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colloidal quantum dots (CQDs) have been at the forefront of *t,.

interest in nanocrystals over the past decade, attributable to their —/\\\//— Cu?* ped

optically activated copper states. However, the related recombi- V] Qe

nation mechanisms are still unclear. The current work elaborates CuInSZ

on recombination processes in such materials by following the A\ (B =l

spin properties of copper-doped CdSe/CdS (Cu@CdSe/CdS) and (o) o

of CuInS, and CulnS,/(CdS, ZnS) core/shell CQDs using Cu@CdSe/CdS = Cu*

continuous-wave and time-resolved optically detected magnetic 00 02 04 06

resonance (ODMR) spectroscopy. The Cu@CdSe/CdS ODMR Magnetic field (Tesla)

showed two distinct resonances with different g factors and spin

relaxation times. The best fit by a spin Hamiltonian simulation suggests that emission comes from recombination of a
delocalized electron at the conduction band edge with a hole trapped in a Cu®* site with a weak exchange coupling between the
two spins. The ODMR spectra of CulnS, CQDs (with and without shells) differ significantly from those of the copper-doped
II-VI CQDs. They are comprised of a primary resonance accompanied by another resonance at half-field, with a strong
correlation between the two, indicating the involvement of a triplet exciton and hence stronger electron—hole exchange
coupling than in the doped core/shell CQDs. The spin Hamiltonian simulation shows that the hole is again associated with a
photogenerated Cu’' site. The electron resides near this Cu®' site, and its ODMR spectrum shows contributions from
superhyperfine coupling to neighboring indium atoms. These observations are consistent with the occurrence of a self-trapped
exciton associated with the copper site. The results presented here support models under debate for over a decade and help
define the magneto-optical properties of these important materials.
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he incorporation and characterization of metal ion crystal structures, in which their electronic structure is
impurities in colloidal quantum dots (CQDs) have dominated by a heavy hole at the valence band edge (ligand
garnered broad scientific and technological interest p orbital) and a light electron (metal s orbital) at the
during the past decade.' > Copper-doped II-VI and copper- conduction band edge. Copper ions in II-VI semiconductors
based I-III-VI, CQDs are of particular interest, attributable experience a tetrahedral crystal field, which splits their d

to their photophysical properties such as optically activated
copper states, band-edge tunability, a significant emission
Stokes shift with a lack of reabsorption, an extended lifetime,
and toxic-element-free (in I-III-VI,) composition.4_6 These
copper-mediated properties underpin the utility of these
materials in photovoltaic cells,’ luminescent solar concen-
trators,* '® low-threshold lasers,'' water splitting,12 and
bioimaging. "

Copper impurities in bulk II-VI and III-V semiconductors
were extensively studied at the end of the previous century.
Those binary semiconductors possess zinc-blende or wurtzite

orbitals into a lower-lying e pair and an upper t, triply
degenerate set. It was proposed that photoexcitation of Cu*
and AP*/ClI™-doped ZnS formally oxidizes Cu" sites to form a
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metastable Cu?* deep acceptor in its “T, state, while the AI**
or CI” sites bind the photo$enerated electrons and behave as
metastable shallow donors.' "> Donor—acceptor recombina-
tion yields green emission, which has been employed in display
technologies.'® A study of Cu*-doped CdS bulk crystals
revealed sharp and structured emission in the near-IR region
attributable to the *T, <> 2E d—d transition."” Cu-doped GaP
bulk crystals possessed recombination between Cu®** at a
substitutional Ga site (Cu**(g,)) and Cu" at an interstitial site
(Cu*(;)), together acting as a donor—acceptor pair."® The
emission process in the Cu-doped bulk ZnSe crystal was
associated with a Cu(z,) and Cu(,) donor—acceptor
recombination in the green spectral region, and the trans-
formation Cu®>* — Cu’ has been shown to result in near-
infrared emission."”

The benchmark bulk copper-based semiconductor CulnS,
attracted considerable interest in the previous century as a
potential component in solar cells.””*" The electronic structure
of this compound differs from those of the binary semi-
conductors because its valence band edge is composed of
hybridized Cu(d) and S(p) orbitals, and their conduction band
edge has an In(Ss) character.”>* Whereas the absorption
reflects the band gap transitions, optical studies of bulk CulnS,
showed that the photoluminescence (PL) involves intragap
recombination processes associated with a variety of defects,
such as Cuy,, Ing,, Vg, Vi, Vi, and Cu(i).24’25

A plethora of investigations arose with the development of
copper-doped II-VI and III-V and copper-based I-III-VI,
CQDs."**° Several studies on Cu-doped II-VI CQDs
proposed a mechanism in which a conduction-band electron
recombines with a midgap trapped hole on a copper site.””*"
Such a band to acceptor recombination resembles the
luminescence of metal to ligand charge-transfer excited states
in Cu” molecular compounds, with a typically deep and broad
emission and a long lifetime, and is thus sometimes referred to
as a metal-to-ligand (conduction band) charge transfer
(ML p)CT) process.” The extended lifetime is related to the
localized character of the deeply trapped Cu(d)-based hole.
Despite the consensus about the band to acceptor recombi-
nation mechanism, there is considerable ambiguity about other
fundamental matters, including the oxidation state of the
incorporated dopants in the ground state. Some authors
suggest the integration of diamagnetic Cu* ([Ar]3d"°) dopants
in doped II-VI CQDs,""* while others propose the
incorporation of paramagnetic Cu** ([Ar]3d’) ions.”*’
Multiple interpretations are also given for the large full-width
at half-maximum of the midgap emission band, involving a
large inhomogeneous broadening,s’31 transitions to two
different energy states of the Cu®* deep acceptor (T, and
E),”” or strong vibronic coupling associated with nuclear
reorganization at the dopant in the MLcp)CT excited
state.””*”> A magneto-PL investigation by Knowles et al.*®
revealed a singlet—triplet splitting of the band to acceptor
transitions, manifested as pronounced circularly polarized
emission under an external magnetic field and attributed to
an excited-state exchange splitting. Viswanatha et al.’
investigated Cu-doped inverted ZnSe/CdSe CQDs by
magnetic circular dichroism spectroscopy and observed a
Zeeman splitting at the absorption edge, proposing the
existence of a paramagnetic Cu’** in the ground state. A
study of copper doping in GaAs CQDs exposed the formation
of midgap states by the dopant, which led to the creation of an
n-type character.™

