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Optical signatures of lattice strain in
chemically doped colloidal quantum wells

Junhong Yu 1,2 , Hilmi Volkan Demir 2,3 & Manoj Sharma 2,4

Lattice strain plays a vital role in tailoring the optoelectronic performance of
colloidal nanocrystals (NCs) with exotic geometries. Although optical identi-
fications of lattice strain in irregular-shaped NCs or hetero-structured NCs
have been well documented, less is known about optical signatures of the
sparsely distributed latticemismatch in chemically-doped NCs. Here, we show
that coherent acoustic phonons (CAPs) following bandgap optical excitations
in Cu-doped CdSe colloidal quantumwells (CQWs) offer a unique platform for
indirectly measuring the dopant-induced lattice strain. By comparing the
behavior of CAPs in Cu-doped and undoped CQWs (i.e., vibrational phase/
lifetime/amplitude), we have revealed the driving force of CAPs related to the
optical screening of lattice strain-induced piezoelectric fields, which thus
allows to determine the strain-induced piezoelectric field of ~102 V/m in Cu-
dopedCdSeCQWs. This workmay facilitate a detailed understanding of lattice
strain in chemically-doped colloidal NCs, which is a prerequisite for the design
of favorable doped colloids in optoelectronics.

Benefitting from the innovation of solution-processed synthesis tech-
niques, colloidal semiconductor nanocrystals with exotic geometries
(e.g., irregular-shaped1,2, hetero-structured3,4, and chemically doped5,6)
have been developed. These exotic geometries with unique band
structure and carrier dynamicsoffer a great opportunity for expanding
the optoelectronic properties of colloidal nanocrystals (NCs), which
have already found applications in diverse optoelectronic applica-
tions, with earlier examples showing, for instance, continuous-wave
lasing in biaxial asymmetry colloidal quantum dots (CQDs)7, ultralong-
lived indirect exciton in CdSe/CdS colloidal rod-in-rods8, and near-
unity dopant emission efficiency in Cu-doped CdSe colloidal quantum
wells (CQWs)6. Generally, it is agreed that peculiar optoelectronic
properties of colloidal NCs with exotic geometries are set by quantum
confinement via the NC size9, band offset through the growth of
heterostructures10, or localized electronic states in chemical doping11.

Recent studies have revealed that inherent lattice strain in col-
loidal NCs with exotic geometries, which are naturally grown under
large lattice mismatch conditions, could also play a considerable role

in bandgap engineering and carrier dynamics manipulation12–15. As a
result, the ability to visualize or measure crystal lattice strain of col-
loidal NCs with exotic geometries, which is essential to fully under-
stand optoelectronic properties, has been receiving considerable
attention in the evolving research framework. For irregular-shaped or
hetero-structured colloidalNCs, the lattice strain at theparticle level or
at the nanoscale interface can be directly visualized based on the high-
resolution transmission electron microscopy using the peak pairs
analysis8,16 or indirectly measured based on emission/absorption
properties using ultrafast17,18 and steady-state spectroscopy19–21.
Nevertheless, these methodologies are incapable or at least insuffi-
cient to visualize or measure lattice strain in chemically doped colloi-
dal NCs due to the sparse distribution of latticemismatch at the atomic
level19,20.

To fill in the gap, we report ultrafast coherent phonon measure-
ments in Cu-dopedCdSe CQWs, which provides a uniqueway to probe
nonequilibrium lattice vibrations and thus allows to detect the
dynamics of lattice strain. We show that the behavior of coherent
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acoustic phonons (CAPs) in Cu-doped CdSe CQWs contrasts strikingly
with the behavior of CAPs in undoped counterparts triggered by dis-
placive excitation, including a π/2 vibrational phase shift, a prolonged
vibrational lifetime, and a distinct wavelength-/fluence-dependent
vibrational behavior. We corroborate the anomalous CAPs in Cu-
doped CdSe CQWs with the optical screening of lattice strain-induced
piezoelectric fields, which is driven by the trapping of excited holes to
the Cu1+ state on a vibrationally impulsive time scale. Based on the
damped driven harmonic oscillator model and the experimental
oscillation amplitudes, we have extracted a strain-induced piezo-
electric field of ~102 V/m in Cu-doped CdSe CQWs, which is several
orders of magnitude smaller than the intrinsic piezo response of
wurtzite CdSe/CdS heterostructures.

