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ABSTRACT: Resolving the ambiguous oxidation state of copper dopants responsible R
for the large Stokes-shifted emission in CdSe colloidal quantum wells (CQWs) is critical s ° ° s
for harnessing their emerging optoelectronic properties. Employing carrier injection to i . > T il
tune the population distribution between Cu'*/Cu*" centers and in situ monitoring of ‘< , e | .

the copper-related emission (CE), we have revealed that the CE band undergoes 2 e A

blueshifting, intensity quenching, and line width broadening with gradually increased
Cu®* states. Time-resolved CE dynamics and intragap absorption further confirm that
Cu®* states generate narrow, inefficient emission with minimal Stokes shifts due to trap-
mediated Auger recombination, reduced radiative center energy spanning, and Fermi-
level shifts. Accordingly, we identify Cu'" as the dominant species that produces the
bright, broad CE band with its hallmark large Stokes shift. This work not only presents £

mechanistic clarifications but also provides an effective approach to electrically - e o«
modulate defect emissions in CQWs.
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B INTRODUCTION centers in CdSe nanocrystals, yet reported evidence remains
contradictory (e.g., magneto-optical spectroscopyzs’26 suggests
Cu**, while X-ray absorption spectroscopy’”® indicates Cu'*).

Therefore, resolving this oxidation-state ambiguity becomes a

Two-dimensional (2D) CdSe semiconductor colloidal quan-
tum wells (CQWs) offer compelling advantages for optoelec-
tronics, including low cost, giant oscillator strength, strong

excitonic interactions, large absorption cross sections, and prerequisite to accurately understanding the optical, electronic,
efficient narrowband emissions.'~* These attributes have and magnetic properties of Cu dopants.

spurred raé)id advances in a range of CQW applications, such In this work, we have conducted comprehensive electro-
as lasers,” light-emitting diodes,” ™" and photodetectors.13_16 optical spectroscopic investigations to gain further insights into
To further enhance CQW versatility, introducing transition the nature of the Cu oxidation state involved in the radiative
metal ions (e.g,, Mn, Cu, Nji, Ag) into the host lattice provides recombination process. By electrically injecting external
a distinct pathway, beyond heterostructure formation and wave carriers into Cu-doped CdSe CQWs, which will convert
function engineering, to tailor optical, electronic, and magnetic Cu!* to Cu?* via hole capturing, we have identified the peak
properties. Among these dopants, Cu has been extensively wavelength blueshifting, emission intensity suppression, and
studied in CdSe CQWs'” ™ for its ability to create atomic-like line width broadening of the CE band. Combined with the
intragap states, improve emission efficiency, prolong radiative time-resolved CE dynamics and in situ steady-state intragap
recombination lifetimes, and generate large Stokes-shifted absorption spectra during carrier injections, our findings

copper-related emission (CE).

Despite impressive demonstrations of Cu-doped CdSe
CQW in various devices, the origin of the CE band remains
contentious. An ongoing debate is whether the emitting Cu
defect exists in the +1 or +2 oxidation state.”* "> As shown in
Figure 1a, both Cu'* ([Ar]3d"’) and Cu** ([Ar]3d”) states can
support emission, albeit through distinct mechanisms. Cu®*
can act as an optically active acceptor with a 3d hole that can Revised:  January 20, 2026
radiatively capture a conduction band electron. In contrast, Accepted: January 22, 2026
Cu'* has a filled 3d shell, and hole capture from the valence Published:  January 29, 2026
band (VB) is required to activate the CE process. Several
studies’”™® have probed the oxidation state of emitting Cu

suggest that Cu’" states render the dark and narrow dopant
emission with small Stokes shifts, which stem from trap-
assisted Auger recombination, reduced radiative-center energy
spanning, and Fermi-level elevation. We further conclude that
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Figure 1. Optical properties of Cu-doped 4 ML CdSe CQWs. (a) Schematic illustrations of the different roles of Cu'* (upper) and Cu®* (lower)
on the photoluminescence properties. (b) TEM image of Cu-doped 4 ML CdSe CQWs. The scale bar is 30 nm. (c) Optical absorption (blue
curve) and PL spectra (red curve, excitation wavelength: 355 nm) of Cu-doped CQWs (~70 copper dopants per CQW) in toluene. Black squares
represent the PLE spectrum of the copper emission probed at ~1.77 eV (~700 nm). (d) 2D copper emission (CE) spectra under progressively
lower energy excitation from 540 to 650 nm. The saturated brown areas indicate the laser excitation spectra.