Copper-based I-III-VI, CQDs also gained considerable
interest in the past decade due to their toxic-element-free
properties. Those CQDs crystallize as chalcopyrite or wurtzite
structures, dictated by the growth conditions,®* > and their
surface defects vary according to the type of molecular
passivation.”* The chalcopyrite lattice resembles a zinc-blende
structure in which the cation sublattice is shared by two species
(I and III) in an ordered pattern, albeit resulting in tetragonal
distortion.” Extensive discussions were developed in recent
years about the oxidation state of the copper cation in the
CulnS, CQDs and the related recombination processes.”® One
proposal postulates that all copper-containing CQDs possess
similar rare Cu** defects in their ground state.”” "’ The other
proposal suggests that all of these copper-containing CQDs
exhibit similar excited-state hole localization at a lattice Cu®
site that transiently oxidizes it to Cu** and consequently leads
to exciton self-trapping.”**’

Effective mass approximation calculations carried out by
Shabaev et al.*' proposed that the deep emission in CulnS,
QDs is associated with a particular band-edge electronic
structure, in which the valence band comprises odd and even
hole sublevels. Whereas absorption involves an allowed
transition from an even level, emission involves the forbidden
odd state, thus leading to a deep and broad luminescence.
Magneto-optical measurements of Cu-based I-III-VI, CQDs
by Anand et al.** reported size-dependent radiative decay rates
and Stokes shifts as well as dark-state emission attributed to
enhanced electron—hole spin interaction at low temperature,
and these data were interpreted as supporting a free band-edge
exciton description of the luminescence. Similar variable-
temperature lifetime data in conjunction with variable-
temperature magneto-PL data were alternatively interpreted
as indicating a singlet—triplet splitting within a self-trapped
exciton.”® Jara et al.*’ exposed the dependence of a
recombination mechanism on the Cu—In stoichiometry,
showing band-edge recombination emission in Cu-rich cases
but deep emission in In-rich CQDs. Fuhr et al** later
proposed that the Cu to In ratio is a critical factor in
determining intragap states of Cu* and Cu?*, readdressing the
question of the luminescence mechanism. This study revealed
a dual process: one route involves recombination between an
electron from the conduction band and an intragap state of
Cu* when the latter was oxidized while trapping a hole from
the valence band. Such a band to trap recombination resembles
the ML) CT proposed above for copper-doped II-VI
CQDs. A second route involves direct recombination between
the conduction-band electron and a pre-existing Cu®* intragap
level, with no requirement for an intermediate process of hole
trapping. It is essential to mention that both proposed routes
still fail to address whether the emission involves optically
active Cu-related defects, or instead, whether self-trapping of
an exciton takes place when the exciton resides preferentially
on Cu lattice sites.”*’ In any event, the highly localized
character of the Cu center bestows a significant Stokes shift
and emission band broadening due to phonon coupling.” Xia
et al.*® most recently explored the luminescence of single
wurtzite CulnS,/ZnS core/shell CQDs in the 4-300 K
temperature range. This work uncovered the occurrence of two
different events: a band-edge exciton, appearing as a relatively
sharp band (in agreement with the assignment given in ref 41),
and a second broad emission band at lower energies,
emanating from the strong electron—phonon interaction
induced by the hole self-trapping, which was reduced with
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the addition of the ZnS shell. In contrast, a recent work® on
the room-temperature PL of single chalcopyrite CulnS, CQDs
with and without CdS shells has reported only broad bands,
which were ascribed to radiative recombination of a
conduction band electron with a hole localized at Cu*, thus
being subject to strong electron—phonon coupling. Intrigu-
ingly, this study demonstrated that the hole localized at the
same preferential Cu” site after each excitation.*® Atomistic
density functional theory calculations on CulnS, CQDs
described the valence-band edge as Cu(d)-based with large
S(p) covalency and a strong propensity for localization that is
easily induced by local symmetry breaking: e.g., through
electrostatic perturbations by defects, surfaces, or interfaces.””
Finally, a study of Ag,_.CuJnS, (0.0 < x < 1.0) CQDs
showed that their PL converges to that of CulnS, CQDs
already at very small values of x (~0.2), remaining
independent of x at larger values of up to 1.0.* This result
was interpreted as indicating very limited delocalization of
photogenerated holes in the luminescent excited states of
CulnS, CQDs. The literature survey above highlights a suite of
ambiguities regarding the PL mechanism of both Cu-doped
and Cu-based CQDs. To date, this issue was not addressed
using optically detected magnetic resonance (ODMR), which
facilitates the determination of the surrounding environments
of electrons and holes and their g factors and evaluates the
associated spin relaxation times,” thus enabling an in-depth
understanding of the electronic and spin properties of
semiconductors and nanomaterials.™

