesting a homogeneous
origin.”> We favor the attribution of this large line width
primarily to homogeneous vibronic contributions resulting
from the large nuclear reorganization that accompanies excited-
state charge separation and hole localization by copper. In
support of this interpretation, we note that the PL mechanism
described above for copper-doped semiconductor NCs is not
only similar to that in bulk copper-doped semiconductor
phosphors, but it is also directly analogous to the metal-to-
ligand charge transfer (MLCT) luminescence of many
tetrahedral Cu® coordination compounds that also exhibit
broad PL bands.”*"*® The PL line widths in these molecules
indeed reflect the formation of a Cu**-like center in the MLCT
excited state and the concomitant nuclear reorganization. In
copper-doped semiconductor NCs, the lowest-energy CB
orbital plays the same role as the ligand-based lowest
unoccupied molecular orbitals (LUMOs) of these molecular
MLCT excited states. We therefore refer to the luminescent
excited states of copper-doped semiconductor NCs as ML-zCT
excited states.

Although there is general consensus that the PL of copper-
doped semiconductor NCs involves recombination of a CB
electron with a copper-localized hole, there is considerable
disagreement in the literature about the origin of this copper-
localized hole. This disagreement stems from conflicting
reports of the oxidation state of copper in the doped-NC
ground state. Most reports claim that copper is in the +1
oxidation state prior to photoexcitation.'”***’7** In this
scenario, a photogenerated hole rapidly localizes at a Cu®
dopant to form a Cu’*-like ion (Figure 1, arrow 2).
Recombination of the photogenerated electron with this
localized hole then leads to MLczCT luminescence (Figure 1,
arrow 3). Some reports claim that copper is already in the +2
oxidation state prior to photoexcitation.”****** In this scenario,
a CB electron generated by photoexcitation across the gap can
still recombine with the copper-localized hole to yield MLzCT
luminescence, but this charge-transfer recombination has to
compete with direct recombination of the delocalized
electron—hole pair, which is an order of magnitude faster.
Enhancement of the copper-based PL upon addition of ligands
known to trap VB holes has been interpreted in terms of
elimination of this competing excitonic recombination
channel.>* The process allowing copper-based holes to be
regenerated after radiative ML gCT recombination in this
scenario has not been described.

Despite these remaining ambiguities, the PL of copper-doped
semiconductor NCs is still much better understood than that of
CulnS, NCs (and related NCs). Bulk CulnS, shows a
characteristic deep-trap luminescence that has been linked to
specific point defects, namely Cuy,, Vi, and Vo >>?¢ The PL of
CulnS, NCs is almost universally attributed to similar point
defects, but the identities of these defects remain un-
clear.>'%*7~*! For example, the broad luminescence of
CulnS, NCs has been attributed to recombination of CB
electrons with holes localized at defects.”'*" This mechanism
is similar to that of copper-doped semiconductor NCs in that it
invokes recombination of CB electrons with localized holes, but
the hole traps are not identified. A recent report has described
similar magnetic circularly polarized luminescence (MCPL)
field dependence between 0 and 1 T at 3 K in CulnS, and
copper-doped ZnSe NCs."* These MCPL data were interpreted
as indicating that Cu®" plays an essential role in the ground
states of both the CulnS, and copper-doped ZnSe NCs.

Here, we report a detailed investigation of the PL and
magneto-PL of Cu*:CdSe, Cu™:InP, and CulnS, NCs aimed at
clarifying the electronic structures of these materials in their
ground and luminescent excited states. These three NCs all
display similar PL line widths and Stokes shifts. Magnetic
circular dichroism (MCD) measurements demonstrate that
these NCs are diamagnetic in their ground states, consistent
with copper in the +1 oxidation state. Variable-temperature PL
measurements reveal large increases in the PL decay times of all
three materials as the temperature is lowered below ~60 K.
These data are interpreted in terms of singlet—triplet splittings
within luminescent MLgCT excited states of all three types of
NCs, arising from magnetic-exchange coupling of delocalized
CB electron spins with localized Cu(3d) spins. Quantitative
analysis yields very similar average singlet—triplet splitting
energies for each of these three NC materials (~1 meV). This
interpretation of the temperature dependence of the PL
lifetimes is confirmed by variable-temperature MCPL measure-
ments performed up to 6 T and up to 80 K. The MCPL
polarization ratios of CulnS,, Cu":CdSe, and Cu*:InP NCs are
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similar at all fields and temperatures. MCPL selectively probes
the triplet MLcgCT emission, providing an independent and
model-free measurement of the triplet state’s temperature-
dependent Boltzmann population that coincides well with that
determined from PL lifetimes. The spectroscopic data for all
three types of NCs are thus explained thoroughly without
invoking the presence of Cu’* in the ground state.

Because every spectroscopic result presented here for the
CulnS, NCs is essentially indistinguishable from the analogous
result obtained for the Cu*-doped NCs, we propose that the PL
mechanism in CulnS, NCs is fundamentally the same as the
one illustrated in Figure 1: photoexcitation (arrow 1) is
followed by rapid hole localization around an individual Cu* to
form a Cu**-like ion (arrow 2), followed by radiative MLz CT
recombination of this copper-localized hole with the
delocalized CB electron (arrow 3). A new interpretation of
the PL mechanism of CulnS, NCs is thus proposed, namely
exciton self-trapping.”*~*° This interpretation differs from
previous interpretations in that exciton self-trapping requires
no point defects, but instead requires only intrinsically strong
electron—phonon coupling in the photoexcited state. This
condition is met in the CulnS, NCs. The details and
implications of this new interpretation of CulnS, NC PL are
discussed.

