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ABSTRACT: Single-photon sources (SPSs) are essential for
quantum technologies. Colloidal quasi two-dimensional (2D)

quantum wells (QWs) possess high emission uniformity, photo- Ll ¢ )
luminescence quantum yields (PLQYs), and narrow linewidths at .

room tempera.ture, ;.111 contributing to ideal .S.PSS. How§ver, their 0~ . 0013 ... 0~ 008
large lateral dimensions make excitons sensitive to environments =%, ° ot o S e2s o oot & s, =
and enhance multiexciton emission, casting long-standing doubt on
their viability as SPSs. Here, we demonstrate bright room-
temperature single-photon emission (SPE) with high purity and
minimal blinking from in-plane-engineered (IPE) 2D QWs
incorporating a doubly gradient architecture. A compositionally
graded CdSe/CdSe,S,_, core in the in-plane direction tailors
electron—hole wavefunctions to control multiexciton Auger
dynamics, while a graded Cd,Zn;_,S shell in the thickness direction suppresses interfacial strain and nonradiative defects. This
design unites 0D and 2D structural advantages, achieving near-unity ensemble PLQY and bright SPE (0.6—1.2 X 10° counts/s, NA =
0.65). Controlling the CdSe core size via IPE, we attain 92% single-photon purity (2 nm core), and suppressed blinking with a 96.9%
ON-time fraction (8 nm core). This work establishes deterministic design rules for colloidal 2D QWs as high-performance SPSs for
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scalable quantum technologies.

B INTRODUCTION

A high-performance single-photon source with suppressed
blinking, high single-photon purity, narrow emission linewidth,
and fast emission kinetics at room temperature, is essential for
practical applications in the fields of quantum information and
quantum communication.' " To date, a variety of colloidal
nanomaterials have been developed, such as quasi zero-
dimensional (0D) quantum dots (QDs), which have been
widely studied and demonstrated as the potential next-
generation single-photon sources.”® For example, lead halide
perovskite QDs’~'" and CdSe-based QDs'>~" have attracted
particular interest due to their exceptional optical properties at
room temperature, including high photoluminescence (PL)
quantum yield (QY), narrow emission linewidth, short
radiative lifetime, facile tunability of the bandgap over a wide
range via size, shape, and composition control, low-cost
synthesis, and solution processability. Despite decades of
advancement, even the most developed colloidal QDs still
exhibit size distributions, complicating the understanding of
their intrinsic physical mechanisms due to the size-dependent
nature of their photophysical properties at the single-particle
level. It therefore presents a significant challenge for the on-
chip integration of OD QD-based single-photon emitters,
which are essential for the development of coherent quantum
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light sources. Moreover, the strong quantum confinement from
all directions leads to serious nonradiative Auger recombina-
tion in 0D QDs, increasing the fluctuations in PL intensity, i.e.,
blinking.g’16 While reducing Auger recombination in the
existing systems also tends to increase PL lifetime due to the
reduced electrostatic interaction between electrons (e”) and
holes (h*), which hampers the realization of quantum and
classical photonic technologies relying on high brightness as
well as fast communication rates.

A newer class of colloidal nanomaterials, known as quasi
two-dimensional (2D) quantum wells (QWs), features a thin
platelet geometry with lateral sizes ranging from ~10 to
hundreds of nanometers.'” These QWs exhibit one-dimen-
sional (1D) quantum confinement in the vertical direction,'®
the strength of which can be precisely set at the atomic scale
via thickness control. Since the thickness directly determines
the emission wavelength, inhomogeneous linewidth broad-
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Figure 1. Properties of Colloidal 2D QWs ensembles. (a,d) TEM images of IPE QWs and C@GS QWs, respectively. Insets: High-resolution TEM
images. (b,e) EDS line-scan results for the two types of QWs. (c,.f) PL spectra of an IPE QW and C@GS QW. Insets: Schematic representations of

crystal structures of the two types of QWs.