Here, we investigate the excited-state electronic structures of
luminescent copper-doped and copper-based CQDs using
ODMR spectroscopy. Copper-containing CQDs were synthe-
sized by solution-based techniques to form zinc-blende Cu-
doped CdSe/CdS and chalcopyrite CulnS, CQDs with/
without ZnS or CdS shells. Then, continuous-wave (CW)
and time-resolved ODMR spectroscopy were applied to
examine the fundamental magneto-optical properties of these
materials. First, we examine the CW-ODMR spectra of the
doped and undoped CdSe/CdS core/shell CQDs. Next, we
discuss the CW-ODMR spectra of CulnS, and CulnS,/(CdS,
ZnS) CQDs. Finally, we elucidate the PL mechanisms for the
copper-doped and copper-based CQDs using spin-Hamilto-
nian simulations and a spin kinetic model.

RESULTS AND DISCUSSION

Copper-Doped (Cu@CdSe/CdS) and copper-based (CulnS,,
CulnS,/(CdS, ZnS)) were prepared and characterized
following previously developed procedures.'”*****" A sum-
mary of the structural and stoichiometry properties of the
CQDs is provided in the Supporting Information. The core/
shell derivatives were mainly used to gain chemical and spectral
stability.

Low-temperature (2.5 K) photoluminescence (PL) spectra
of CdSe/CdS, Cu@CdSe/CdS, CulnS,, CulnS,/ZnS, and
CulnS,/CdS CQDs are shown in Figure 1. The PL spectrum
of the CdSe/CdS CQDs comprises an exciton and a deep-
defect luminescence band. The spectrum of Cu@CdSe/CdS
CQDs shows a single broad band, which is shifted to lower
energy in comparison to the undoped CQDs. The spectra of
the copper-based CQDs (CulnS,, CulnS,/(CdS, ZnS)) show
a similar deep and broad emission band with an energy slightly
above that of the Cu@CdSe/CdS CQDs. The room-
temperature PL spectra and the corresponding absorption
curves of these II-VI and I-III-VI, CQDs recorded at 298 K

CdSe/CdS

Cu@CdSe/CdS

M

CuInSQIZiS/L

Culns,/CdS N\

500 600 700 800 900
Wavelength (nm)
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Figure 1. PL curves of CdSe/CdS, Cu@CdSe/CdS, CulnS,,
CulnS,/ZnS, and CulnS,/CdS (from top to bottom), acquired at
2.5 K under 405 nm laser excitation. The colored area of the PL
emphasizes the spectral window measured by the ODMR method.

are given in Figure S1 in the Supporting Information. The Cu-
doped CdSe/CdS CQDs showed typical quantum vyield of
~10%.°" A significant improvement was found in the copper-
based CQDs (e.g, 22% for CulnS, and 86% for CulnS,/
Cds). 104

Determining the origin of the deep emission processes was
fulfilled by using CW-ODMR spectroscopy. A CW-ODMR
spectrum refers to a plot of differential PL intensity (AI/I)
induced by a magnetic resonance process at the excited state
versus the strength of an applied external magnetic field (units
of tesla, T).*" Such a spectrum resembles ground-state ESR but
refers to spin-flip events in the emissive excited state; thus, the
experiment mainly addresses the spins of the photogenerated
carriers. This experiment was performed by placing a sample
within a microwave (MW) cavity adapted to the MW
frequency of 10.8 GHz. Then, the MW cavity was installed
into a magneto-optical cryostat, enabling measurements at low
temperatures (2.5 K). The CQDs were irradiated by a
continuous-wave laser, with the MW intensity chopped at a
variable audio frequency.”” The chopping frequency also
served as a reference for a lock-in detection of the emission
intensity under magnetic resonance conditions. Furthermore,
the CW-ODMR spectra were recorded both in phase (IP) and
out of phase (OP) relative to the MW turn-on time. In
addition, the differential PL intensity was monitored either
parallel (Faraday configuration) or normal (Voigt config-
uration) to the direction of the magnetic field.

CW-ODMR Spectra of Undoped and Cu-Doped CdSe/
CdS CQDs. Figure 2a,b presents the CW-ODMR spectra of
the CdSe/CdS and Cu@CdSe/CdS CQD ensembles,
respectively, recorded at 2.5 K and monitored IP (full
symbols) and OP (empty symbols) relative to the turn-on
time of a MW pulse. These spectra were obtained under a
Voigt alignment with 880 Hz MW audio-modulation frequency
while the deep PL bands were detected (the colored spectral
regions in Figure 1). The CdSe/CdS CQDs IP curve (Figure
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Figure 2. CW-ODMR spectra acquired at 2.5 K under 405 nm laser
excitation with a modulation frequency of 880 Hz for (a) CdSe/
CdS and (b) Cu@CdSe/CdS CQDs. The insets show the best fit
obtained for the IP signal.

