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ABSTRACT: Electronic doping has endowed colloidal quantum
wells (CQWs) with unique optical and electronic properties,
holding great potential for future optoelectronic device concepts.
Unfortunately, how photogenerated hot carriers interact with
phonons in these doped CQWs still remains an open question.
Here, through investigating the emission properties, we have
observed an efficient phonon cascade process (i.e., up to 27
longitudinal optical phonon replicas are revealed in the broad Cu
emission band at room temperature) and identified a giant
Huang−Rhys factor (S ≈ 12.4, more than 1 order of magnitude
larger than reported values of other inorganic semiconductor
nanomaterials) in Cu-doped CQWs. We argue that such an
ultrastrong electron−phonon coupling in Cu-doped CQWs is due to the dopant-induced lattice distortion and the dopant-enhanced
density of states. These findings break the widely accepted consensus that electron−phonon coupling is typically weak in quantum-
confined systems, which are crucial for optoelectronic applications of doped electronic nanomaterials.
KEYWORDS: colloidal quantum wells, copper doping, electron−phonon interactions, phonon cascades

Colloidal quantum wells (CQWs), due to their ultranarrow
emission line width,1 giant oscillator strength,2,3 high

optical gain coefficient,4,5 directed emission,6,7 and solution
processability,8,9 have exhibited prominent levels of device
performance in the field of optoelectronics. Recently, the
incorporation of impurity transition-metal ions (e.g., Cu2+, Ag+,
Mn2+, Co2+ dopants) into CQWs,10−15 which adds a new
degree of freedom for manipulating optoelectronic properties
different from the well-established “particle-size control” and
“wave function engineering” strategies,16,17 has been receiving
considerable attention. In principle, these dopants will
introduce atomic-like energy levels in the band gap of the
host, prolong the excited-state lifetimes, and generate new
emission bands with a large Stokes shift,18−20 therefore holding
great promise for novel device concepts. With these electronic
doped CQWs, light-emitting diodes (LEDs) with tunable dual
emission bands,21,22 luminescent solar concentrators (LSCs)
with high flux gain performance,10 and other emerging
optoelectronic devices with outstanding characteristics12,18

have been demonstrated.
To further improve the optoelectronic performance of

electronic doped CQWs, understanding how photogenerated
hot carriers interact with phonons is of significant fundamental
interest since this governs the charge mobilities,23 the carrier
cooling rate,24 and the nonradiative decay pathway25 and as a
result determines the device’s efficiency and speed. Unfortu-

nately, possibly affected by the consensus in CQWs that
electron−phonon coupling is generally weak26,27 because of
the reduced charge separation and the suppressed local electric
field in quantum-confined systems (i.e., the crystal is made
smaller than the Bohr radius of excitons), whether phonons
can play a dominant role in the hot carrier relaxation process of
electronic doped CQWs is still largely unexplored and remains
as an open question. Since it has been widely reported that
electronic dopants can dramatically modify electronic states
and lattice configurations of the host nanocrystals,28,29 inherent
thoughts about the primary stages of carrier relaxation in
electronic doped CQWs are undoubtfully inaccurate.
Here, we show that longitudinal optical (LO) phonons

participate intensely in the hot carrier relaxation process of Cu-
doped CdSe CQWs, evidenced by the high-order phonon
cascades and a giant Huang−Rhys factor. Specifically, we have
observed up to 27 periodic maxima in the copper photo-
luminescence (PL) emission spectrum at room temperature, in
which the energy period of ∼26 meV is consistent with the LO
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phonon frequency of host CQWs. Combined with the
excitation energy dependence, these high-order emission
replicas can be explained as phonon-assisted hot-electron
transitions with a finite probability of radiative recombination
at each step. By further analyzing the temperature dependence,
we have deduced a giant Huang−Rhys factor of ∼12.4 based
on the configuration coordinate model.30,31 These observations
imply a strong electron−phonon coupling strength in Cu-
doped CdSe CQWs, which we infer originates from the
dopant-induced lattice distortions and atomic-like states within
the forbidden energy gap. This work promotes the under-
standing of initial carrier−phonon interactions in electronic
doped colloidal nanocrystals, which is essential for the
realization of novel optoelectronic applications.
The four-monolayer (ML) Cu-doped CdSe CQWs with a