ening caused by size variations is effectively eliminated. This
leads to narrow emission linewidths and high absorption cross
sections.'”*’  Additionally, the large dimensions of QWs
facilitate the conversion of excess energy into carrier kinetic
energy, thereby their Auger recombination rates are intrinsi-
cally low. Colloidal 2D QWs can be prepared with identical
thickness, offering spectrally pure emitters suitable for diverse
optical applications. Among them, 2D CdX (X = Se, S, Te)-
based QWs have been demonstrated with high-color purities,
large absorption coefficient, and short radiative lifetimes.”' ~*°
Moreover, the atomically flat nature of 2D QWs enables the
fabrication of advanced heterostructures, such as core—shell,
core-crown and core-crown-shell.”*™>° These QW hetero-
structures have been extensively studied for high-performance
room-temperature lasing’’~>’ and light-emitting diodes
(LEDs).**™° Despite their promise, the exploration of
quantum properties in individual 2D QW heterostructures
remains limited. Unlocking their potential as candidates for
quantum information and quantum communication applica-
tions is therefore an urgent research priority. To date, only a
few studies have reported single-photon emission from
individual 2D QWs at room temperature, and their emission
properties have been suboptimal. For example, single 2D CdSe
QWs exhibit severe blinking behavior with emission intensity
comparable to background noise.”” Similarly, core/shell CdSe/
ZnS QWs have shown long-period blinking and bleaching.*®
In this work, we report a significant breakthrough in
achieving bright room-temperature single-photon emission
from a novel architecture of in-plane-engineered (IPE) 2D
QW heterostructures. These structures combine an in-plane
compositional gradient core of CdSe/CdSe,S,_, and an out-of-
plane graded alloyed Cd,Zn,_,S shell. The doubly gradient
(DG) architecture enables the IPE QWs (with a CdSe seed
size of ~8 nm) to exhibit stable ensemble PL with a near-unity
PLQY exceeding 99%. At single-particle level, individual IPE
QWs demonstrate an average g(z)(O) value of 0.15 + 0.04,
alongside effectively suppressed blinking, with a high average

ON-time fraction of 95 + 1.9%. Furthermore, the DG
structure allows precise tuning of the exciton concentration
within the CdSe seed by controlling the relative size of the seed
to the overall lateral size of the QW. This tunability enables the
optimization of single exciton radiative recombination rates as
well as nonradiative Auger recombination rates.”” By engineer-
ing the gradient core with a CdSe seed size of ~2 nm, we
achieved a high single-photon purity of ~92%, corresponding
to a g¢¥(0) value as low as ~0.08. These results represent a
significant advancement toward the realization of robust room-
temperature quantum emission based on the emerging
colloidal 2D QW system.

B RESULTS AND DISCUSSION

2D IPE QWs. The inset in Figure 1c schematically illustrates
the structure of the IPE QWs studied in this work. The
preparation of the IPE QWs begins with the synthesis of a
gradient core, involving the growth of 4-monolayer CdSe
seeds. Once the CdSe seeds reach the desired size, sulfur (S)
precursors were consistently introduced, resulting in a lateral
transition from CdSe to CdS due to the continuous
consumption of selenide (Se) and the injection of S precursors.
The morphology and composition of the gradient core were
characterized using spherical aberration-corrected transmission
electron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDS) mapping and line-scan characterizations, as shown
in Figure S1. Subsequently, the graded alloyed Cd,Zn,_,S shell
was grown by leveraging differences in the reaction rates of
zinc, cadmium and S precursors.”” This sequential reaction
enables the graded transformation from CdS to ZnS along the
vertical direction, as confirmed by EDS mapping results from
spherical aberration-corrected TEM (Figure S2). The typical
structural information on the final IPE QWs products were
revealed in Figure S3. For comparison, conventional core@
gradient shell (C@GS) QWs were also synthesized, with their
structural schematic shown in the inset of Figure 1f. TEM
images of both IPE and C@GS QWs (Figure la,d) reveal
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Figure 2. Single-photon purity of single 2D IPE QWs. (a) Wide-field illumination image of isolated QWs excited by a 470 nm LED. The scale bar
is 10 ym. Second-order PL intensity correlation functions measured under (b) pulsed excitation and (c) CW excitation at 470 nm with an
excitation power of 2.5 W/cm® (d) PL decay profile (red dots) of a VEE QW and the corresponding fitted curve (black line). Inset: Mean PL
lifetime ((7)) obtained from measurements of SO VEE QWs. Histograms of the g(z)(O) distribution for S0 VEE QWs (e) and 50 C@GS QWs (f).

highly uniform lateral sizes and shell thicknesses for the IPE
QWs compared to the C@GS QWs. EDS line-scan results
(Figure 1b,e) further highlight a key structural difference
between IPE and C@GS QWs: the in-plane size of the CdSe
core. The CdSe core in IPE QWs measures approximately 8
nm along the long axis, while in C@GS QWs, the CdSe core
size is around 20 nm. PL spectra of single IPE QWs show an
average emission peak at 643.9 + 2.3 nm with a linewidth of
19.2 + 1.5 nm, based on measurements of 50 QWs. Single C@
GS QWs exhibit an average emission peak at 653.9 + 3.3 nm
with a linewidth of 20.4 + 1.8 nm, determined from 50 QWs.
For comparison, the ensemble emission linewidths are
measured at 20.8 + 0.1 nm for IPE QWs and 20.0 + 0.2
nm for C@GS QWs (Figure S4). The strong spectral
correlation between single QWs and their ensembles highlights
the dominant role of 1D quantum confinement in 2D QWs
with lateral sizes exceeding 10 nm. This confinement ensures
that variations in the other two dimensions have negligible
effects on the optical properties, underscoring the unique
advantages of this system. Moreover, the PLQYs of all studied
QW ensembles exceed 99% (Figure S5). The exceptional
properties underscore the immense potential of 2D IPE QWs
as efficient single-photon emitters, warranting further explora-
tion of their room-temperature emission performance at the
single-particle level.