€@ To
P — . Optical
( o | = | excitations
B | E I} (
s | « |

,
Cu-doped
CdSe CQWs

0
455 525 600 675 750 825 900

Wavelength (nm)

_~
o
d

CE
g 17% o
@
= ~
~ .
20.6 0 . ¢
g b3 bl
202 >
0 8 16 24
710
-_‘~
E *w‘i\*
2675 7 T
S .\i
n- ~
640 ‘ ‘ *
0 8 16 24
604 o ‘
\.\
£ .,
=120 S
= o\ L N
2 +
80 »
0 8 16 24
Bias (V)

Figure 2. Behavior of copper emission under different applied biases. (a) Schematic illustration of the electric device configuration, in which Cu-
doped CQWs are sandwiched between two ITO substrates. (b) 2D emission map of Cu-doped CQWs under different applied biases under 400 nm
CW laser excitation. BE: the bandedge emission. CE: the copper emission. BE and CE are indicated by the green and red arrows, respectively. (c)
Bias-dependent intensity (the upper panel), peak wavelength (the middle panel), and the fwhm (the lower panel) of CE.

Cu'* states are the origin of the characteristically bright, broad
CE band with large Stokes shifts in Cu-doped CdSe CQWs.

B RESULTS

Four-monolayer (ML) Cu-doped CdSe CQWs with a
quantum yield of ~80% were synthesized by using an
optimized recipe (see Methods),””*" which achieves high
aspect ratios to preclude face-to-face stacking in the solid state
(see the TEM image in Figure 1b). Figure lc shows the
characteristic absorption and emission spectra of a dilute
toluene solution of Cu-doped CQWs with an average of 70
dopants per CQW. Upon incorporation of copper, an intense,
broad CE band peaking at ~700 nm was observed with a huge
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bandwidth of ~180 nm and an ultralong lifetime of ~457 ns
(see Figure S1). Here it is found that the CE band is red-
shifted relative to the electron/heavy-hole (HH) transition at
~508 nm, and the weak residual excitonic emission is peaked
at about ~S512 nm. Although the copper dopants do not
change the above bandgap absorption feature (i.e., the
electron/heavy-hole and electron/light-hole transitions) in
CQW hosts, the intragap absorption properties could shed
light on the oxidation state of Cu centers.*' ™" Specifically, the
Cu®" state is absorption passive because promotion of its 3d
electron into the conduction band would create a forbidden
3d® final state; accordingly, its presence does not perturb the
absorption edge.

https://doi.org/10.1021/acsphotonics.5c02900
ACS Photonics 2026, 13, 1193—-1199
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Figure 3. Steady-state intragap absorption spectra and time-resolved CE dynamics during carrier injections. (a) Absorption spectra of Cu-doped
CdSe CQWs under different biases. The inset is the normalized integrated area of the copper term as a function of the applied biases (see fitting
processes using the quantum-well absorption model in Supplementary Note 1). (b) The ultrafast CE dynamics without the bias (the blue curve)
and with the bias of 24 V (the red curve) following the excitation by a 400 nm laser pulse. The black dashed line is the exponential fitting. (c) CE
intensity under 400 nm CW laser excitation modulated by a periodic bias at a frequency of 0.5 Hz.