B EXPERIMENTAL METHODS

Synthesis of Cu*:CdSe Nanocrystals. We adapted a literature
procedure for the synthesis of Cu*:CdSe NCs by hot injection.””
Cadmium acetate hydrate (0.116 g, 0.5 mmol), oleic acid (0.32 g, 1.1
mmol), and hexadecane (5 g) were degassed under vacaum at 70 °C
for 1 h. Heating the mixture to 110 °C under nitrogen for 10 min
produced a clear, colorless solution. After cooling to 70 °C, copper
stearate (0.032 g, 0.05 mmol) was added under positive nitrogen flow,
the mixture was degassed with three pump-purge cycles at 70 °C, and
then the temperature was increased to 180 °C under nitrogen. Rapid
injection of 0.25 mL of a 1 M solution of selenium in
trioctylphosphine at 180 °C caused the mixture to change color
from deep blue to colorless to red within 1 min. After 30 min at 180
°C, the mixture was cooled to room temperature. Addition of an equal
volume of a ~ 3:1 ethanol:acetone mixture followed by centrifugation
produced dark red pellets from a colorless supernatant. The
supernatant was discarded, and the pellets were washed with acetone,
dried under nitrogen flow, and redispersed in toluene.

Synthesis of Cu*:InP Nanocrystals. The procedure for synthesis
of Cu":InP NCs was adapted from ref 9. Indium acetate (0.117 g, 0.4
mmol), myristic acid (0.292 g, 1.28 mmol), and octadecene (4 g) were
degassed under vacuum at 100 °C for 2 h and then heated to 300 °C.
Rapid injection of a solution of tris(trimethylsilyl) phosphine (58 uL,
0.2 mmol) in octadecene (2.5 mL) resulted in a color change from
colorless to red to dark brown. After 30 min at 300 °C, the mixture
was cooled to 100 °C, and a solution of copper stearate (0.02S g, 0.04
mmol) in octadecene (4 g) was added dropwise. The mixture was
heated to 220 °C over 1.5 h and then cooled to room temperature.
The Cu®:InP cores formed at this point exhibit very weak
luminescence (quantum yield ~1.5%), consistent with literature
results.” Growth of a very thin ZnSe;_,S, alloy shell following
literature procedures increased the quantum yield to up to 24%
without changing the absorption or PL spectra (see Supporting
Information).

Synthesis of CulnS, Nanocrystals. We adapted a literature
procedure for the synthesis of CulnS, NCs.” Indium acetate (0.294 g,
1 mmol), copper iodide (0.191 g, 1 mmol), and dodecanethiol (S mL)
were added to a 50 mL three-neck round-bottom flask. The flask was
degassed with three pump-purge cycles using nitrogen at room
temperature. After the last cycle, the reaction mixture was heated at
100 °C under nitrogen for 10 min during which it transforms into an
optically clear pale yellow solution. The temperature was then

increased to 230 °C. When the temperature became greater than 200
°C the color of the solution began to change from yellow to orange to
dark red. After 10 min at 220 °C, the mixture became dark black in
color and was rapidly cooled to 60 °C using a water bath. At 60 °C, the
reaction was opened to air, and ~2 mL of toluene and ~1 mL oleic
acid were added. The mixture was stirred for 20 min at 60 °C, then
cooled to room temperature. The NCs were purified by precipitation
with ethanol, followed by centrifugation and resuspension in toluene.

Spectroscopic Methods. Absorption spectra of toluene solutions
of Cu":CdSe, Cu*:InP, and CulnS, nanocrystals were measured on a
Varian Cary 500 spectrometer, and solution-phase PL spectra were
measured using an Ocean Optics USB-2000+ spectrometer with
perpendicular 405 nm excitation. All PL spectra were corrected for the
instrument response. PL quantum yields were measured in toluene
solution at room temperature using an integrating sphere. NC
compositions were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, see Supporting Information for
details).

Temperature-dependent PL measurements were performed on
films of nanocrystals sandwiched between circular quartz plates. The
films were loaded into an Oxford SM-2 cryostat. A 405 nm diode laser
was used for photoexcitation at an incident angle of ~10—15° relative
to the optical detection axis. Excitation was modulated at 100 Hz with
the square wave output from a function generator. The PL was passed
through a 420 nm long-pass filter and focused into a monochromator
(0.5 m, 150 g/mm grating blazed at S00 nm) equipped with a
photomultiplier tube (PMT) connected to a multichannel scaler.
Several thousand excitation pulses were averaged to measure PL decay
kinetics. The time resolution of this apparatus is S ns. PL lifetime
measurements were performed without an applied magnetic field.

For magnetic circularly polarized luminescence (MCPL) measure-
ments, nanocrystal films were loaded into a superconducting magneto-
optical cryostat with a variable-temperature sample compartment
(Cryo-Industries SMC-1659 OVT). Continuous 405 nm excitation
was used. PL was collected along the magnetic field axis (Faraday
geometry), passed through a liquid crystal variable retardation plate set
to A/4 at the emission maximum, followed by a linear polarizer used to
separate left and right circularly polarized PL components. A 420 nm
long-pass filter placed after the linear polarizer removed scattered
excitation light before the PL was collected by an optical fiber and
directed into the same monochromator, which dispersed the PL onto a
liquid-nitrogen-cooled charge-coupled device (CCD). MCPL polar-
ization ratios were then calculated from the relative intensities of left
and right circularly polarized PL at various applied magnetic field
strengtEl:, following the sign convention described in Piepho and
Schatz.