Single-Photon Emission from Individual 2D IPE QWs.
The single-photon purity of individual 2D IPE QWs was
evaluated through second-order photon correlation function
g(z)(‘r) measurements.*’ Figure 2a shows a wide-field
illumination image of the IPE QW dispersion, where each
bright spot corresponds to the fluorescence from an individual
IPE QW. Under pulsed laser excitation at 475 nm, the g(z) (0)
value was calculated to be ~0.14, representing the average area
ratio between the central and the four side peaks (Figure 2b).
This result aligns with the value of ~0.13 obtained under
continuous-wave (CW) excitation at the same wavelength

(Figure 2c). The mean lifetime of individual IPE QWs was
determined to be 12.6 + 0.1 ns (Figure 2d), which was based
on measurements of S0 QWs. To provide statistical insight,
¢¥(z) measurements were conducted on 50 IPE QWs, and a
histogram of g(z)(O) distributions is presented in Figure 2e.
The averaged g¥(0) value for IPE QWs is 0.15 + 0.04,
significantly lower than the averaged g (0) value of 027 +
0.06 obtained for C@GS QWs (as determined from 50 C@GS
QWs). This lower g®(0) value for IPE QWs reflects their
superior single-photon purity,”*>*" indicating effective sup-
pression of multiexciton emission in the IPE QWs studied
here. To further investigate the nonradiative Auger recombi-
nation rate of multiexcitons, power-dependent transient
absorption (TA) spectroscopy was performed on these QW
ensembles (Figure S6a—c). A fast decay component, character-
istic of Auger recombination, was observed in the TA spectra
of these QWs. Notably, the nonradiative Auger component in
IPE QWs exhibits a faster rate at all pump fluences compared
to C@GS QWs (Figure S6c), coinciding with the high single-
photon purity observed in 2D IPE QWs.

Minimum Blinking in Single 2D IPE QWSs. To
investigate the PL blinking behavior of individual IPE QWs,
we recorded the PL intensity time traces of both single IPE
QWs and C@GS QWs under pulsed laser excitation at 470
nm. PL intensity time trace of an IPE QW is presented in
Figure 3a (left panel), with the corresponding histogram of PL
intensity distribution shown in the right panel. The blinking is
very limited and follows a simple ON/OFF pattern, without
any GREY-state emission. Notably, the ON-time fraction for
the selected IPE QW is 95.9%, with an average ON-time
fraction of 95.0 + 1.9%. Additional PL intensity time traces of
other IPE QWs are provided in Figure S7. For comparison, we
measured the PL intensity time trace of single C@GS QWs, as
illustrated in Figures 3d and S8. Unlike the IPE QWs, the C@
GS QWs exhibit three blinking states: ON, GREY and OFF.
The ON-time fraction in a C@GS QW decreases to 54.8%,
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Figure 3. Blinking behaviors of single IPE QWs and C@GS QWs. (a,d) Representative PL intensity trajectories (black lines) of an IPE QW and
C@GS QW (left panels), with corresponding histograms (grey) shown in the right panels. The bin time is 10 ms. Dashed red and blue lines
indicate thresholds between ON, GREY and OFF states, used for calculating the ON-time fraction. (b,e) PL intensity (back lines) and average
lifetime (colored lines) for selected S s time regions (colored dashed boxes) from (a) and (d). (c,f) PL decay curves of the ON (black dots), GREY
(blue dots) and OFF (red dots) states corresponding to (a) and (d). 7X, 7X" and 7X" represent the decay times of neutral excitons, positive trions
and negative trions, respectively. Solid black lines are monoexponential fits, while solid grey lines represent the instrument response function (IRF)
of the system. (g) Schematic representation of potential barriers and e~ and h* wavefunctions along the out-of-plane direction for IPE QWs (top)
and C@GS QWs (bottom), respectively. (h,i) Schematic representations of e~ and h* wavefunctions along the in-plane direction for IPE QWs (h)

and C@GS QWs (i), respectively.