In contrast, the Cu'" state is absorption active as one of its
3d electrons can be optically excited into the CB by leaving the
copper cation in the 3d’ configuration. The Cu'* to CB
transition is therefore expected to broaden the absorption
edge, which is consistent with our observation in Figure lc.
This sub-bandgap Cu'* to CB transition is also supported by
the subgap excitation emission spectra. As shown in Figure 1d,
the copper emission can still be observed in the continuous-
wave excitation with progressively lower excitation energy
below the heavy hole exciton transition energy of the CdSe
CQW host (i.e., tuning the excitation wavelength from 540 to
650 nm). This observation further validates that 3d electrons
of Cu'* can be promoted to the CQW CB by direct optical
excitation, following the reaction [Ar]3d" + hv — [Ar]3d° +
ecp, then the promoted electron in the CB can radiatively
recombine with the temporarily photoconverted Cu®*.
Consequently, the PL excitation (PLE) spectrum collected at
the CE maximum overlays nearly perfectly the intragap
absorption tail (the black circles in Figure 1c), while the CE
profiles remain identical irrespective of whether excitation
occurs above or within the tail."**> These observations
constitute the first experimental evidence that the broad CE
is more likely to originate from the Cu'* center.

Independent confirmation of the above proposed mecha-
nism is provided by electro-optical spectroscopy, which in situ
monitors the CE properties during carrier injection.46 As
shown in Figure 2a, we have employed a simple device
structure by sandwiching a Cu-doped CQW layer with two
ITO electrodes. Based on the energy levels of ITOs (—4.8 eV)
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and the CB minimum (—3.41 eV), the VB maximum (—5.82
eV) of 4 ML CdSe CQWs, external electrons and holes will be
injected into the CB and VB of Cu-doped CQWs, respectively.
The carrier injections establish distinct quasi-Fermi levels for
electrons (Eg,.) and holes (Egy). The probability of a Cu*
center capturing a hole (ie., being oxidized to Cu®') is
governed by the energy alignment between the Cu**/Cu'*
state and Eg;. As the injection current increases, the hole
quasi-Fermi level shifts downward toward (or below) the Cu*/
Cu®* charge-transition level, increasing the hole concentration.
This raises the Fermi—Dirac distribution function for holes,
thereby significantly increasing the rate of hole capture by the
Cu" states and raising the population ratio between Cu*t/
Cu'*. It is worth mentioning that the current density flowing
through the entire device is less than 40 mA/cm?® with the
CQW thickness of ~400 nm (see Figure S2), indicatin
minimal heating effect during the current injection process.”
Figure 2b presents the 2D colormap of the emission spectra of
Cu-doped CQWs with different applied biases ranging from 0
to 24 V (also see the complete set of emission spectra in Figure
S3). We follow the evolution of the three main characteristics
of the CE band as a function of the applied bias in Figure 2c:
the intensity (the upper panel), position of the maximum (the
middle panel), and the emission bandwidth (the lower panel),
which show a clear correlation between the characteristic CE
features and the applied bias.

With gradually increased carrier injection densities, the CE
maximum blueshifts pronouncedly by ~70 nm, whereas the
intensity drops dramatically by ~81% with an emission line

https://doi.org/10.1021/acsphotonics.5c02900
ACS Photonics 2026, 13, 1193—-1199
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Figure 4. Recombination mechanism of Cu-doped 4 ML CdSe CQWs upon applying bias. (a) Schematic representation of the radiative
recombination in Cu-doped CdSe CQWs without and with bias. Hole injections convert Cu'* to Cu?*, which results in a blue shift and narrowing
of CE. (b) Schematic representation of the nonradiative recombination in Cu-doped CdSe CQWs. The trap-assisted Auger recombination process

significantly reduces the intensity of CE.