Results
Undoped CdSe CQWs with a vertical thickness of 1.2 nm correspond-
ing to four monolayers (MLs) of lattice unit are synthesized according
to reported procedures22,23, and copper ions doped into CdSe CQWs
are achieved by using the nucleationdopingmethod6,24–26. The average
number of copper dopants per CQW (hNCui), which is determined by
inductively coupled plasma-mass spectrometry (ICP-MS)6,27, is about
40 in the investigated sample (i.e., ∼0.3% concerning Cu/Cd atomic
concentration). As shown in Fig. 1a, copper dopantsmodify neither the
geometry of the CQWs (i.e., Cu-doped and undoped CQWs possess an
approximately rectangular shape with a uniform size distribution as
presented in their transmission electron micrographs, with the size
distribution curves given in Fig. S1) nor the essential excitonic absor-
bance of the CQWs (i.e., the electron/heavy-hole transition at ~512 nm
and electron/light-hole transition at ~481 nm remain unchanged).
Here, the role of copper dopants is reflected in two aspects: (i) Copper
ions introduce emissivemidgap states into the CQWhost, manifesting
as a broad reddish emission band in the photoluminescence profile
and a broad absorption tail on the red side of the heavy-hole excitonic
feature. As schematically shown in Fig. 1b, Cu has the electronic
structure (Ar)3d104s1 in its neutral state, and Cu ions introduced into
the CdSe CQW as substitutional defects have the (Ar)3d10 configura-
tion (Cu1+). After photoexcitation, copper dopants quickly localize the
photogenerated holes in the host, Cu1+ is promoted to Cu2+ with the
configuration of (Ar)3d9 and therefore activated as a radiative acceptor
for theCBelectrons. The copper emissionprocess canbe expressed as:
[Ar]3d9 + e→ [Ar]3d10 + hν. Meanwhile, the sub-band-gap Cu1+ to CB
transition is also allowed, which manifests in the absorption spectrum
as a broad absorption tail on the red side of the heavy-hole excitonic
feature. Please note that the stable ground state of copper dopants as
Cu1+ is supported by transient absorptionmeasurements, PL excitation
spectroscopy, and X-ray photoelectron spectroscopy6,28. (ii) The
replacement of cadmium ions with copper ions breaks the lattice
periodicity and lattice contraction (i.e., a symmetric contraction or a
Jahn–Teller distortion28,29) is favored to stabilize the dopant-host lat-
tice (see Fig. 1c), resulting in a sparse distribution of lattice strain at the
atomic level. Sucha sparsely distributed lattice strainwould give rise to
polarization along the Cu–Se bond direction, which translates into the
local piezoelectric field8,30.

When copper ions are introduced into the CQW lattice, unique
lattice vibrational dynamics related to the lattice strain have been
predicted29. To verify this, we have utilized femtosecond-resolved
coherent phonon spectroscopy31–33 at room temperature (i.e., 298K) to
compare the nonequilibrium phonon behavior of Cu-doped and
undoped CdSe CQWs (experimental details are presented in Methods).
To avoid contributions of theAuger-mediated carrier trappingprocess33,
the fluence of the 400nm pump pulse is set to be ~5.69μJ/cm2, corre-
sponding to an initial averaged exciton population <N0> of ~0.3734 (see
the evaluation process of <N0> in “Methods” and Fig. S2). The probed
pulse is centered at the electron/heavy-hole transition (~512nm), and the
pure response of coherent lattice vibrations at room temperature is