B RESULTS

1. Nanocrystal Characterization. Figure 2 shows
absorption and photoluminescence spectra of three different
nanocrystal samples: Cu:CdSe NCs with a Cu:Cd ratio of
0.0061 =+ 0.0001, Cu*:InP with a Cu:In ratio of 0.031 + 0.001,
and stoichiometric CulnS, NCs with Cu:In ratio of 0.98 +
0.02. Powder X-ray diffraction (p-XRD) measurements confirm
that the crystal structures of all three samples are consistent
with those of the corresponding undoped bulk materials (see
Supporting Information). The absorption spectra of the
Cu*:CdSe and Cu":InP NCs show clear excitonic features at
2.23 and 2.30 eV, which correspond to average diameters of 3.2
and 2.9 nm, respectively.*”** The absorption spectrum of the
CulnS, NCs exhibits a broad shoulder at ~2.2 eV, characteristic
of NCs with diameters ~3 nm.”"" These sizes are consistent
with those estimated from Scherrer analysis of the p-XRD line
widths, except in the case of Cu":InP, for which the Scherrer
analysis yields a smaller diameter (~2 nm vs 2.9 nm), perhaps
due to alloying upon ZnSe,_,S, shell growth (see Supporting
Information). Each sample shows a broad luminescence band
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Figure 2. Electronic absorption (solid) and photoluminescence
(dashed) spectra of toluene solutions of Cu*:CdSe (red, d ~ 3.2
nm, 0.6% Cu"), Cu*:InP (blue, d ~ 2.9 nm, 3% Cu*), and CulnS,
(green, d ~ 2.7 nm) nanocrystals taken at room temperature.

centered near 1.6 eV with a full width at half-maximum (fwhm)
around 370 meV (see Table 1). The small PL intensities
observed to higher energy in the PL spectra of the Cu":CdSe
and Cu™:InP NCs are attributable to excitonic PL originating
from small subsets of undoped NCs in each sample, as
confirmed by the absence of excitonic PL in the spectra of
individual copper-doped CdSe NCs.”” The PL quantum yields
(QYs) of these samples are also listed in Table 1 and are all
very similar (~0.23). Magnetic circular dichroism (MCD)
spectra collected in the visible and near-infrared regions at
various temperatures and applied magnetic fields show no
evidence of Cu®" in the ground states of any of the NCs of
Figure 2 (see Supporting Information). We therefore conclude
that the ground states of all of the samples shown in Figure 1
contain copper exclusively in its +1 (diamagnetic) oxidation
state.

For the Cu*:CdSe and Cu":InP NCs, the broad PL line
width and large separation between the energies of the
absorption and PL peaks (ie., the apparent Stokes shift) are
both characteristic of the established ML zCT PL mechanism

Table 1. Absorption and PL Spectral Parameters for Copper-
Containing Nanocrystals

abs. apparent
peak PL peak  Stokes  est. actual fwhm
position  position shift Stokes of PL PL
sample (ev) (eV) (ev) shift (eV) (meV) QY
Cu":CdSe 2.23 1.52 0.71 0.55 400 0.25
Cu":InP 2.30 1.63 0.67 0.46 390 0.24
CulnS, ~2.2 1.68 ~0.5 ~0.5 360 0.22

13141

described in Figure 1. These PL spectra do not change
substantially upon cooling to liquid-helium temperatures (see
Supporting Information). Both of these features—broad PL
line width and large apparent Stokes shift—are also observed in
the PL spectrum of the CulnS, NCs (Figure 2).

The Cu":CdSe and Cu*:InP NCs both display a weak and
broad absorption “foot” that tails to lower energy below the
first excitonic absorption peak (Figure 3). This foot is

10000 -
—— Cu :CdSe
— cu®inP
—— CulnS;,

1
600 800

Wavelength (nm)

1000

Figure 3. Room-temperature absorption spectra of Cu*:CdSe (red),
Cu:InP (blue), and CulnS, (green) nanocrystals, with intensities
plotted in units of per-copper extinction coefficient, £c, (Mg, ™ em™).

interpreted as the ML-zCT absorption that directly forms the
luminescent excited state. The same broad absorption foot is
observed in bulk Cu*-doped II-VI semiconductors.'” The per-
copper extinction coefficient of this foot is ¢, < 1000 M, ™"
cm™! at its maximum, consistent with assignment of this
absorption to an MLcCT transition. With this assignment, the
actual PL Stokes shifts of the doped NCs are understood to be
smaller than the apparent Stokes shifts listed in Table I.
Estimating the center of this absorption foot in the Cu™:CdSe
and Cu™:InP NCs as the position of the lowest-energy
extremum in the second derivatives of the spectra shown in
Figure 2 allows estimation of the actual Stokes shifts, listed in
Table 1. The differences between these values are close to the
uncertainty in the locations of the absorption positions, and are
therefore not significant. The quantitative similarities in actual
Stokes shifts and in PL line widths between the Cu*-doped and
CulnS, NCs (Table 1) suggests that the PL mechanisms in
these NCs may be similar. Interestingly, the broad lowest-
energy feature of the CulnS, NC absorption spectrum also has
a per-copper extinction coefficient of £¢, < 1000 Mg, ! cm™
(Figure 3). The sub-bandgap absorption foot of the copper-
doped NCs thus appears to be the dilute analog of the first
absorption feature in the CulnS, NCs.