2a) shows a negative resonance, which was best fitted by two
Gaussians (see the inset) and includes a broad component
centered at 0.43 T and a narrow component centered at 0.44
T. The OP curve of CdSe/CdS shows a reduced intensity for
the broad component but a drastic sign reversal of the narrow

component. The OP measurement corresponds to the
recovery of the spins after a spin flip and thus is related to
the spin-relaxation time (T;). Thus, the mentioned compo-
nents represent two separate carriers with different spin-
relaxation times. The signs of the IP and OP ODMR
components are dictated by the relative magnitudes of the
radiative (7z) and spin-relaxation times. A case with 7 < T
leads to an enhancement of the luminescence intensity (AI/I >
0, a positive IP signal) due to a spin flip in the excited state.
However, when 7z > T), the competition between the
relaxation processes dictates a thermalization and formation
of a negative IP signal, as in the present case, implying the
involvement of at least one carrier in a defect site. Therefore,
the narrow resonance is identified with a delocalized carrier,
such as an electron in a II-VI semiconductor with s orbital
character. In contrast, the broad resonance is associated with
the spin of a localized hole in an anisotropic environment: e.g.,
a defect site. Indeed, the relatively intense deep-trap emission
of these II-VI CQDs agrees with the existence of interface
vacancies generated along a strained core/shell boundary.>>~>°
The spin-Hamiltonian simulation elaborated below will further
corroborate the resonances’ assignment.

The ODMR spectrum of the Cu@CdSe/CdS CQDs,
recorded under the same experimental conditions as for the
undoped CdSe/CdS CQDs, is presented in Figure 2b.
Surprisingly, the IP signal reveals a negative resonance that
was also best fitted with two Gaussians (see inset and Figure
S2), with trends identical to those seen in the undoped CdSe/
CdS CQDs. However, several variations can be identified: the
center of the broad resonance experienced a small shift to a
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Figure 3. Representative CW-ODMR spectra at different modulation frequencies for (a) CdSe/CdS and (b) Cu@CdSe/CdS CQDs. (c, d)
Integrated ODMR signal (IP and OP) for the narrow and broad components as a function of the modulation frequency (log scale) for CdSe/
CdS and Cu@CdSe/CdS, respectively. The red and blue dashed lines are fitted simulations to the IP and OP, respectively, according to the
kinetic model shown in eq 2. The fit parameters are shown in Table 2 and Table S1.

12869

https://doi.org/10.1021/acsnano.2c05130
ACS Nano 2022, 16, 12866—12877


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c05130/suppl_file/nn2c05130_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c05130/suppl_file/nn2c05130_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c05130/suppl_file/nn2c05130_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c05130?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c05130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

higher magnetic field (~0.01 T), and the narrow-component
width is slightly larger than that of the undoped parent CQDs.
Those fine changes can be correlated with the copper
impurities, which induce optically active states and additional
electron—nuclear spin interactions. Natural-abundance copper
contains 69% **Cu and 31% ®*Cu, both having an I = 3/2
nuclear spin. This will be corroborated by the spin
Hamiltonian simulations.

To further explore the dependence of the luminescence on
the spin properties of the carriers, we monitored the
dependence of the ODMR signals on the MW audio-
modulation frequency. Such dependence is a Fourier transform
of a time-resolved ODMR measurement, therefore revealing
information about the spin-relaxation time. The relation
depends on the spin’s interaction with its immediate
surroundings (e.g., free or trapped, spin—orbit coupling, or
electron—nuclear coupling). Figure 3a,b portray representative
CW-ODMR spectra of CdSe/CdS and Cu@CdSe/CdS
CQDs, respectively, recorded under variable audio-modulation
frequencies. The CW-ODMR resonances were fitted by two
Gaussian functions, and their integrated areas were plotted
(symbols) versus the MW audio-modulation frequency, as
shown in Figure 3c,d for the undoped and doped-CQDs,
respectively. The evolutions of the spectra in Figure 3ab, as
well as the curves in Figure 3c,d exhibit common trends. The
absolute IP intensity of the narrow and broad components
increases from the lowest frequency up to an optimal point.
Then, the trend is reversed. The optimal point occurs when the
MW period (on—off) is commensurate with the spin-flip
relaxation cycle. Below that point, the MW periods contain
dead times, and above that point, a spin recovery is truncated.
The OP curves also reach an optimal point, which is
proportional to 1/T,. The dashed curves in Figure 3c,d are
associated with kinetic simulations of spin dynamics under
magnetic resonance conditions. From this kinetic model, the
radiative and spin relaxation times can be extracted (see the
theoretical section below). A comparison between the variables
from CdSe/CdS and Cu-doped CdSe/CdS CQDs (Table 2)
exposes compatible T; values for the narrow bands (the
electron); however, there are apparent dissimilarities in the
variables for the broad band (the hole). This further supports
the involvement of the Cu site in the trapping of the hole
carrier in Cu-doped CdSe/CdS CQDs.

CW-ODMR Spectra of CulnS, and CulnS,/(CdS, ZnS)
CQDs. Figure 4 depicts the ODMR spectra of ensembles of
CulnS,/ZnS (top), CulnS,/CdS (middle), and CulnS,
(bottom) CQDs. These spectra were recorded at 2.5 K
while the differential intensity of the corresponding PL bands
was monitored (see Figure 1) with Voigt alignment and an
MW audio frequency of 880 Hz. In all samples, the IP ODMR
curve comprises a broad and negative resonance centered at
0.4 T and another low-field resonance at ~0.2 T with the
opposite sign. Comparing the set of spectra in Figure 4
uncovers a considerable similarity in their patterns, indicating
that the carriers responsible for these magnetic resonance
processes are insensitive to surface or interface defects and
potential carrier delocalization across the core/shell interface.
Thus, the resonance features in Figure 4 can be associated with
the intrinsic properties of the CulnS, cores. The OP ODMR
spectra of these copper-based CQDs are composed of the same
components but have reduced intensity. The negative signal in
the ODMR spectra of these copper-based CQDs indicates a
situation in which 7z > T, suggesting localization of at least
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Figure 4. CW-ODMR spectra of CulnS,/ZnS (top), CulnS,/CdS
(middle), and CulnS, (bottom) CQDs with a modulation
frequency of 880 Hz. The measurements were acquired at 2.5 K
under 405 nm laser excitation.