quantum yield of ∼80% are prepared by using a nucleation
doping strategy10,14,32,33 (details of the synthesis are shown in
Figure S1). X-ray photoelectron spectroscopy (XPS) measure-
ments are conducted to confirm the intrinsic CdSe lattice
framework and the existence of Cu1+ dopants (see details in
Figure S2). Figure 1a shows the transmission electron
microscopy (TEM) image of the Cu-doped CQWs, which
have an approximately rectangular shape with a uniform size
distribution (lateral size: ∼40 nm × ∼17 nm). The average
number of copper dopants per CQW (⟨NCu⟩), which is
determined by inductively coupled plasma mass spectrometry

(ICP-MS; see details in Methods),10,32 is about 200 in the
investigated sample (i.e., ∼1.2% with respect to Cu/Cd atomic
concentration). Typical static absorption and PL spectra of
Cu-doped and undoped CdSe CQWs under UV illumination
are shown in Figure 1b: the absorbance of Cu-doped CQWs
remains nearly the same compared with undoped CdSe
CQWs1,8 except that there exists a broad absorption tail on the
red side of the heavy-hole excitonic feature, which is attributed
to the promotion of d orbital electrons in copper dopants to
the conduction band (CB) of host CQWs,34 while the PL
spectrum of Cu-doped CQWs changes dramatically and is
dominated by the Cu-related emission, which peaks at ∼700
nm with a huge bandwidth of ∼350 meV and an ultralong
lifetime of ∼457 ns (see time-resolved copper emission in
Figure S3).
Radiative recombination of the Cu-related emission band

can be understood as follows (see Figure 1c):35,36 copper ions
introduce energy states into the forbidden gap of host CQWs,
and with photoexcitation (step 1), copper dopants quickly
localize the photogenerated holes in the host (step 2), Cu+ is
promoted to Cu2+ and therefore activated as a radiative
acceptor for the CB electrons (step 3), which can be expressed
as [Ar]3d9 + e → [Ar]3d10 + hν (hν is the photon energy of
Cu-related emission, and e denotes an electron in CB). The
proposed copper emission mechanism is further supported by
the sub-band-gap Cu+ to CB transition in the transient

Figure 1. Basic information on Cu-doped 4 ML CdSe CQWs. (a) High angle annular dark field scanning TEM (HAADF-STEM) images of Cu-
doped 4 ML CdSe CQWs (∼200 copper dopants per CQW), Scale bar: 100 nm. (b) Steady-state absorbance (blue curve) and PL (red curve)
spectra of Cu-doped (top panel) and undoped (bottom panel) CdSe CQWs under 355 nm continuous-wave excitations. The insets show the
emission images of Cu-doped and undoped CdSe CQWs in toluene. (c) Proposed sequence of photocarrier dynamics responsible for the PL of Cu-
doped CdSe CQWs. (d) Off-resonant Raman spectra of Cu-doped CdSe CQWs with an excitation of 405 nm, in which the LO and SO phonon
modes can be resolved.
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absorption measurement and the PL excitation (PLE) spectra
(see details in Figures S4 and S5). Meanwhile, before
investigating the phonon-assisted carrier relaxation, we have
checked the phonon frequency in Cu-doped CQWs based on
the off-resonant Raman spectrum (see experimental details in
Methods). As shown in Figure 1d, the lattice vibration in Cu-
doped CQWs is similar that in the undoped sample,37,38 which
consists of a dominant LO phonon peak at 206.4 cm−1 (25.6
meV) and a weak surface optical (SO) phonon mode related
to the vibration of surface atoms.
The micro-PL of a spin-coated Cu-doped CQW film on