2. Temperature Dependence of Excited-State Life-
times. Figure 4A plots PL decay kinetics between t = 0 and 10
us for the same Cu*:CdSe, Cu*:InP, and CulnS, NCs as shown
in Figure 2 at selected temperatures between 2 and 150 K,
normalized at t = 0 us. At low temperatures, the PL of the
Cu*:CdSe NCs decays faster than that of both the Cu*:InP and
CulnS, NCs, but the temperature dependence of the PL decay
in all three samples exhibits the same general behavior. In each
case, the decay accelerates markedly when the temperature is
raised from 2 to ~60 K, and it becomes temperature-
independent above ~60 K. These main qualitative features
are evident from visual inspection of the PL decay traces in
Figure 4A. The decay data can be fitted in multiple ways to
extract quantitative details, but the specific fitting function has
only a minor impact on the results. Here, the Cu":CdSe NC PL
decay traces were fit to single-exponential functions over a 10-
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Figure 4. (A) Photoluminescence decay traces measured at the peak of
the PL spectrum for Cu*:CdSe (top), Cu*:InP (middle), and CulnS,
(bottom) NCs at selected temperatures between 2 and 150 K,
normalized at t = O us. The solid lines represent fits of the data to a
single-exponential function over a 10 us window for the Cu™:CdSe
NCs and a biexponential function over a 160 pus window for the
Cu*:InP and CulnS, NCs. (B) PL lifetimes (closed circles, left axis)
and normalized spectrally integrated PL intensities (open circles, right
axis) of Cu*:CdSe (top, red), Cu™:InP (middle, blue), and CulnS,
(bottom, green) NCs plotted versus temperature. The Cu*:InP and
CulnS, NC lifetimes represent the short-time components of the
biexponential fits. Essentially indistinguishable results are obtained
from other approaches to fitting the PL decay curves. The solid lines in
(B) show fits of the lifetime data to eq 3, and the dashed lines are
guides to the eye.

us window. The PL decay traces of the Cu™:InP and CulnS,
NCs do not fit well to single-exponential functions (see
Supporting Information), and were fit instead to biexponential
functions over a 160-us window to account for decay
components with time constants greater than 10 us. These
longer components have especially significant amplitudes at the
lower temperatures. We restrict our fits to these time windows
(10 ps for Cu*:CdSe and 160 us for Cu*:InP and CulnS,)
because (i) for each sample, over 80% of the total PL amplitude
decays within these windows at all temperatures, and (ii) the
PL decay traces for Cu®:InP and CulnS, are highly
nonexponential over longer time windows. We have recently
reported pronounced delayed luminescence in Cu*:CdSe NCs
associated with reversible trapping of CB electrons.”> Very
similar delayed PL is also observed here in the Cu*:InP and
CulnS, NCs, and will be discussed in detail in a later paper.

Figure 4B plots the PL lifetimes of the Cu*:CdSe, Cu":InP,
and CulnS, NCs obtained from the traces in Figure 4A versus
temperature. All three samples show a steep decrease in the PL
lifetime as the temperature increases from 2 to ~60 K, and
almost no change in PL lifetime as the temperature increases
from 60 to 150 K. The PL lifetimes of all three samples remain
fairly constant as the temperature increases from 150 K to
room temperature (see Supporting Information). Figure 4B
also plots the temperature dependence of the spectrally
integrated PL intensity normalized to the intensity measured
at the lowest temperature for which spectra were acquired. The
PL intensity for each sample increases slightly over the same
temperature range where the lifetime decreases (2—60 K). For
temperatures from 60 to 150 K, the PL intensities of both the
Cu*:CdSe and CulnS, NCs remain fairly constant, whereas the
PL intensity of the Cu":InP NCs decreases slowly with
increasing temperature.
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Figure S. Top: Circularly polarized photoluminescence spectra of (A) Cu*:CdSe, (B) Cu*:InP, and (C) CulnS, nanocrystals measured at S K with
applied magnetic fields of 0 (gray) and 6 T (blue: left circularly polarized, 67; red: right circularly polarized, 6*). The sharp feature at 730 nm in the
Cu":CdSe and Cu":InP spectra corresponds to absorption from the optical fiber that was not completely eliminated by spectral correction. Bottom:
MCPL polarization ratio (AI/I) measured at the peak of the zero-field PL spectrum plotted versus applied magnetic field at 2 (blue), S (green), 10
(orange), and 20 K (maroon) for (D) Cu*:CdSe, (E) Cu*:InP, and (F) CulnS, nanocrystals. The insets to (D—F) plot the same data from 0 to 1 T.
The dashed lines show linear fits of the data from 1 to 6 T with the y-intercept fixed at zero. The Cu*:CdSe and Cu":InP NCs are the same as in
Figures 2 and 4, and the CulnS, NCs are from a different synthetic batch but are spectroscopically nearly identical to those shown in Figures 2 and 4

(see Supporting Information).