one carrier. Note that the resonances observed in Figure 4 sit
on top of a nonresonant background, which may originate
either from a parasitic electric field within the cavity or from a
spin—orbit resonance.’*”*® A representative fit of this
nonresonant background and an ODMR spectrum with a
baseline correction is shown in Figure S3 in the Supporting
Information. Notably, the low-field resonance (0.2 T) appears
precisely at half the magnetic field of the higher field resonance
(0.4 T), suggesting recombination from a triplet manifold,
which will be further validated in the following discussion.

Representative CW-ODMR spectra of CulnS, and CulnS,/
CdS CQDs recorded in the Faraday configuration with
circularly polarized detection are shown in Figure S4 in the
Supporting Information and exhibit trends similar to those
observed in the Voigt alignment, suggesting that the latter is
comprised of the circularly polarized components. Therefore,
the remaining discussions solely refer to the Voigt measure-
ments.

Further investigation of the copper-based materials will be
mainly on CulnS, because all of the ODMR signals of the
copper-based samples show the same pattern. To further
explore the dependence of the luminescence on paramagnetic
centers with unpaired spins, we monitored the dependence of
the ODMR signals on the MW audio-modulation frequency.
Figure 5a depicts a representative set of CW-ODMR spectra of
CulnS, CQDs monitored in the Voigt configuration, including
IP and OP measurements with different MW audio
frequencies. As the modulation frequency increases, the
resonances at both 0.2 and 0.4 T increase, further supporting
the involvement of a triplet state. Figure Sb plots the
resonances’ integrated intensities versus the audio-modulation
frequency when the IP and OP responses are monitored at 0.2
and 0.4 T. It is seen from Figure Sb that the singular points
(minima in the IP trend and maxima in the OP trend) are only
slightly shifted in their frequencies when they are measured at
0.2 or 0.4 T. The copper-based core/shell CQD samples show
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Figure 6. CW-ODMR spectra and fitted simulations (blue) of (a) Cu@CdSe/CdS and (b) CuInS, CQDs. The simulations were calculated
using the spin Hamiltonian in eq 1, and the fit parameters are presented in Table 1. (c, d) Spin diagram models, according to the fitted
simulations, demonstrating the magneto-optical transitions of Cu@CdSe/CdS and CulnS, CQDs, respectively. The red arrows represent the
emission from the emitting levels to the ground state, the bold blue and yellow arrows represent the magnetic resonance transitions through
microwave irradiation for the hole and electrons, respectively, and the gray dashed arrow in (d) represents the forbidden transition Amg =

+2.

the same behavior with the modulation frequency (see Figure
S5 for further discussion). The trends in Figure Sb were
simulated using kinetic equations, including the generation of
carriers, radiative recombination, spin-relaxation, and inter-
system crossing (see the model below).

The association of these ODMR signals with the emission
processes was verified by recording the spectral dependence
(SD) ODMR spectrum for CulnS, CQDs, involving a scan of
a PL spectrum under the influence of a magnetic resonance
condition. A representative SD-ODMR curve for the CulnS,
CQDs recorded at 0.4 T is compared to the PL spectrum in

12871

Figure S6. The SD-ODMR and PL curves overlap on the low-
energy side, suggesting some complexity in the PL band itself.
Previous work™”" has shown a time-dependent red shift of the
CulnS, CQD PL over the first ~100 ns that may relate to this
observation. In any case, the ODMR signals reported here
primarily represent the redder spectral region of the CW PL
spectrum.

The following discussion deals with interpreting the ODMR
observations on the basis of a spin Hamiltonian and a kinetic
model. Figure 6a,b compares the experimental ODMR spectra
of copper-doped and copper-based CQDs. This comparison
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Table 1. Best-Fit Parameters for Simulating the ODMR Spectra on the Basis of the Spin Hamiltonian Model of Eq 1

CdSe/CdS
Se 1/2
Sheo 1/2
& G = 8y = &= = 172
110 Gux = &y = 1.83, 8. =23
Jen (uev) 0.1
D (peV)
Apca (HeV)
Acca (HeV)
Ach-In (nev)

Cu@CdSe/CdS
1/2 1/2
1/2 1/2
8ex = &y = 173, g, = 1.74 8ux = &y = 181, g, = 1.96
8ux = &y = 1.76, g, = 191

CulnS,

0.1 1 meV
19

2.4

0.6
3.8

Table 2. Kinetic Model (Eq 2) Variables Derived from Simulations of ODMR Modulation Frequency Dependence