presented in Fig. 1d, in which the non-oscillation signal related to pho-
toexcited carriers has been subtracted. It can be seen that the lattice
vibration of Cu-doped CQWs has a time-domain spectrum that is highly
similar to that of undoped CQWs, except for the subtle waving at long
time windows. Frequencies of these time-domain oscillations are clar-
ified from the Fourier transform (FT)31,35 and the resulting power spectra,
with frequencies in units of THz, are shown in Fig. 1e. For both Cu-doped
and undoped CQWs, FT spectra exhibit a dominant high-frequency
mode at ~6.2THz (Cu-doped: 6.24THz or 208.2 cm−1; Undoped:
6.22THz or 207.7 cm−1) and a low-frequency mode at ~0.6 THz (Cu-
doped: 0.64THz or 21.3 cm−1; Undoped: 0.65THz or 21.8 cm−1). Based on
previous Raman measurements36,37, the higher frequency oscillation
corresponds to the longitudinal–optical (LO) phonon of CdSe CQWs,
while the lower frequency oscillation is assigned to the longitudinal
acoustic (LA) phonon of CdSe CQWs. Please note that the acoustic
phonon propagation in CdSe CQWs is anisotropic35,36. In the vertical
direction, the acoustic phonon mode creates a one-dimensional stand-
ingwave to deform the unit cell (similar to the case of CQDs), and across
the lateral directions, acoustic phonons propagate compression waves
(similar to the case of bulk materials). Interestingly, a stronger acoustic
phonon oscillation is identified in Cu-doped CQWs, whichmay imply an
additional driving force for lattice vibrations considering the similar
excitation condition for doped/undoped CQWs38.

To quantify the difference of lattice vibrations in Cu-doped and
undoped CQWs, we have fitted the time-domain oscillations in Fig. 1d
using a sum of two damped sinusoidal functions31,33,39:

ΔR
R0

ðtÞ=
X2
i= 1

Ai sinðωit +ϕiÞ exp
t
τi

� �
ð1Þ

whereAi,ωi, τi, andϕi are the amplitude, frequency, lifetime, and initial
phase of the ith oscillation component, respectively. As shown in the
upper panel of Fig. 2, the temporal oscillations can be well-described
by Eq. 1with a goodagreementbetween the extractedω andoscillation
frequencies obtained in FT power spectra, confirming the reliability of
the fitting process (the fitting residual and fitting parameters are
provided in Fig. S3). Figure 2 also shows the contributions of individual
oscillation components that are reconstructed from the fitting
parameters. The high-frequency LO phonon at ~6.2 THz in Cu-doped
and undoped CQWs (the lower panel of Fig. 2) are very similar with an
initial phase closely approaching π/2 rad (Cu-doped: 0.477 π;
Undoped: 0.482 π), indicative of the phonon driving force as typical
displacive excitation (i.e., ultrafast laser excitation of the electronic
system makes atoms displaced from the equilibrium state and
coherently oscillated around the new nonequilibrium position)40. In
contrast, the acousticphonon at ~0.6THz inCu-dopedCQWs showsan
abrupt phase shift of nearly π/2 compared to that in undoped CQWs
(Cu-doped: 0.054 π; Undoped: 0.461 π) and this anti-phased
vibrational wavepacket of the acoustic phonon in Cu-doped CQWs
suggests again a different driving force41,42. Please note that the initial
phase is determined at the minimum time delay point (t *) when
experimental data starts to deviate from the damped oscillation fitting
and the time point t * has beenmanually set as zero for better clarity of
initial phases of the waves (e.g., the cosine-like and the sine-like
oscillations),whichcanbe seenmoreclearly in the linear plot in Fig. S4.
In addition, we have noticed that the lifetime of acoustic phonons is
prolonged for Cu-doped CQWs (Cu-doped: 4.26 ps; Undoped: 1.73 ps),
implying that the driving forceof acoustic phonons inCu-dopedCQWs
may related to the dopant-induced lattice strain (i.e., lattice contrac-
tion in Cu-doped CQWs improves Young’s modulus, resulting in an
enhanced acoustic phonon group velocity and suppressed acoustic
phonon anharmonic decaying28,43).