13142

DOI: 10.1021/jacs.5b08547
J. Am. Chem. Soc. 2015, 137, 1313813147


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08547/suppl_file/ja5b08547_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08547/suppl_file/ja5b08547_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08547/suppl_file/ja5b08547_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08547

Journal of the American Chemical Society

In addition to similar PL lineshapes and apparent Stokes
shifts, the data in Figure 4 clearly demonstrate that the PL
lifetimes of the Cu*-doped and CulnS, NCs all show the same
characteristic temperature dependence. This observation is a
strong indication that the underlying mechanism of PL in all
three of these materials is the same.

3. Magnetoluminescence. The ML-;CT PL mechanism
described in Figure 1 can be viewed as involving emission from
an excited state that contains a paramagnetic Cu®'-like ion
exchange coupled to a CB electron. We have therefore used
magnetic circularly polarized luminescence (MCPL) spectros-
copy to probe the luminescent excited states of our Cu*-doped
and CulnS, NCs. Figure S summarizes the MCPL data
collected for these NCs. Figure SA—C plots circularly polarized
PL spectra measured at 5 K for Cu*:CdSe, Cu":InP, and
CulnS, NCs, respectively, at 0 and 6 T. Under an applied
magnetic field, the intensity of right circularly polarized
luminescence (6*) increases and that of left circularly polarized
luminescence (6”) decreases. These changes are attributed to a
Zeeman splitting of the luminescent excited state that decreases
the energy of a 6™-emitting sublevel and increases the energy of
a o -emitting sublevel, thereby increasing the Boltzmann
population of the former relative to the latter at low
temperatures and large applied magnetic fields.

Eq 1 defines the MCPL polarization ratio, AI/I, as the
difference between left and right circularly polarized PL
intensities divided by their sum. Figure SD—F plots AI/I
versus applied magnetic field, measured at four different
temperatures for Cu':CdSe, Cu":InP, and CulnS, NCs,
respectively. For all samples, AI/I increases with increasing
magnetic field at all temperatures, and for a given field AI/I
generally decreases with increasing temperature. Above ~1 T,
AI/I increases fairly linearly with field at all temperatures, with
possible evidence of saturation in the CulnS, NCs at 2 K. The
dashed lines in Figure SD—F show linear fits of the high-field
data with the y-intercept fixed at zero. The observation of
temperature-dependent MCPL indicates that this emission
originates from excited states with nonzero angular momentum.

Al Lok oo

I L+ o +o (1)

At the lowest temperatures, all three samples show a small
inflection in the MCPL intensity at very low fields (0—1 T,
insets to Figure SD—F) before the field dependence approaches
linearity. At higher temperatures, the data become more linear
with field in the region between 0 and 1 T. For comparison, the
Supporting Information contains MCPL data for a sample of
Cu":CdSe NCs that exhibits significant intensity of both
excitonic and copper-based PL. The excitonic MCPL is
negative and its intensity increases linearly with increasing
field over the entire field range (0—6 T), consistent with this
excitonic PL coming from undoped CdSe NCs.”' The copper-
based MCPL shows the same inflection between 0 and 1 T as
seen in Figure S. This inflection, which is essentially identical to
that reported previously from MCPL measurements of CulnS,
and copper-doped ZnSe NCs between 0 and 1 T at 3K, is
therefore clearly associated with the presence of copper. These
data were previously interpreted in terms of Cu®" in the NC
ground state,*” but similar nonlinearities are observed in the
magneto-optics of various copper-doped semiconductors,
where they have been attributed to level crossings within an
axial zero-field-split triplet spin manifold of the luminescent

MLpCT excited state (very small positive zero-field splittings
of D ~ +0.01 to +0.05 meV).>>>® This interpretation was
supported by optically detected magnetic resonance (ODMR)
measurements on oriented single crystals.”> Although a detailed
quantitative analysis of this zero-field splitting in the NCs is
beyond the scope of the present study, the nonlinear field
dependences observed in the MCPL data of Figure S and ref 42
appear to have the same origin as in the bulk samples, and the
small magnetic fields at which the inflections occur in Figure 5
are consistent with very small zero-field splittings in the
nanocrystals like in bulk. Overall, the remarkably similar MCPL
data for all three NC samples at both small and large magnetic
fields and as a function of temperature indicate that the basic
magnetic properties of the luminescent excited states of these
materials are very similar.

B ANALYSIS

Kinetic Model for Radiative Decay from Singlet and
Triplet Excited States. The observation that the PL intensity
increases with increasing temperature over the same temper-
ature range (2—60 K) where its lifetime decreases for
Cu*:CdSe, Cu":InP, and CulnS, NCs (Figure 4B) indicates
that this lifetime decrease is not due to thermally activated
nonradiative decay processes. Rather, we attribute the temper-
ature dependence of the PL lifetimes in all three of these
materials to a magnetic-exchange splitting within the
luminescent excited state. This excited state involves two
distinct spins, that of the delocalized photoexcited electron in
the conduction band (S = 1/2) and that of the unpaired
electron resulting from hole localization at copper (S = 1/2).
Exchange coupling of these two spins yields singlet and triplet
MLcpCT excited states, as illustrated in Figure 6A. For
simplicity, Figure 6A shows only the highest-energy 3d orbital
of the copper ion; all of the other 3d orbitals are fully occupied
in the ground state and both excited states considered here.
Analogous singlet—triplet splittings have been observed
previously in the luminescent excited states of bulk Cu*-
doped semiconductors®> > and molecular Cu* coordination
complexes.”*~*” In this interpretation, the temperature depend-
ence of the PL lifetime is dictated by the Boltzmann
populations of the singlet and triplet excited states, which
have very different radiative rate constants. Radiative decay
from the triplet excited state is slow because of the spin
selection rule, AS = 0.