CdSe/CdS Cu@CdSe/CdS CulnS,
broad (h) narrow (e”) broad (h) narrow (e~) peak 02 T peak 0.4 T
ro (s7h) 8 x 10* 5% 10° 2 x 10* 3% 10° 1.3 x 10* 8 x 10°
re (s7h) 1x 10° 9 x 10* 1 X 10? 1 x 10" 1 x 10* 1 % 10*
T, (s) 6.1 x 1075 6.6 x 107* 1.1 x 10™* 82 x 107 1.3 x 107* 23 x 107

highlights the differences in their resonance positions and
subcomponents. To complete the analysis of the different
recombination mechanisms, the following sections thoroughly
discuss spin-manifold models, which can explain the diversity
of the experimental results. The ODMR spectrum of the Cu-
doped II-VI CQDs reflects the flip of individual spins; thus
indicating a conduction-band electron (or shallow donor state)
with spin S, = 1/2, a trapped hole with spin S, = 1/2, and a
relatively weak electron—hole exchange interaction, as
described by the spin diagram in Figure 6¢. The red arrows
in Figure 6¢ indicate the radiative recombination processes,
while the magnetic resonance transitions of the hole and
electron are presented by bold blue and yellow arrows,
respectively. The ODMR spectrum of the I-III-VI, CQDs
shows correlated resonances, indicating relatively strong
electron—hole exchange coupling (J,.,) that generates singlet
(S=0, mg=0) and triplet (S = 1, mg = +1, 0) states. The data
further indicate a small axial zero-field splitting (D) of the
triplet manifold into its mg = 0 and mg = + 1 components. The
yellow arrows in Figure 6d indicate the allowed magnetic
resonance transitions (Amg = +1), and the dashed gray arrow
refers to the formally forbidden half-field transition (Amg = 2).

In the generic diagrams shown in Figure 6¢,d, recombination
from the bright +1 states effectively depletes their population
instantly when 7 < T, while magnetic resonance transitions
recover their population: viz., leading to a net increase in the
luminescence intensity (AI/I > 0). However, when 7z > T,
the Boltzmann distribution creates a situation in which a
population difference between the bright and dark states is
reversed, for which a magnetic resonance can decrease the
population of an emitting state (AI/I < 0), generating a
negative ODMR signal. In the present study, the IP ODMR
spectra were dominated by negative signals, hence reflecting
recombination processes in which at least one carrier is
trapped at a localized site and dictates a long radiative lifetime.
The experimental data were simulated using spin Hamiltonian
calculations based on the generic diagrams discussed above.
The best-fit curves obtained from these simulations are shown
by the blue lines in Figure 6a,b. The temporal responses
measured in the frequency domain (Figures 3 and S) were
replicated by the kinetic model discussed below.

12872

The observed ODMR spectra shown in Figure 6ab were
simulated via the use of the following spin Hamiltonian:

H = ﬂBSe(t)?e(t)BO + /‘Bsh(t)gh(t)BO + JenSe(Su(y
+ DopSe(She + ASsnl (1)

The first two terms in eq 1 correspond to the Zeeman
interactions of a free or trapped electron (S, t = trap) and
hole (Sy()).- The g.on@ factors are proportional constants,
correlating spin quantum numbers, S.()n), Wwith their
magnetic moments. It is important to note that &e(Oh(0) values
differ from the Landé g factor, which is associated with the
total angular momentum (spin—orbit). The latter tolerates
either a positive or negative sign. Although a valence-band hole
in II-VI compounds demands the consideration of a Landé g
factor, the analysis below proposes the involvement of trapped
holes; hence, the discussion refers to their pure spin variables.

The third term in eq 1 describes the electron—hole (J,.;)
spin exchange coupling, while the fourth term describes the
zero-field splitting (D). The last term describes the hyperfine
interaction (A) between photogenerated carrier spins and
nuclear spins (I;) in close proximity. The simulated spectra are
displayed in Figures 6a,b, and the spin-Hamiltonian parameters
used to generate these spectra are summarized in Table 1.

In addition, the ODMR patterns’ dependence on the MW
audio frequency in Figures 3 and 5 were simulated using a
kinetic model, given by the equations™

dn
dt

= Gs - Csns + kMW(nt - ns) - kISC(ns - Fns)

+ leC(”t - (1 - F)nt)
dn,

— = G, — Cin, + k(g — 1) —

dt leC(”t - (1 - F)”t)

+ kysc(ng — Fny)

F=(1+ ‘BAE/kT)_I;' Ce=r + ds,t 3 I o rng + g
()
where 1, and n, are the populations of triplet (S = 1, mg = +1,
0) and singlet (S = 0) spin sublevels, respectively, G, and G, are
the generation rates, d, and d, are the dissociation rate
constants, #, and r, are the recombination rate constants, kyny
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represents the rate constant of the magnetic resonance
transitions, kigc is the intersystem-crossing rate constant
(spin mixing term), F is a Fermi—Dirac thermal distribution
function, and AE refers to a resonance transition energy.
Implementing the expressions in eq 2 for simulation of the
ODMR resonance intensities versus modulation frequency
trends leads to the complete set of parameters given in Table
S1. The most significant parameters are summarized in Table
2. The spin relaxation time, T, was extracted from the extrema
of the integrated OP signal. As explained above, at this point
the MW modulation frequency is proportional to 1/T,. The
best-fit trends using eq 2 are plotted as dashed lines in Figures
3 and S.