A generalmechanism other thandisplacive excitation responsible
for the generation of coherent acoustic phonons in colloidal NCs
includes impulsive stimulated Raman scattering and impulsive lattice
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heating. Since the pump pulse in our experiments is not negatively
chirped, a significant impulsive stimulatedRaman contribution is ruled
out44. Meanwhile, we have estimated the lattice temperature increase
in Cu-doped CQWs based on the two-temperature model (see the
estimation details in Supplemental Note 1) and the lattice temperature
rise of ~18.6 K is much smaller than that required to drive coherent
phonons by impulsive lattice heating (e.g., ~103 K in metal NCs45). The
exclusion of general driving forces for coherent acoustic phonons
concentrates our focus on the intrinsic difference between Cu-doped
and undoped CQWs: the introduction of copper dopants. Inspired by
coherent oscillations generated by surface charge trapping induced
piezoelectric response in CdSe CQDs32,35, we consider the possibility
that the ultrafast hole trapping in Cu1+ ions could provide the impulse
for driving coherent acoustic phonons in Cu-doped CQWs. The hole
trapping partially screens the local piezoelectric field at copper ions
such that an ensuing sudden lattice expansion occurs along the Cu–Se
bond direction32,45. Consequently, the heavy ionic nuclei find them-
selves out of equilibrium and start to oscillate around their new

position in phase with each other. It is worth noting that this physical
picture inCu-dopedCQWs could also reasonably explain theπ/2 phase
shift (i.e., the displacive excitation generates a wavepacket on the
excited-state potential energy surface which starts to propagate but
then the hole trapping shifts the propagating direction and projects
the wavepacket to the trapped-state potential energy surface33,46) and
the immune LO phonon behavior (i.e, the hole trapping time in Cu-
doped CQWs of >4 ps47–49 is much longer than the LO phonon oscil-
lation periods T = 2π/ωLO ≈ 1 ps, violating the condition for the impul-
sive excitation50). The proposed generation mechanism has been
further supported by lattice vibrations in Cu-doped CQWs with dif-
ferent doping concentrations (see Fig. S5 and Table S1 for details), in
which an enhanced oscillation amplitude, amore abrupt phase change
to 0, and a prolonged oscillation lifetime are identified in CQWs with a
larger <NCu > .

We have performed probe wavelength-dependent measurements
to gain deeper insights into the lattice strain-mediated coherent pho-
non behaviors in Cu-doped CQWs. Figure 3a, b shows time-domain

Cu-doped

Undoped

(a) (c)

A symmetric contraction A Jahn-Teller distortion

Cu

Cd Se

In
te

ns
ity

 (n
or

m
)

Wavelength (nm)
300 500 700 900

Hole trapping Copper emission

CB CB

VB VB

EF EF

Cu1+:3d10 Cu2+:3d9

(b)

(d) (e)×10-5 ×10-6

Cu-doped

Undoped

Cu-doped

Undoped

~0.6 THz

~6.2 THz

R
/R

0

FF
T

 A
m

pl
itu

de

3

0

-3

3

0

-3

2

1

0

2

1

0
1 4 7 10100 101

Frequency (THz)Time (ps)