with an average ON-time fraction of 63.2 + 5.2% (refer to
Figure S9 for details), reflecting a significant decrease in the
time spent in the ON state. To further analyze the blinking
behavior, we selected short intervals (5 s) from the PL
intensity trajectories of both QWs, as indicated by the red
dashed box in Figure 3a and the blue dashed box in Figure 3d.
These intervals are shown alongside the average PL lifetime
trajectories (red and blue lines) for individual IPE QWs
(Figure 3b) and C@GS QWs (Figure 3e). The average lifetime
was calculated by taking a weighted average of the decay time
histogram.*”** A clear correlation between the PL intensity
fluctuations (ON/OFF) and the average lifetime observed in
both QWs indicates A-type blinking, which is attributed to the
charging-induced Auger recombination.**

The PL decay dynamics for different emission states were
extracted from the PL intensity trajectories. The ON state,
attributed to neutral excitons, exhibits lifetimes of 12.8 + 0.1
ns for an IPE QW and 15.0 + 0.06 ns for a C@GS QW, as
indicated by the black dots in Figure 3¢ f. In contrast, the OFF

34543

state for both QWs shows comparably short lifetimes of 1.8 +
0.1 ns and 2.1 + 0.08 ns, respectively (the red dots in Figure
3¢f), which should be from the same charged exciton
state.**° Interestingly the GREY state observed in a C@
QWs shows a slightly longer lifetime of 7.6 + 0.1 ns (the blue
dots in Figure 3f), which likely originates from a different type
of charged exciton state.”*

To further understand the physical origin of the observed
ON, GREY and OFF states in these QWs, we examined the
differences in their microscopic structures between IPE QWs
and C@GS QWs, as illustrated in Figure 3g—i. Both IPE and
C@GS QWs share a similar gradient shell composition along
the out-of-plane direction, the e” and h*" wavefunctions in both
cases are confined within the CdSe layer along this direction.
This confinement is due to the large energy difference between
the conduction and valence bands of CdSe and Cd,Zn,_,S, as
depicted in Figure 3g. However, the in-plane spatial
distributions of the e and h* wavefunctions differ significantly
between IPE QWs and C@GS QWs. In IPE QWs, the e™ and
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have been normalized to 1 for ease of comparison.

h" wavefunctions are highly localized at the CdSe center of the
gradient core (Figure 3h) due to the relatively large band
offsets between CdSe and CdS. In contrast, the e~ and h*
wavefunctions in C@GS QWs are more delocalized, as shown
in Figure 3i. The difference in wavefunction overlap has
important implications for the radiative recombination rate of
neutral excitons. In IPE QWs, the enhanced overlap of the e~
and h* wavefunctions leads to a faster radiative recombination
rate. Additionally, the stronger confinement of the h* in the
core center, compared to the e, facilitates the formation of
positive trions. The OFF state observed in both IPE QWs and
C@GS QWs can therefore be attributed to the Auger decay of
the positive trions. Meanwhile, the GREY state observed in
C@GS QWs, characterized by a slightly longer lifetime, likely
originates from the Auger decay of negative trions. This
interpretation aligns with previous studies indicating that the
Auger rates of positive trions is faster than that of negative
trions in II-VI quantum dots.'® Notably, this GREY-state
emission is completely suppressed in 2D IPE QWs, consistent
with the high ON-time fraction measured for exciton emission
(Figure 3a).