The simulations of the CW- and the temporal-ODMR
observations exposed a few interesting features. In II-VI
CQDs, the g factors of the electrons in undoped and doped
CdSe/CdS are quite close to each other (the spin Hamiltonian
simulations for the undoped CdSe/CdS CQDs are given in
Figure S7a in the Supporting Information). The g, value of
~1.7 found here is compatible with that of an electron in the
conduction band of CdSe/CdS CQDs with a quasi-type-II
band alignment and delocalization of the electron across the
CdSe/CdS interface.>>®! g on the other hand, varies
significantly from the undoped to the doped CdSe/CdS
CQD samples, suggesting the introduction of Cu* into the
recombination process. In contrast to the Landé g, factor in
CdSe, where the hole has a negative value caused by the spin—
orbit interaction,”” g, values for doped and undoped CdSe/
CdS CQDs, derived from the analysis of the ODMR
observations, have a positive value close to the value of a
free carrier (~2.0). Such a value implies an s or d character of
the ground state with a weak spin—orbit interaction. A
previous ODMR study of undoped CdSe/CdS CQDs>’
uncovered hole trapping at twin boundary or edge dislocations
along the CdSe/CdS interface (e.g, V¢4 acceptors). The
present Cu@CdSe/CdS CQDs were prepared by partial cation
exchange starting from preformed CdSe/CdS CQDs, and it is
envisioned that the copper impurities can fill such vacancies at
the CdSe/CdS interface. Furthermore, the resonance width of
Cu@CdSe/CdS CQDs required using a hyperfine interaction
emanating from the I = 3/2 copper nucleus, predominantly
around the hole carrier, implying its proximity to a copper ion.
The hyperfine constant (2.4 ueV) is on the same order of
magnitude as the hyperfine splitting for Cu** (S = 1/2, 1= 3/
2) in the ground state.”® Hence, the results indicate that the
deep emission in these Cu@CdSe/CdS CQDs is associated
with recombination of a conduction-band electron with a
copper-localized hole associated with paramagnetic Cu®" (3d°,
S = 1/2) positioned at a cation site (Cucy). As discussed
above, the two components in the ODMR spectra (narrow and
broad) vary differently with the modulation frequency;
therefore, they carry individual spins compatible with the
diagram in Figure 6c, representing the weak electron—hole
exchange regime. Moreover, the kinetic simulations exposed
different spin-relaxation times, T, for the electron and hole
(Table 2) and a pronounced change of the hole relaxation time
upon doping with copper ions. Those temporal effects further
support individual spin-flip processes in the undoped and
doped CQDs: viz, a singlet nature of the recombination
emission. We note that the estimated electron—hole exchange
constant (J., =~ 0.1 weV) deduced from these data is
substantially smaller than that found previously in core-only
Cu-doped CdSe CQDs (J,, = 0.85 meV, d = 3.2 nm).”® This

inconsistency likely originates from the fact that the current
core/shell CQDs differ from those core-only CQDs in multiple
critical ways that all reduce J.. First, electron delocalization
across the CdSe/CdS heterointerface increases the carrier’s
volume in core/shell CQDs relative to core-only CQDs,
leading to a weaker pairwise electron—hole spin-exchange than
would be found in core-only CQDs of the same diameter.®*
The overall diameter of the Cu@CdSe/CdS CQDs studied
here is ~5.2 nm (see the Supporting Information), in
comparison to only 3.2 nm in ref 28. Second, the partial-
cation-exchange synthesis method used here likely yields a
nonstatistical dopant distribution that favors copper placement
at the CdSe/CdS interface (filling V¢4 defects), or even
preferentially within the CdS shell,”® both of which would
reduce ], substantially relative to isotropic doping of core-
only CdSe CQDs.

With copper-based compounds, the g factors of CulnS, and
CulnS,/(CdS, ZnS) CQDs differ from those of Cu-doped 11—
VI materials, showing an average value of g = 2.0 for the 0.40 T
resonance, with evidence of a slight axial distortion. Such a g
value is consistent with localized carriers at a trigonally
distorted Cu®* site in the luminescent excited state of these
CulnS, CQDs."***®” The resonance centered around 0.2 T
occurs at a half-field value of that at 0.4 T, unambiguously
supporting a triplet manifold scenario and the spin diagram
displayed in Figure 6d. Hence, the low-field resonance
corresponds to a formally forbidden transition by the spin
selection rules (Amg = 2), which gains some limited intensity
via the state crossing at low fields. This level crossing may be
the source of this signal’s sign inversion at higher fields.
Notably, a similar anomalous behavior at low magnetic fields
appeared previously in the magneto-PL (MCPL) of CulnS,
CQDs,” in correspondence with state mixing as proposed
here. A similar level crossing within an axially zero field split
triplet spin manifold has also previously been deduced from
ODMR measurements of Cu-doped GaP single crystals.'®
Triplet manifold formation is further supported by the large
electron—hole exchange coupling (J., # 1 meV) obtained
from the simulation, with a surplus crystal field contribution
(D = 19.0 ueV). The latter emanates from a local distortion
around a Cu® site generated after the capture of a
photogenerated hole by Cu®. A previous variable-temperature
lifetime and MCPL study of similar CulnS, CQDs revealed a
value close to the same electron—hole exchange coupling (J..,
= 1.1 meV) and also showed evidence of a small zero-field
splitting within the triplet manifold, although the latter was not
quantified.”® Above all, the similar T; values found for the 0.4
and 0.2 T ODMR bands (with a slight deviation that can be
correlated with the baseline correction) provide strong support
for their assignment as transitions within the same triplet spin
manifold.

Finally, Cu** and In** possess isotopes with nonzero nuclear
spins of a high abundance, contributing to the substantial
broadening of the ODMR signal of the CulnS, CQDs. Figure
S7b in the Supporting Information displays a simulation
performed without hyperfine coupling (with indium nuclei),
highlighting the essential need to include it to achieve the
observed line broadening. Notably, this effect is more
pronounced in the ODMR of I-III-VI, CQDs with an
occupation of 50% of the metal site with indium ions with
100% occurrence of nuclear spin I = 9/2 and a smaller
contribution by the copper ions with spin I = 3/2. The
simulations reflect an obvious need to include a superhyperfine
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interaction between electrons and neighboring indium cations
to best fit the resonance’s width (see Table 1 and Figure S7b).