Fig. 1 | Basic properties and coherent phonon spectra of doped and
undoped CQWs. a Steady-state absorption and emission profiles of Cu-doped
(upper panel) and undoped (lower panel) 4ML CdSe CQWs. The inset is a trans-
mission electronmicrographwith a scalebarof 20nm.bSchematics illustrating the
carrier transitions and radiative recombination in copper-doped CdSe CQWs. CB
conduction band, VB valence band, EF Fermi level. c A schematic of lattice strain in
Cu-doped CdSe CQWs with two types of Cu–Se bond distortions. The overall

distortion can be approximated by the sum of distortions along totally symmetric
(left part of the bottom panel) and T2 Jahn–Teller nuclear coordinates (right part of
the bottom panel). d Semilog plots of time-domain lattice vibrations of Cu-doped
(upper panel) and undoped (lower panel) CdSe CQWs with λprobe of 512 nm and
<N0> of 0.37. e Fourier transform spectrum of the time-domain lattice vibrations in
(d), showing the longitudinal–optical phonon mode at ~6.2 THz and the long-
itudinal acoustic phonon mode at ~0.6 THz.
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oscillations of Cu-doped and undoped CQWs with <N0> of ~0.37 at
three representative probe wavelengths (e.g., 504 nm, 512 nm,
520nm). The full set of coherent phonon spectra of Cu-doped and
undoped CQWs with probe wavelengths ranging from 504 to 520 nm
can be found in Figs. S6 and S7. Corresponding FT power spectra of
Cu-doped and undoped CQWs versus probe wavelength are depicted
in a 2D plot (see Fig. 3c), in which the amplitude dependence on the
probewavelength is well displayed, asmarked by the red star in Fig. 3c.
It can be seen that for both phonon modes in undoped CQWs and the
LO phonon mode in Cu-doped CQWs, the amplitude shows a max-
imum at ~512 nm, which matches the wavelength of the electron/
heavy-hole transition in the 4ML CdSe CQW host; while for the
acoustic phonon (~0.6 THz) in Cu-doped CQWs, the amplitude is
relatively independent of the probewavelength. To clarify the origin of
these probe wavelength dependences, we have normalized the pho-
non amplitude at λprobe = 512 nm and plotted it with the scaled absor-
bance spectra in Fig. 3d. We have revealed that amplitudes of both
phonon modes in undoped CQWs and the LO phonon mode in Cu-
dopedCQWs follows the absorbance in a goodmanner, which is a clear
fingerprint of the displacive excitation mechanism (i.e., the oscillation
amplitude of coherent phonons launched by displacive excitation is
essentially reflecting the exciton-phonon coupling strength and
therefore, strong coherent oscillations areobserved at probed spectral
positions where the electronic resonance is large51,52). In the case of the
acoustic phonon in Cu-doped CQWs, the nearly unchanged amplitude
around the electron/heavy-hole transition can be intuitively rationa-
lized with the proposed generation mechanism. The oscillation
amplitude of coherent phonons triggered by hole trapping process is
mainly related to the optical screening strength of lattice strain-

induced piezoelectric fields (i.e., the number of trapped holes at
copper ions on a vibrationally impulsive time scale53,54), resulting in an
insensitive acoustic oscillation with varying probe wavelength.

To further validate the different driving forces of acoustic pho-
nons in Cu-doped and undoped CQWs, we have conducted pump
fluence-dependent measurements at a probe wavelength of 512 nm.
Figure 4a, b shows time-domainoscillations of Cu-doped and undoped
CQWs with three representative initial exciton populations (e.g., <N0>
of ~0.37, ~2.73, ~6.46). The full set of coherent phonon spectra of Cu-
doped and undoped CQWs with <N0> ranging from ~0.37 to ~6.46 can
be found in Figs. S8 and S9. As shown in Fig. 4c, d, the acoustic phonon
amplitude and phase in Cu-doped and undoped CQWs show a distinct
behaviorwith varying <N0 > . For the acoustic phonondrivenbyoptical
screening of the local piezoelectric field (i.e., the Cu-dopedCQWs), the
driven force should be proportional to the hole population trapped at
the Cu1+ dopant site, leading to a linearly increasing acoustic phonon
amplitude. With <N0> larger than ~3.33, the phonon amplitude
becomes gradually saturated due to the limited dopant population,
which is further supported by the <N0 > -dependent copper emission
measurement (see Fig. S10, the copper emission saturates with a
similar <N0 > ).