SiO2 substrate (thickness: ∼60 nm) is recorded in reflection
geometry and excited by a 100 fs laser spot (∼5 μm in
diameter and ∼3.2 μJ/cm2 in fluence; more experimental
details are provided in Methods). Very surprisingly, we have
observed that multiple strongly defined sharp peaks are
superimposed on the broad Cu-emission band at room
temperature. To exclude the contribution of a resonance
excitation effect,39 excitation-energy-dependent micro-PL
spectra at room temperature with the same excitation intensity
have been obtained. As shown in Figure 2a, if the excitation
energy is higher than the heavy-hole excitonic gap of CdSe
CQWs (∼512 nm), similar periodic emission patterns with the
same amount of peaks and the nearly fixed energy location of
each peak can be identified, while with below heavy-hole
excitonic gap excitations (i.e., utilizing the broad low-energy
absorption tail in Figure 1b), we can only resolve a typical
broad Cu-emission spectrum without any sharp emission lines
(see Figure S6). Please note that the absence of a periodic
emission pattern in Figure 1b is due to much lower carrier
densities under continuous-wave excitations, which may cause

a lower probability of multiple electron−phonon scattering
processes (see details in Supplementary Note 1). Meanwhile,
considering that thin-film interference could also cause
periodic emission features,40 we have measured the 405 nm
excitation micro-PL of (i) a spin-coated Cu-doped CQW film
on a SiO2 substrate with a different film thickness, (ii) a spin-
coated Cu-doped CQW film on a Si substrate, and (iii) a drop-
casted Cu-doped CQW film on a SiO2 substrate with a very
rough surface morphology; the similar positions of peaks
shown in Figures S7 and S8 indicate that our observation is not
related to the multiple reflection interference effect. In
addition, such a periodic emission pattern is also absent in
undoped CdSe CQW films under the same excitation
condition (see the measured micro-PL spectra of undoped
CQW films in Figure S9). Combining these results, we
preliminarily conclude that these emission replicas are linked
to intrinsic relaxation mechanisms of hot electrons in the Cu-
doped CdSe CQWs.
To get deeper insights into the periodic emission pattern, we

have fitted all peaks between 550 and 900 nm using
Gaussians41 after subtracting the broad Cu-emission back-
ground. As shown in Figure 2b, a satisfactory approximation
with a determination coefficient of >0.95 is achieved and we
can roughly tell that the energy separation between two
consecutive peaks is nearly constant. This observation is
further confirmed by the linear dependence of energy offsets
on the peak number (see Figure 2c), and its slope of ∼26 meV
(∼209.7 cm−1) shows a nice agreement with the LO phonon
frequency (∼206.4 cm−1), implying that hot electrons are
going through the single phonon mode induced cascade-like
relaxation processes42,43 in Cu-doped CQWs. As shown in

Figure 2. Room-temperature PL spectra of Cu-doped 4 ML CdSe CQWs excited with a 100 fs laser pulse (∼3.2 μJ/cm2). (a) PL spectra with three
different excitation wavelengths showing similar phonon replicas. (b) Experimental multiphonon peaks with 405 nm excitations after subtracting
the continuous emission profile and the corresponding Lorentz fitting. (c) Dependence of the maximum peak energy on the peak number with 405
nm excitations. A linear fitting has resolved a step energy of ∼26 meV, which is highly consistent with the LO phonon energy. (d) Schematic
illustration of the phonon-assisted copper emission. The phonons participating in the cascade are indicated by the brown polylines.
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Figure 2d, this cascade process can be schematically under-
stood as follows. With the above free-carrier gap excitation, the
photogenerated electron reaches a virtual state in a well-
defined in-plane wavevector cone, as indicated by the green
dashed line (i.e., the wavevector k ≤ ω/c in which ω is the
excitation laser frequency).44 Then hot electrons make
successive transitions between real intermediate states, where-
by at each step a LO phonon is emitted and radiative
recombination with Cu-trapped holes can occur with a finite
probability. As a result, periodic emission peaks are observed in
the Cu-emission band with an energy offset equal to the LO
phonon frequency.
Since temperature-dependent PL spectra are often used as