The observation in Figure 4 that the PL lifetimes increase
with decreasing temperature below 60 K for all three samples
provides a direct experimental indication that the triplet excited
states are lower in energy than the singlet excited states in each
material, as illustrated in Figure 6B. This conclusion is
confirmed by the data in Figure 7, which demonstrate a
correlation between the PL lifetime and the MCPL intensity.
The MCPL transitions are described schematically on the right
side of Figure 6B, neglecting the zero-field splitting of the
triplet state. Application of a magnetic field (B > 0) splits the
emissive triplet state into its three Zeeman components, with
0~ and 0" emission allowed from the mg = +1 components at
different energies. Boltzmann population differences between
these two levels yield nonzero values of AI/I Importantly, the
singlet excited state does not split and hence yields no MCPL
to first order. MCPL is thus only obtained from triplet-state
emission. Increasing the temperature shifts emission from the
triplet to the singlet state, shortening the PL decay and
concomitantly reducing the MCPL intensity. The correlation
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Figure 6. (A) Orbital energy level diagram depicting the ground-state
and singlet and triplet luminescent excited-state configurations of a
copper-doped semiconductor nanocrystal. “CB” and “VB” denote the
lowest- and highest-energy conduction- and valence-band orbitals,
respectively. For simplicity, only the highest-energy copper 3d orbital
is shown. (B) Qualitative energy level diagrams illustrating the energies
of the singlet and triplet excited states from (A) and their splitting in
an applied magnetic field (B > 0). The zero-field (B = 0) diagram
illustrates the parameters used in eq 2 and eq 3, where kg and ky
indicate rate constants for decay to the ground state from the singlet
and triplet excited states, respectively, and AEg represents the
singlet—triplet splitting energy. The B > 0 diagram illustrates the
Zeeman splitting of the triplet excited state that gives rise to MCPL
intensity.
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Figure 7. MCPL intensities (6 T, closed crosses) and PL lifetimes (0
T, open circles) plotted versus temperature for Cu*:CdSe (red),
Cu":InP (blue), and CulnS, (green) NCs. Data points taken from the
data in Figures 4 and 5.

between the MCPL intensity and the PL lifetime in Figure 7
confirms the interpretation of the data from both experiments
in terms of singlet—triplet splittings.

The zero-field diagram in Figure 6B can now be used to
model the temperature dependence of the PL decay shown in
Figure 4B and Figure 7. Here, kg and ky represent the overall
rate constants for decay (radiative + nonradiative) from the
singlet and triplet excited states, respectively. For simplicity, we
assume negligible temperature-dependent nonradiative decay
for both states within this temperature window (2—150 K),
justified by the relatively constant integrated PL intensity across
this range. Interconversion between the singlet and triplet
excited states is assumed to be fast relative to decay to the
ground state,”>**°° which allows the singlet and triplet excited-
state populations to be in thermal quasi-equilibrium during
decay. The temperature dependence of the PL lifetime, 7y, is
then given by eq 2, where AEgr is the energy difference
between the singlet and triplet excited states, and kg is
Boltzmann’s constant.

1 + 3exp(AEgr/kyT)
ks + 3krexp(AEgr/kyT) (2)

TPL(T! AEST) =

Eq 2 has been used previously to describe the temperature
dependence of excited-state lifetimes in bulk Cu’-doped
semiconductors and in molecular Cu” coordination complexes
that have singlet and triplet charge-transfer excited states.”* >’
In the low-temperature limit (kyT << AEgr) eq 2 predicts that
the PL lifetime should approach the lifetime of the triplet state
(zr = 1/ky), whereas in the high-temperature limit (kzT >
AEqgr) eq 2 predicts that the PL lifetime should approach 7, =
4/ks, because kg > kr. Our experimental lifetimes do reach
constant values at high temperatures (Figure 4B and Figure
S6), indicating that we have reached the high-temperature limit
of eq 2 for each sample. No clear low-temperature plateau is
observed in the data of Figure 4B, however. Although this
behavior could indicate very small values of AEgy, fits of the
data to eq 2 are inadequate, showing exaggerated curvature not
observed experimentally (see Supporting Information). These
poor fits suggest that a distribution of AEgy exists within the
NC ensemble that is not described by eq 2. To a first
approximation, this distribution arises from the distribution in
radial positions of the copper-bound holes within the ensemble
of photoexcited NCs. The magnitude of AEgy in a particular
NC is determined by the strength of the exchange coupling
between the conduction-band electron and the unpaired
electron on the Cu**-like ion, which in turn depends on the
spatial overlap between these two spins. In these quantum-
confined NCs, conduction-band electrons can be approximated
as particles in a spherical well. The amplitude of the wave
function for an electron in the lowest-energy conduction band
orbital (1S,) is greatest at the NC center and decreases with
increasing radial displacement from the center. A nanocrystal
with the copper-bound hole in its precise center will thus have a
larger AEgr than one with the copper-bound hole near its
surface. Additionally, because the envelope function describing
the lowest-energy VB hole is also S-like, and because the
probability of hole localization to a particular Cu® site also
depends on exchange interactions between the VB hole and the
Cu",”" NCs containing more than one Cu’ dopant will
preferentially show luminescence from copper dopants nearer
to the NC center.