width narrowing of ~80 nm. Here, the measured spectra
represent an average over the entire device, and the
nonuniformity of quasi-Fermi levels or carrier injections is
not considered. When semiconductor nanocrystals are
embedded in electronic devices, several mechanisms are
expected to have an impact on the emission properties.
Recently, Brovelli and coworkers have reported on the filling of
intrinsic trap states (ie., unpassivated surface and volume
defects in the CQW host) with applied external potentials to
change the Fermi level.?® However, this explanation is
incompatible with the CE trends observed in our experiments,
since reducing the carrier trapping by intrinsic defects will only
enhance the emission intensity and not affect the emission
energy and line width. In addition to the charge injection, the
electric field may also modulate the emission properties of
CdSe CQWs through the Stark effect, as demonstrated by
Woggon and coworkers.”® To preclude contributions of the
Stark effect, we have isolated the electrode/CQW contact by
introducing thin layers of polyvinylpyrrolidone (PVP) between
the CQW and the ITO layers."”* Direct charge injection
flowing through such a device is almost prohibited (the
maximum current is decreased to several uA in Figure S4).
Correspondingly, CE emission shows negligible dependence
on the applied biases up to 24 V (see Figure SS), confirming
that the charge injection is the primary cause of CE
modulations. Besides the conducted control experiment, future
studies employing unipolar device architectures could further
refine the role of carrier injections (e.g., using a semiconductor
layer with selective band alignment to ensure only one type of
carrier is injected).

Recalling the impact of different oxidation states on the
absorption edge discussed in Figure 1c, the conversion of Cu'*
into Cu®" can be further confirmed by monitoring the change
of intragap absorption spectra during carrier injections. Based
on the quantum well absorption model proposed by Elliott et
al,>® which has been widely used in CdSe CQWs’"** and
Ruddlesden—Popper perovskites,® the absorption spectra of
Cu-doped CQWs under different biases in Figure 3a can be
decomposed into excitonic contributions and the continuum
edge of Cu'* intragap absorption (see Figure S6 for details).
Accordingly, the population reduction of Cu'" states can be
estimated by integrating the decomposed intragap absorption
band, provided that the Cu®" state is absorption passive and
does not perturb the absorption edge.*”** A plot of the
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integrated result as a function of the applied bias in Figure 3a
indicates that the Cu'* population at 24 V drops by over 74%
compared to the value without applied bias, which is roughly
consistent with the CE intensity reduction in Figure 2c¢ and
supports the critical role of Cu'* states in dopant emissions.
The suppression of the distinct intragap absorption feature,
instead of a noticeable shift or broadening of the excitonic
feature, has further ruled out the contribution of the Burstein—
Moss effect. It is worth mentioning that without optical
excitation, the Cu-doped CQWs with applied bias are
nonemissive, although the majority of copper centers are in
the +2 state due to the hole injection, and additional electrons
are injected into the host CB. This implies that the three-
particle trap-assisted Auger recombinations will open up (i.e.,
the recombination energy between the CB electron and the
hole of the in-gap Cu®" center is nonradiatively exciting
another electron or hole to a deeper energy level).””*°

This Auger recombination process can be validated by the
time-resolved CE dynamics. As shown in Figure 3b, the
recombination kinetics of CE become faster and the initial
signal amplitude increases relative to the neutral case with the
applied bias of 24 V. This is a characteristic signature for a
three-particle (i.e., a trap state trion consist of a CB electron, a
localized hole on a Cu** center, and an additional, third charge
carrier) Auger process: the nonradiative Auger recombinations
result in a short lifetime, and the doubled radiative decay
channels in a three-particle scenario lead to an enhanced initial
amplitude.””*”* For a cross-check, we have shown in Figure
S7 that without carrier injection, such an Auger process is
absent when only applying an electric field onto the Cu-doped
CQW film without carrier injections. Analysis of the fast decay
component in Figure 3b yields a time constant of ~208.7 ps
for this Auger process, which matches the time constants when
electrons trap rapidly to deep defect states near the VB edge in
CdTe NCs via Auger excitation of photogenerated holes.”
Moreover, the CE intensity under 400 nm cw laser excitation
modulated by a periodic voltage of 24 V at a frequency of 0.5
Hz is presented in Figure 3¢, which suggests that the carrier
injection is a reversible process. We can determine that the
response time of <100 ms for the CE change is much faster
than the diffusion process of transition metal ions and the
dissipation process of electric joule heating,47’56 which typically
occur with time scales longer than seconds, implying again the
dominant role of carrier injection on the CE modulation.