The J,., value of CulnS, reflects the localization of both an
electron and a hole in close proximity to enable their
reasonably large spin-exchange interaction (~1 meV). The g
values are compatible with hole localization at a Cu®* site in
the excited state,”” but the electron position is less clear. One
scenario enables the creation of a self-trapped exciton
comprised of a conduction band electron that feels a
localization potential induced by hole localization at a Cu
site, both due to electrostatics and because of lattice strain
following nuclear reorganization around the copper. In such a
case, a conduction band electron in the proximity of a
photogenerated Cu®" ion may experience a superhyperfine
coupling with a minimum of two surrounding In nuclei, with
an overall contribution of ~3.8 eV (ie., each In nucleus
contributes 1.9 ueV), suitable for a superhyperfine dipole—
dipole coupling.”*””" The simulations shown in Figure 6b and
Figure S7b strongly support the model of a self-trapped exciton
bound by the localization potential of the photogenerated Cu**
center, with a weak influence of the surrounding indium atoms.
Another scenario involves the trapping of a photogenerated
electron in a shallow donor site related to Ing, In;, or Vg
defects in the case of In-rich samples.72’73 However, this
scenario can be ruled out, since Cu-rich and In-rich CulnS,
CQD samples showed the same signal shape in ODMR (see
Figure S8). Thus, a self-trapped exciton model coincides well
with the ODMR observations discussed at length above. Such
a model deviates significantly from that assigned to the copper-
doped II-VI core/shell CQDs studied here and may emanate
from fundamental differences in their electronic band structure
and elemental compositions, as well as localization of Cu®
dopants at interfaces in the core/shell CQDs.

CONCLUSIONS

In summary, the magneto-optical properties of Cu@CdSe/
CdS, CulnS,, and CulnS,/(ZnS, CdS) CQDs have been
studied using CW- and time-resolved ODMR spectroscopy.
The ODMR spectra of Cu@CdSe/CdS CQDs showed two
independent resonances with different spectroscopic appear-
ances, g factors, and spin-relaxation times. Spin-Hamiltonian
simulations revealed a weak electron—hole exchange inter-
action and selective hyperfine coupling of the hole to a Cu**
nucleus. Thus, the results indicated a recombination process
involving an electron delocalized across the core/shell interface
with a hole localized at a Cu®* center, resembling the ligand to
metal charge transfer processes existing in molecules and in
Cu@CdSe CQDs.*® Interestingly, the ODMR of the CulnS,
CQDs (with/without shells) substantially deviated from that
of the Cu@CdSe/CdS CQDs, showing a dominant band at the
midmagnetic field and an additional band at half the field of
the first, with a mutual correlation between the two under
temporal examination. These facts unambiguously verified the
occurrence of a recombination emission from a triplet spin
state. Spin-Hamiltonian simulations showed a strong electron—
hole exchange interaction accompanied by a small axial zero-
field splitting. Furthermore, the simulation reveals g factors
close to that of a free carrier (~2.00), with a slight axial
distortion, which is a conventional value for a trapped carrier.
Such a value is typical for the Cu®* center formed in such an
excited state, with local distortion created by the trapping of a
hole. Moreover, the simulation indicated a superhyperfine
coupling of the electron with at least two indium nearest

neighbors, suggesting localization of the electron close to the
Cu’" site. The resulting description of this luminescence thus
involves recombination of a self-trapped exciton localized
around the photogenerated Cu®* center. Importantly, other
possible carrier trapping sites are excluded for reasons justified
in the main body of the manuscript. Overall, the study
advanced the understanding of radiative recombination in
copper-containing semiconductor CQDs, clarifying the oxida-
tion states of the copper ions, and yielding a variety of
previously unknown physical parameters with significant
importance for future implementation of these materials in
various optoelectronic and spin-related technologies.

METHODS

PL and ODMR Spectroscopy. ODMR measurements were
carried out using a home-built ~10.8 GHz resonator with a window
for laser irradiation placed in a Janis 12 CNDT liquid-helium cryostat
with a superconducting coil for magnetic field sweep. The magnetic
field was controlled by an Oxford IPS 120 power supply. The sample
was excited by a continuous-wave (CW) laser diode with a
wavelength of 405 nm. Microwave (MW) irradiation was generated
by an HP 83620A source, triggered by a Stanford DG 535 pulse
generator and amplified by a Narda West 60583 MW amplifier. After
excitation and magnetic resonance occurrence, the ODMR signal was
passed through a 450/532 nm long-pass filter, inserted into a
monochromator (SpectraPro 300i spectrometer), and detected with a
Si diode. The ODMR signal was recorded with an Ametek 7270 Lock-
in amplifier referenced by on—off modulation of the MW (audio
frequency of 0.02—20 kHz). ODMR experiments were performed in
Voigt (By-Lexc) and Faraday (By||exc) configurations, where a quarter
waveplate and a linear polarizer were used to collect the right and left
circularly polarized light in the latter. PL measurements were carried
out in the same setup as for the ODMR, using a chopper wheel to
modulate the laser before excitation. The samples were sealed in
quartz capillaries using Parafilm under ambient conditions. All
ODMR simulations were performed using MATLAB code following
the spin Hamiltonian in eq 1, assuming the contribution of an
ensemble of spins at 2.5 K under 10.8 GHz microwave irradiation.
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