DOI: 10.1021/jacs.5b08547
J. Am. Chem. Soc. 2015, 137, 1313813147


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08547/suppl_file/ja5b08547_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08547/suppl_file/ja5b08547_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08547/suppl_file/ja5b08547_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08547

Journal of the American Chemical Society

Eq 3 extends eq 2 to account for the distribution in AEgy
described above. In eq 3, AEgr,,, is the average value of AEgy
for the NC ensemble, AE¢(r) is the value of AEg for an
excited NC in which the copper-bound hole is located at a
distance r from the NC center, n is the total number of cations
per QD, Nj is the cation density, R is the NC radius, and ly(r)I*
describes the probability density of an electron (hole) in the
lowest-energy orbital of the conduction (valence) band. The
Supporting Information contains the details of the derivation of
eq 3, in which we assume that it is equally probable to find a
Cu" ion at any location within the ground-state NC, and that,
for NCs containing multiple Cu® ions (e.g, CulnS,), the
probability of hole trapping at a particular Cu® is proportional
to the probability density of the initial photogenerated hole at
that location. For doped NCs that contain only one Cu’, the
probability density of the photogenerated hole does not impact
the radial position of the localized hole in the excited state.
Table 2 reports the values of AEgy,,, and ky obtained from fits

Table 2. Parameters from Fitting of PL Lifetime
Temperature Dependence to Eq 3

sample ks (s7)° kr (s71) AEgr . (meV)
Cu*:CdSe 9.4 x 10° 3.8 x 10° 0.85
Cu*:InP 9.2 x 10° 2.0 X 10° 1.3
CulnS, 14 x 107 3.1 x 10° 1.1

“Fixed parameter.

of the data in Figure 4B to eq 3. A simpler model that neglects
the initial hole probability density yields similar AEgr,,, values
(1.8 and 2.7 meV for Cu":CdSe and Cu*:InP, respectively).
Both models yield small AEgy,,, values, and we consider their
difference to be within the uncertainty of the measurement.
Importantly, in the high-temperature limit (kT > AEg(r) for
all 0 < r < R), eq 3a reduces to eq 2, and therefore still predicts
that 7p; approaches 4/kg. The solid lines in Figure 4B are fits of
the data to eq 3 in which kg was fixed to 4/7p (high-T), where
7p (high-T) is the average of the experimental PL lifetimes
measured between 80 and 150 K for that sample.

R, > 1+ 3exp(AEg(r)/kgT)
o (T) = /; 4ar”ly (r) kg + 3kpexp(AEgr(r)/ksT)
(3a)

nAEgr ..
AEg(r) = —— 8 y(r)P
o Np (3b)

(%)

Sin
() = —— %

27Rr*

(3¢)

Notably, the values of AEgy,, obtained for Cu':CdSe,
Cu":InP, and CulnS, are quantitatively very similar (each is ~1
meV), further validating the assertion that the mechanism of PL
in CulnS, NCs is the same as that in the Cu'-doped
semiconductor NCs, involving recombination of a delocalized
conduction-band electron with a localized copper-bound hole.
The values for AEgy,,, reported here are similar in magnitude
to excited-state singlet—triplet splittings reported for lumines-
cent copper defects in bulk GaP, most of which range from
~0.7—8.0 meV depending on the specific copper defect.”> One
copper defect in GaP has a very large binding energy (i.e.,
highly localized carriers) and a singlet—triplet splitting of ~90
meV,”>** which is more similar to splittings reported for

luminescent Cu* molecular complexes (90—140 meV).>>*¥%>

These large singlet—triplet splittings are a consequence of the
relatively localized electron and hole wave functions in the
molecules. Overall, the small singlet—triplet splittings reported
in Table 2 are consistent with radiative recombination of a
delocalized conduction-band electron and a copper-localized
hole.

B DISCUSSION

Exciton Self-Trapping in CulnS, Nanocrystals. Under
every experimental condition probed here, the PL of the
CulnS, NCs is essentially indistinguishable from that of the
Cu*-doped CdSe and InP NCs. All three NCs show essentially
the same PL line widths, Stokes shifts, and manifestations of
excited-state singlet—triplet and zero-field splittings in their PL
and MCPL temperature dependence. The lowest-energy
excited states detectable by absorption spectroscopy also
appear similar. These similarities strongly implicate similar
electronic structures of the luminescent excited states in these
NCs.

In the Cu'-doped NCs, the luminescence mechanism is
understood to involve ML zCT recombination (Figure 1), and
is closely analogous to that of the corresponding bulk materials.
In bulk CulnS,, PL is associated with midgap trap states linked
to particular point defects: Cuy, Vi, and V% To date,
CulnS, NC PL has also been interpreted in terms of
defects.”*’~*" Direct comparison shows that the “broad”
deep-trap PL of bulk CulnS, is in fact substantially sharper
(fwhm ~30 meV)™> than the CulnS, NC PL (fwhm ~360
meV), however, suggesting that the emissive excited state in the
CulnS, NCs may exhibit stronger electron—phonon coupling
than that in bulk CulnS,.