For the acoustic phonon in undoped CQWs, displacive excitation
should also result in a linearly increased phonon amplitude (i.e., gen-
erated phonon populations through electron-phonon coupling are
linearly dependent on the excitation fluence55). With <N0> larger than
~1.57, accelerated amplitude enhancement is consistentwith the recent
result of Dong et al.33 and can be attributed to the Auger-mediated
acoustic phonon generation process (i.e., the ultrafast Auger process
in undoped CQWs transfers the vibrational coherence of excited-state
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Fig. 2 | Analyzing coherent phonon behaviors in doped and undoped CQWs.
a Two damped sinusoidal functions fitting of time-domain lattice vibrations of Cu-
doped CdSe CQWs with λprobe of 512 nm and <N0> of 0.37. Upper panel: Semilog
plot of the overall fitting; middle panel: Semilog plot of the fitted longitudinal
acoustic phononmode; lower panel: Semilog plot of the fitted longitudinal–optical

phonon mode. b Two damped sine functions fitting of time-domain lattice vibra-
tions of undoped CdSe CQWs with λprobe of 512 nm and <N0> of 0.37. Upper panel:
Semilog plot of the overall fitting; middle panel: Semilog plot of the fitted long-
itudinal acoustic phonon mode; lower panel: Semilog plot of the fitted
longitudinal–optical phonon mode.
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populations to the high-energy state and launches the coherent lattice
vibration).Meanwhile, the coherent phononphase following theAuger
process should be shifted based on the appearance of vibrational
wavepackets on high-energy states, which is also manifested in our
measurements (see the π-phase jump with <N0> around 2 in the lower
panel of Fig. 4d). Please note that due to the suppressed Auger
recombination25,47, the contribution of Auger-mediated coherent
acoustic phonons generation at high excitation fluence in Cu-doped
CQWs is negligible, as evident by the absence of phase jump and the
amplitude increase trend. In addition, we have conducted pump
fluence-dependent measurements with different doping concentra-
tions (e.g., <NCu> of 5 and <NCu> of 70) at a probe wavelength of
512 nm. As shown in Fig. S11, <N0 > -dependent behavior of the CAP
amplitude and phase in Cu-doped CQWs using different doping con-
centrations also supports the main conclusion of our works: the
trapping of excited holes to the Cu1+ state on a vibrationally impulsive
time scale screens lattice strain-induced piezoelectric fields, triggering
the coherent acoustic phonon oscillation.

Discussion
Different frompreviousworks31,32,52, we are viewingCAPs froma largely
different perspective and focusing on utilizing the behavior of CAPs as
an indicator of intrinsic lattice strains in Cu-doped CQWs. After

confirming the dominant lattice strain-mediated acoustic phonon
generation in Cu-doped CQWs, we could determine the driving force
based on a phenomenological damped harmonic oscillator model56–58:

μ
d2QðtÞ
dt2

+ 2γ
dQðtÞ
dt

+ω2Q

 !
= FðtÞ ð2Þ

whereμ is the reduced latticemass, γ is thephonondephasing rate,ω is
the coherent acoustic phonon frequency, and F is the driving force
originating from screening of the piezoelectric field. By converting the
oscillated reflectivity change (ΔR/R) into the atomic displacement (Q)59