important criteria to investigate electron−phonon interac-
tions,45 we have recorded emission profiles of Cu-doped
CQWs from 77 to 297 K (the Cu-emission profile at each
temperature is presented in Figures S10−S12). As shown in
Figure 3a,b, the intensity of phonon replicas becomes weaker
at a lower temperature (e.g., periodic peaks can be barely seen
at 77 K), consistent with the fact that the strength of electron−
phonon scattering is enhanced with a higher lattice temper-
ature due to the correspondingly increased phonon thermal
occupancy.46,47 It is worth noting that in the 77−297 K
temperature range we do not observe any measurable shifts in
the peak position of phonon replicas, which seems to be
against the phonon energy thermal modification effect.48,49 We
argue that this is because the energy shifting caused by acoustic
phonons in our measured temperature range is only about 1
meV (∼0.3 nm),49 which is buried in our experimental
uncertainties. Meanwhile, we have also analyzed the temper-
ature-dependent spectral position of the broad Cu-emission

band (Ecopper) to investigate the contribution of thermal lattice
expansion (TE) and electron−phonon coupling (EPC) in Cu-
doped CQWs. By applying a quasi-harmonic approximation,
Ecopper(T) can be represented as50
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where ATE and AEP are the weights of TE and EPC,
respectively.
Figure 3c displays fitting results of Ecopper(T) based on eq 1

with parameters of ATE = −0.017 meV/K, AEP = −54.5 meV,
and Ephonon = 25.9 meV, from which it can be seen that (i) the
extracted Ephonon is very close to the frequency of LO phonons,
(ii) the energy matching between LO phonons and kBT (∼26
meV) at room temperature ensures its largest phonon
occupancy and the dominant role in EPC processes,51 and
(iii) the overwhelming EPC implies a large electron−phonon
interaction strength in Cu-doped CQWs,52 which is further
supported by analyzing the temperature-dependent line width
of the broad Cu-emission band (i.e., full width at half-
maximum, fwhm). Generally, the Huang−Rhys factor (S) is
utilized to describe how strongly electrons are coupled to
phonons, which can be calculated from fwhm(T) based on the
configuration coordinate model:30,31

=T S E E k Tfwhm( ) 2.36 coth( /2 )phonon phonon B (2)

From the satisfactory fitting shown in Figure 3d, we have
deduced a giant Huang−Rhys factor, S ≈ 12.42. To the best of

Figure 3. Temperature-dependent PL spectra of Cu-doped 4 ML CdSe CQWs with 405 nm excitation and a fluence of ∼3.2 μJ/cm2. (a) 2D PL
map as a function of wavelength and temperature. (b) PL spectra at three representative temperatures. The red curve is the Gaussian line shape
fitting, and the blue curve is the extracted peak profile. (c) PL peak shift with temperature. The red and blue curves indicate the individual
contributions of thermal expansion and electron−phonon interaction, respectively. (d) Change in PL line width with temperature. The blue curve
is a fitting according to the configuration model.
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our knowledge, this is more than 1 order of magnitude larger
than most reported values (S ≈ 0−1) of other inorganic
semiconductor nanostructures (such as CdSe quantum dots,53

single-walled carbon nanotubes,54 and single-layer transition-
metal dichalcogenides55,56), reasonably accounting for the
phonon-induced cascade hot electron relaxation process.
Following previous theoretical results in doped semi-

conductor nanostructures,57−62 we infer that the strong
electron−phonon interaction in Cu-doped CQWs can be
attributed to the dopant-caused lattice distortions and the
dopant-induced large density of states (DOS) in the forbidden
band gap, as schematically recapitulated in Figure 4. It is well-

known that once the Cd is partially replaced with Cu ions (see
the left panel of Figure 4a), the lattice periodicity in the
interior of the CQW is broken and a static Jahn−Teller
distortion is favored to counter the symmetry reduction (i.e.,
the distortion along with T2 Jahn−Teller nuclear coordinates;
see the right panel of Figure 4a).57 More importantly, the
strong hole localization in the excited state (i.e., Cu2+)
implicates large nuclear distortions around Cu dopants,
which could cause contraction of all copper−selenide bonds
(i.e., the distortion along with the symmetric breathing local
coordinate; see the right panel of Figure 4a).58,59 These lattice
distortions will cause a huge excited-state nuclear reorganiza-
tion energy (ER), which corresponds to a giant Huang−Rhys
factor (ER = Sν, where ν is the lattice vibrational frequency),57