https://doi.org/10.1021/acsphotonics.5c02900
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Based on the above experimental results, we schematically
show in Figure 4a,b the postulated roles of Cu'* and Cu®** in
the CE process. We suggest that the ground state of copper
dopants in CdSe host is Cu'*, which can be verified based on
the strength of intragap absorption due to Cu'*-to-CB
transitions, the observation of CE under below-bandgap
excitations, and the darkening/narrowing/blue-shifting trends
of CE with carrier injections. Specifically, the applied bias will
both inject holes and electrons into the VB and the CB of the
CdSe host, respectively. The injected holes convert Cu'* into
Cu®* and with the injected carriers, the Cu®" states mainly
behave as dark centers to quench the dopant luminescence due
to the three-particle trap-assisted Auger recombination
process: the Cu’* center traps one CB electron and transfers
the energy nonradiatively to another CB electron or a hole in
the VB.”*>** Although with limited wave function overlaps,
this trap-assisted Auger recombination could happen efficiently
since one of the three carriers (i.e., the hole in Cu®* states) is
highly localized, which reduces the momentum conservation
requirement, similar to previously reported trion Auger process
in CdTe nanocrystals with deep volume defects”> and Cu-
doped CdSe/CdS nanocrystals with excess CB electrons.”’
Note that the three-particle Auger process with Cu®* states
occurs much faster compared to the radiative recombination of
CE,"” which could reasonably explain the absence of CE in
our device directly with applied bias. With the full
consumption of the electric injected carriers via the three-
particle Auger process and the recovery of Cu'" state, optical
excitations will again activate the CE process (ie., the hole
localization in Cu'" states occurs with the time scale of 1—4
ps).”>*> Under these circumstances, CE with optical
excitations will become blueshifted and narrower, due to a
progressive reduction in the energy distribution of Cu'" states
and the larger energy separation between the CB minimum
and Cu'" states with external carrier injections.”*°

B CONCLUSION

In summary, our study definitively resolves the long-standing
controversy regarding the oxidation state of copper dopants in
CdSe colloidal quantum wells. By integrating in-operando
spectral measurements with external carrier injection, we
pinpoint Cu’* as generating only spectrally narrow, inefficient
photoluminescence due to detrimental electronic effects,
contrasting sharply with the bright, broad-band photo-
luminescence attributable to Cu’. Concomitant time-resolved
CE dynamics and intragap absorption measurements further
reveal that the Cu’* pathway is quenched by trap-assisted
Auger recombination and a rigid Fermi-level rise. The
identification of Cu" as the optically active center provides a
universal mechanistic foundation for developing advanced
transition metal-doped CQW emitters.

B METHODS

Synthesis of High-Aspect-Ratio Cu-Doped CQWs

Four ML Cu-doped CdSe CQWs are synthesized by following our
previously reported high-temperature nucleation doping method.*>*°

Electro-Optical Spectroscopic Investigations

The glass substrate with ITO is carefully cleaned to remove any
organic residue. The Cu-doped CQWs in hexane (~15 mg/mL) are
deposited on the ITO layer by the spin-casting technique. Before the
drying of the CQW solution, two identical substrates with Cu-doped
CQWs are stuck together to form the ITO/CQW/ITO sample. For

the control sample, the PVP dielectric layer is deposited on top of the
ITO film by spin-casting (PVP dissolved in ethanol, 20 mg/mL, spin
duration: 45 s, spin velocity: 2000 rpm). All the device fabrication
processes are made inside the glovebox, and to remove any residual
strains, we bake each device at 60 °C in a nitrogen environment for 20
min. A DC voltage power supply is used for carrier injections, and the
current flowing through the device is recorded by the Keithley
SourceMeter.
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The Supporting Information is available free of charge at
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PL decay dynamics of the BE and the CE; character-
izations of the ITO/CQW/ITO and ITO/PVP/CQW/
PVP/ITO samples; emission spectra of the ITO/CQW/
ITO and ITO/PVP/CQW/PVP/ITO samples with
different applied biases; analyzing the bias-dependent
absorption spectra; ultrafast CE dynamics of the ITO/
PVP/CQW/PVP/ITO sample (PDF)
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