and relating the driving force (F) to the screened piezoelectric field57,
the amplitude of the screened piezoelectric electric field in Cu-doped
CQWs with <N0> of ~6.46 (i.e., in the saturation regime) is determined
to be ~1.72 × 102 V/m (detailed calculation process is provided in
Supplementary Note 2), which is several orders of magnitude smaller
than reported values in irregular-shaped colloidal NCs or hetero-
structured colloidal NCs (e.g., 1.5 × 107 V/m in CdSe/CdS rod-in-rod
NCs8 and 7 × 107 V/m in CdSe/CdS dot-in-rod NCs19). Although this
estimation only reflects an average value of the local piezoelectricfield
within our excitation spot (e.g., with a diameter at FWHM of ~120μm)
and phenomenological assumptions (e.g., assuming the atomic
displacement is isotropic, assuming the physical constants are time-
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Fig. 3 | Wavelength-dependent coherent phonon spectra of doped and
undoped CQWs. a Semilog plots of time-domain lattice vibrations of Cu-doped
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lattice vibrations of undoped CdSe CQWs with <N0> of 0.37 and different λprobe.
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0.37. d Scaled absorbance curve and the normalized λprobe-dependent coherent
phonon amplitudes of Cu-doped (upper panel) and undoped (lower panel) CdSe
CQWswith <N0> of 0.37. The error bars are estimated based on the uncertainties of
FFT amplitudes.
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independent, and ignoring the contribution of displacive excitations)
in the estimation process also reduces the evaluation accuracy in Cu-
doped CdSe CQWs, we argue that coherent phonons generated via
optical screening of the piezoelectricfield should be a general physical
picture in colloidal NCs with exotic geometries, which could provide a
feasible route to evaluate the lattice strain down to the atomic level.

In principle, our method which is based on ultrafast optical
screenings of local piezoelectric fields to estimate the lattice strain in
chemically doped colloidal nanocrystals should have a certain extent
of generalizability toother dopants besides copper since it is inevitable
that the replacement of host ions with dopants could break the lattice
periodicity (i.e., symmetry breaking) and lead to the local piezoelectric
fields5,11. As shown in Fig. S13, the coherent acoustic phonons in Ag-
doped CQWs also contrast the case in undoped CQWs and show fin-
gerprints of driving by the trapping of excited holes to the Ag1+

state48,60 on a vibrationally impulsive time scale, including a π/2
vibrational phase shift (~0.02 π) and a prolonged vibrational lifetime
(~5.6 ps). However, we need to also point out that this method has its
limitations considering the following: (i) photoexcited carriers should
interact with dopants via trapping or dipole-dipole interactions to
screen the local piezoelectric field at dopant ions such that ensuing
sudden lattice expansion occurs; (ii) piezoelectric fields induced
driving force should satisfy the “impulsive limit”, which is the limit
effective when the time scale of the driving force is less than a single

vibrational oscillation period, otherwise, the coherent lattice vibra-
tions will be immune to the screening of piezoelectric fields; and (iii)
strong enough pump fluences are required to generate photocarriers
to saturate the dopants for an accurate evaluation of lattice strain.
Therefore, although we have proposed a feasible optical approach to
evaluate the lattice strain in chemically doped colloidal nanocrystals,
future efforts are further needed to expand its generalizability to dif-
ferent doping systems.

In summary, ultrafast coherent phonon spectroscopy elucidates
the behavior of coherent acoustic phonon in Cu-doped and undoped
CdSe CQWs following optical bandgap excitations. CAPs in undoped
CdSe CQWs can be well-described by the typical displacive excitation
mechanism while the acoustic phonon oscillations in Cu-doped CdSe
CQWs are launched via optically induced piezoelectric coupling to the
CdSe lattice, which enables the experimental detection of dopant-
induced lattice strain within the framework of the damped harmonic
oscillator description. Our understanding of CAP behavior and the
proposed optical evaluation of lattice strain create opportunities for
precisely modulating the optoelectronic properties in chemically
doped colloidal semiconductor nanocrystals.