thus rationalizing the observed strong electron−phonon
interactions in Cu-doped CQWs. Furthermore, Cu dopants

will induce a significant midgap DOS (see Figure 4b) into the
CdSe CQW host. Based on Profeta et al.’s density functional
theory calculations,61 the trapped carriers in these introduced
DOS driven by the increased electron−phonon pairing
potential will strongly interact with the out-of-plane vibrations
(i.e., the LO phonons) of the host lattice, thus enhancing the
electron−phonon interaction.
In summary, we have carried out excitation-energy- and

temperature-dependent hot PL measurements in Cu-doped
CdSe CQWs. Up to 27 longitudinal optical phonon replicas
have been detected in the broad copper emission band at room
temperature, which can be well-explained using a phonon
cascade model. In addition, a giant Huang−Rhys factor (S ≈
12.4) is identified, which is at least 1 order of magnitude larger
than previously reported values (S ≈ 0−1) in colloidal
nanocrystals. These findings indicate that an ultrastrong
electron−phonon interaction plays a crucial role in the initial
steps of carrier relaxation in impurity-doped CQWs, which
may provide design-relevant insights for novel optoelectronic
applications.

■ METHODS
Estimation of the Cu Atomic Level. With inductively

coupled plasma mass spectrometry (ICP:MS) we estimated Cu
atomic levels with respect to cadmium and selenium. The
average dimensions of our 4 ML copper-doped CdSe CQWs
measured by TEM microscopy are (40.3 ± 1.6) × (17.3 ± 2.9)
× 1.2 nm, which suggests ∼17430 cadmium and ∼13695
selenium atoms in one CQW. Therefore, using ICP:MS
measurements, we can estimate Cu atoms per CQW.
Off-Resonant Raman spectroscopy. The room-temper-

ature Raman spectra of the Cu-doped CQWs were obtained
using a micro-Raman spectrometer (50× objective lens with an
NA value of 0.75 and a spectral resolution of around 1 cm−1)
in the backscattering geometry. A linearly polarized argon ion
laser (488 nm) was used as an excitation light source. The
focused excitation spot size was about 5 μm in diameter, and
the on-sample excitation fluence was controlled by a neutral-
density filter to a very low value (0.1 μJ/cm2) to avoid any
irreversible thermal degradation of the samples.
Micro-PL Spectra Measurements. The excitation pulse

was generated from an optical parametric amplifier (Light
Conversion TOPAS-C) which was pumped by a 1 kHz
regenerative amplifier (80 fs, 1 kHz, 800 nm). The excitation
pulse was focused on the sample surface via a 50× objective
lens (numerical aperture 0.45), and the PL spectra were
recorded by a fiber-coupled ANDOR spectrometer with a
CCD detector. The focused excitation spot size was about 5
μm in diameter, and the on-sample excitation fluence was
controlled by the neutral-density filter. For the low-temper-
ature micro-PL measurement, the sample was cooled with a
liquid nitrogen cryostat.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03427.

Synthetic details, estimation of electron−phonon
scattering probability, X-ray photoelectron spectroscopy,
time-resolved copper emission dynamics, transient
absorption spectroscopy, photoluminescence excitation
spectroscopy, micro-PL spectra of Cu-doped and

Figure 4. Possible mechanisms responsible for the strong electron−
phonon interactions in Cu-doped 4 ML CdSe CQWs. (a) (left)
Schematic of real space charge distributions in Cu-doped CQWs,
showing carrier localization at the copper dopant. (right) Schematic
of lattice distortions in Cu-doped CQWs after the carrier localization.
(b) Schematic of projected density of states (DOS) in undoped and
Cu-doped CQWs. Copper dopants introduce a large DOS around the
Fermi level to enhance the electron−phonon interaction.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03427
Nano Lett. 2022, 22, 10224−10231

10228

https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03427?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03427?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03427?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03427?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03427?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


undoped CQW films on different substrates with
different thicknesses, and temperature-dependent copper
emission spectra (PDF)
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