From the data presented here, we propose that the emissive
excited state of CulnS, NCs is fundamentally different from that
of bulk CulnS,. Specifically, we propose that the CulnS, NC
PL does not arise from point defects as in bulk, but instead
results from exciton self-trapping (Figure 8).**~* Self-trapped
excitons form when electron—phonon coupling energies are
large relative to carrier delocalization (resonance) energies,
generating positive feedback between carrier contraction and
stabilization.** Typically, electron—phonon coupling is signifi-
cant for only one of the two photogenerated carriers, and that
would be the hole in the case of CulnS, NCs. Cu" ions typically
exhibit large nuclear reorganization energies when oxidized,
associated with large low-symmetry (Jahn—Teller) nuclear
distortions that stabilize the added hole. MLCT excited-state
nuclear reorganization energies of ~0.25—0.4 eV have been
reported for Cu® molecular complexes, for example.’”®®
Exciton self-trapping is well-known in AgCl, which also
involves a d' lattice cation that undergoes a Jahn—Teller
distortion to localize a hole, generating a broad PL band and a
large Stokes shift."***

In CulnS, NCs, excited states that involve delocalized holes
will be subject to nuclear fluctuations that modulate the hole
potential substantially. Hole contraction in response to this
modulation enhances the nuclear distortion, causing further
hole localization, etc., until a new equilibrium geometry is
reached that corresponds to a highly contracted hole localized
about a distorted lattice copper ion. The precise time scale of
hole localization is unknown, but it could be as fast as the
vibrational cooling (femto- to few picoseconds). In this way,
the luminescence of CulnS, NCs involves a delocalized CB
electron recombining with a deeply copper-localized hole
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Figure 8. Qualitative single-configurational-coordinate diagram
illustrating absorption, exciton self-trapping, and luminescence in
CulnS, nanocrystals. Photoexcitation (solid blue arrow) excites a
CulnS, nanocrystal from its ground state to a delocalized excitonic
state. This delocalized excitonic state rapidly relaxes to a self-trapped
excitonic state via hole localization mediated by strong vibronic
coupling and a resulting nuclear distortion at the copper.
Luminescence from this self-trapped excitonic state to the ground
state (solid red arrow) is characterized by a large Stokes shift and a
vibronically broadened band shape. Direct excitation of the self-
trapped excitonic state (dashed blue arrow) is observed as a
comparably broad, low-extinction “foot” in the absorption spectrum.

(Figure 8), precisely analogous to the luminescent excited
states of Cu'-doped II-VI and III-V semiconductors. This
parallel is manifested in similar PL band shapes, which in both
classes of materials primarily reflect the nuclear reorganization
associated with hole trapping at copper, and in similar AEg,
reflecting similar electron—hole spatial overlap. The assignment
of CulnS, PL to self-trapped excitons is supported by the
similar per-copper extinction coefficients of the first absorption
band in CulnS, NCs and the sub-bandgap “foot” in the
Cu*:CdSe and Cu":InP NCs (Figure 3). These low-extinction
features are assigned as direct excitation of the MLczCT excited
state in the Cu™:CdSe and Cu*:InP NCs, and direct excitation
of self-trapped excitons in the CulnS, NCs (dashed arrow in
Figure 8). This assignment is also consistent with the
temperature dependence of the CulnS, NC PL line width
(see Supporting Information),” which could be interpreted in
terms of vibronic hot bands. The proposal of exciton self-
trapping in CulnS, NCs is therefore consistent with all of the
experimental observations reported in this manuscript.
Importantly, this mechanism identifies the hole trap in
CulnS, NCs as a lattice copper, and does not invoke other
point defects. We note that the PL spectrum of Cu,_,InS, NCs
(0 < x < 0.8) appears similar to that of stoichiometric CulnS,
NCs,* which may suggest that exciton self-trapping is
competitive even in the presence of nonstoichiometries and
other compositional defects.

An interesting question pertains to why self-trapped excitons
dominate the PL of CulnS, NCs but not the PL of bulk
CulnS,. A compelling hypothesis would be that the small
volumes of luminescent CulnS, NCs do not offer sufficient
resonance energies to outcompete self-trapping. In other words,
the kinetic energy favoring hole delocalization is smaller than

the potential energy favoring hole localization. This hypothesis
predicts that the stability of the CulnS, self-trapped exciton
relative to the delocalized exciton should decrease with
increasing NC volume until the energies of these two states
cross and the material reverts to bulk-like behavior. Future
experiments will be aimed at testing this possibility and probing
deeper into the characteristics of these self-trapped excitons in
CulnS, NCs.

B CONCLUSIONS

In summary, the optical and magneto-optical properties of the
luminescent excited state of CulnS, NCs are essentially
identical to those of the luminescent excited states in Cu":CdSe
and Cu™:InP NCs. All three of these materials exhibit broad PL
line widths and large Stokes shifts (Figure 2, Table 1),
quantitatively similar magnetic-exchange splittings between
singlet and triplet excited states (Figure 4, Table 2), similar
first absorption features (Figure 3), and similar zero-field
splittings of their triplet excited states (Figure S). We therefore
conclude that the mechanism of PL in CulnS, NCs is the same
as that in Cu*-doped semiconductor NCs, involving charge-
transfer recombination of a CB electron with a hole that is
strongly localized at a Cu" site. This conclusion implies that the
PL mechanism in CulnS, NCs is different from that of bulk
CulnS,, and leads us to propose that the luminescent excited
state of CulnS, NCs is a self-trapped exciton (Figure 8). The
fundamental insights into the luminescence of copper-doped
and copper-based NCs gained from the measurements
presented here will help to advance the development of such
NCs as colloidal phosphors for applications as diverse as
solution-processed luminescent solar concentrators and liquid-
phase nanoimaging.
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