Methods
Sample synthesis and characterization. Four ML core-only undoped
CdSe CQWs are synthesized according to our previously published

(a) (b)Cu-doped Undoped

<N0>: 6.46

<N0>: 2.73

<N0>: 0.37

<N0>: 6.46

<N0>: 2.73

<N0>: 0.37

Cu-doped

Undoped

<N0> = ~3.33

<N0> = ~1.57

Cu-doped

(c) (d)

Undoped

Fig. 4 | Fluence-dependent coherent phonon spectra of doped and
undoped CQWs. a Semilog plots of time-domain lattice vibrations of Cu-doped
CdSe CQWs with λprobe of 512 nm and different <N0 > . b Semilog plots of time-
domain lattice vibrations of undoped CdSe CQWs with λprobe of 512 nm and dif-
ferent <N0 > . c <N0 > -dependent amplitudes of the longitudinal acoustic phonon
mode in Cu-doped (upper panel) and undoped (lower panel) CQWs. The dashed

lines are linear fittings. The error bars are estimated based on the uncertainties of
FFT amplitudes. d <N0 > -dependent phases of the longitudinal acoustic phonon
mode in Cu-doped (upper panel) and undoped (lower panel) CQWs. The dashed
lines are guidelines. The error bars are estimated based on the uncertainties of the
damped sinusoidal fittings.
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method22,23. Four ML core-only Cu-doped CdSe CQWs were also syn-
thesized according to the previously published literature6,24–26. All
synthesized samples are cleaned with ethanol to remove excess
ligands and finally dispersed in hexane for further experiments and
measurements. The absorption spectra of doped and undoped CQWs
in hexane are measured by an ultraviolet–visible spectrophotometer
(Shimadzu, UV-1800). The PL of doped and undoped CQWs are
recorded using a spectrofluorophotometer (Shimadzu, RF-5301PC,
excitation wavelength for PL: 355 nm).

Coherent phonon measurements. The nonequilibrium lattice
vibration dynamics of Cu-doped and undoped CdSe CQWs at room
temperature are measured by conducting the nondegenerate pump-
probe experiment using a cavity-dumped Ti: sapphire layer. The pump
pulse at a center wavelength of 400nm is generated by frequency
doubling the fundamental 800nm pulse with a beta barium borate
(BBO) crystal, which has a duration of ~20 fs at a repetition rate of
400 kHz, while the probe pulse is generated from an optical para-
metric amplifier (Coherent OPerA Solo) pumped by a 1 kHz regen-
erative amplifier (Coherent Libra, 800nm, 50 fs). The polarization of
the pump pulse and the probe pulse is set orthogonal to each other to
eliminate the coherent artifact. A neutral density filter is used to con-
trol the pumppower for the fluence dependence study. The pump and
probe pulses are focused on the sample at the near-normal incidence
and themeasurements are performed in a transmission geometry. The
time delay between the pump and probe beam is varied using a ret-
roreflector mounted on a delay stage.

Calculations of excitons per CQW<N > . The average number of
excitons per CQWs (<N0 > ) is calculated by <N0 > = fσ/(ħω), where f is
the pump fluence, σ is the absorption cross-section at 400nm, and ħω
is the excitation photon energy. Since the Cu-doped CQWs involve the
hole trapping process, it is unsuitable to determine the absorption
cross-section by the state-filling effect assuming the Poisson distribu-
tion. Instead, here we evaluate the absorption cross-section of Cu-
doped and undoped CQWs based on the empirical equation reported
previously by our group, where A is the absorbance, CCQW is the con-
centration, NA is the Avogadro’s number, and L is the optical path
length. Inductively coupled plasma-mass spectroscopy (ICP-MS)
measurement is used to calculate the concentration of Cu-doped and
undoped CQWs. By obtaining the cadmium and copper molar con-
centrations (CCd+Cu), we can obtain CCQW =CCd+Cu×Vunit/(4VCQW),
whereVunit is the volumeof theCdSe unit cell andVCQW is the physical
volume of a CQW. As a result, absorption cross-sections of
3.23 × 10−14 cm2 and 2.74 × 10−14 cm2 are obtained for the Cu-doped and
undoped CQWs, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The main data presented and analyzed in this project are contained
within the article and supplementary information. The data generated
in this study areprovidedwith this paper in the source data file. Source
data are provided with this paper.
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