High ON-Time Fraction in Single 2D IPE QWs. Figure
4a, b show the fluorescence-lifetime-intensity distribution
(FLID) plots for IPE QWs and C@GS QWs, respectively.
Both plots show a clear correlation between the average
lifetime and PL intensity, consistent with the behavior of A-
type blinking. However, the occurrence probabilities of the
OFF states are too small in both QWs to generate sufficient
photon statistics for the FLID plots. Specifically, in the case of
an IPE QW, the OFF state is not prominent and even appears
to “disappear” in the FLID plot, while the ON state dominates
with longer durations and high emission intensities. This
observation aligns with the higher ON-time fraction observed
for single IPE QWs. In contrast, a clear signal corresponding to
the GREY state appears at shorter lifetimes in the FLID plot of
a C@GS QW. To further compare the A-type blinking
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behavior, we performed a detailed statistical analysis of the
probability distributions of the durations of ON and OFF
events derived from the PL intensity trajectories. The results
for an IPE QW and a C@GS QW are shown in Figure 4c¢,d. In
the log—log plots, the ON-time probability distributions
exhibit a rapid falloff at longer times, which is well-fitted by
a truncated power-law function: P, (t) = A t™ “"exp(—t/7)
(0o, is the power-law exponent of ON state, and 7 represents
the cutoff time),"*" ™" as represented by the solid red and
blue lines in Figure 4c. In contrast, the OFF-time durations
show nearly linear behavior, which can be well described by a
power-law distribution over nearly three decades:
Pgi(t) = Agt ™ (a. is the power-law exponent of OFF
state),”*" 7> as represented by the solid red and blue lines in
Figure 4d. The averaged fitting parameters 1/7 and a were
obtained by fitting S0 IPE QWs and 50 C@GS QWs,
respectively. The a,,(IPE) is 1.1 + 0.03 and «,,(C@GS) is 1.3
+ 0.04. The a,4(IPE) is 1.8 + 0.09 and a x(C@GS) is 1.6 +
0.1. The slow decay of the ON time distribution and the fast
decay of the OFF time distribution indicate that blinking in
our 2D QWs is dominated by long ON events and short OFF
event. Notably, IPE QWs possess a smaller a,, and a larger
Qo consistent with the observed high ON-time fraction.
Achieving pure single-photon emission at room temperature
is essential for advancing various quantum technologies, which
requires the rational design of single-photon emitters. The
novel DG structure of our 2D QWs enables precise control
over the exciton concentration within the CdSe seed by
adjusting the seed size relative to the overall lateral dimension
of the QW. This tunability allows for the optimization of single
exciton radiative recombination rates. To this end, we
engineered IPE QWs with a reduced CdSe seed size of ~2
nm, referred to as IPE QWs with a smaller seed size (IPE
QWs_SSS). These QWs exhibit a high single-photon purity of
~92%, corresponding to a g?(0) value as low as ~0.08, as
shown in Figure Sa,b. Detailed structural characterizations and

https://doi.org/10.1021/jacs.5c08797
J. Am. Chem. Soc. 2025, 147, 34540—34547


https://pubs.acs.org/doi/10.1021/jacs.5c08797?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08797?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08797?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08797?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c08797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
a b c
16
Avg. g%(0) = 0.1 £ 0.02
ol o gO~008 [N/ IPE Qws_sss

Events

ol o TR © A g0 :
200 100 0 100 200 2100 -50

Time (ns)

50 100 02 03 04 05

Time (ns) g%(0)

Figure S. Single-photon purity of an IPE QW_SSS. Second-order PL intensity correlation functions measured under (a) pulsed excitation and (b)
CW excitation at 470 nm with an excitation power of 2.5 W/cm? (c) Histogram of the g(z)(O) distribution derived from measurements of 50 QWs.

optical properties of IPE QWs_SSS are provided in Figure
S10a—c. A statistical analysis of g-(-z)(O) values across 50 QWs is
shown in Figure Sc, yielding an average g (0) of 0.1 + 0.02.
Furthermore, the PL blinking of single IPE QWs_SSS is
classified as A-type blinking, with an ON-time fraction of
~90% (Figure S11).

B CONCLUSIONS

In summary, we have, for the first time, demonstrated room-
temperature single-photon emission from individual colloidal
quasi 2D IPE QWs with a DG architecture. Individual IPE
QWs with a CdSe core size of ~8 nm exhibit an average g?(0)
value of 0.15 + 0.04 and a remarkably high ON-time fraction
of 95 + 1.9%, underscoring their purity and stability as
quantum emitters. Further optimization of the gradient core
structure by reducing the CdSe seed size to ~2 nm leads to a
high single-photon purity of ~92%, corresponding to a g?(0)
value as low as ~0.08. Our in-depth investigation into the
blinking behavior and its underlying physical origins reveal that
the gradual compositional transition in both the in-plane and
out-of-plane directions of the DG architecture plays a crucial
role in effectively passivating surface defects, mitigating strain-
induced crystal defects, and precisely controlling the spatial
overlap of e” and h* wavefunctions. This unique combination
results in 2D IPE QWs with a high ON-time fraction, minimal
blinking, and a simple ON/OFF pattern without intermediate
GREY state emission. The insights gained from this study
enhance our understanding of the photophysics underlying
single-photon emission in colloidal 2D QWSs. Our findings
establish that colloidal 2D QWs are a promising single-photon
source platform at room temperature, with great potential to
simultaneously satisfy the balance of high uniformity, high
PLQYs, narrow emission linewidths, and significantly sup-
pressed blinking. Furthermore, the on-chip integration of 2D
QW-based single-photon sources offers a potential break-
through in addressing the limitations of conventional 0D QD-
based single-photon emitters, thereby advancing the develop-
ment of coherent quantum light sources for quantum
technologies.
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