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ABSTRACT
Twist  provides  a  new  degree  of  freedom  for  nanomaterial  modifications,  which  can  provide  novel  physical  properties.  Here,
colloidal two-dimensional (2D) twisted CdSe nanoplatelets (NPLs) are successfully fabricated and their morphology can change
from  totally  flat  to  edge-twisted,  and  then  to  middle-twisted  with  prolonged  reaction  time.  By  combining  experiments  and
corresponding  theoretical  analyses,  we  have  established  the  length-dependent  relationships  between  the  surface  energy  and
twist, with a critical lateral dimension of 30 nm. We found that the defects formed during the synthesis process play a vital role in
generating  intense  stress  that  develops  a  strong  torsion  tensor  around  the  edges,  resulting  in  edge-twisted  and  final  middle-
twisted NPLs. Furthermore, due to the geometric asymmetry of twisted NPLs, the dissymmetry factor of single particle NPLs can
reach up to 0.334. Specifically, quantum coupling occurs in middle-twisted NPLs by twisting one parent NPL into two daughter
NPLs,  which  are  structurally  and  electronically  coupled.  This  work  not  only  further  deepens  our  understanding  of  the  twist
mechanism  of  2D  NPLs  during  colloidal  synthesis,  but  also  opens  a  pathway  for  applications  using  twistronics  and  quantum
technology.
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 1    Introduction
Twist, one of the most fascinating geometries in the natural world,
has  been observed for  a  number of  synthetic  materials,  playing a
peculiar  role  in  the  fundamental  fields  of  physics,  chemistry,
biology,  and  materials  science  [1–5].  In  particular,  twist  has
recently emerged as a promising new degree of freedom for one-
dimensional  (1D)  and  two-dimensional  (2D)  nanomaterial
modifications,  introducing  novel  physical  properties,  such  as
Hofstadter’s  spectra  [6, 7],  unconventional  superconductivity  [8],
moiré  excitons  [9],  tunneling  conductance  [10],  and  nonlinear
optics  [11],  etc.  Precisely  controlling  the  twist  angle  of  2D
materials  can  effectively  change  the  crystal  symmetry  and  tailor
the interlayer coupling strength of twisted multilayers. To achieve
a  twist  in  nanomaterials,  internal  or  external  driving  forces  are
mandatory,  where  transfer  methods  [8, 10],  atomic  force
microscope  tip  manipulation  techniques  [12],  or
micromechanically  stacking  in  desired  relative  orientations  were
used  [13].  However,  the  majority  of  these  methods  borrow
external forces, and the twist that arises naturally during synthesis
is  still  limited  by  poor  control  of  internal  forces.  Furthermore,

these systems suffer  from the lack of  understanding of  the origin
of  the  governing  factors  behind  the  twist,  and  as  a  result,  the
controls are imprecise.

Colloidal  2D  semiconductor  quantum  wells,  also  known  as
nanoplatelets  (NPLs),  have  recently  emerged  as  a  favorable  and
novel  platform  for  optoelectronic  applications,  including  light-
emitting  diodes  and  lasing  [14–22].  Compared  to  other  thin
nanomaterials  that  can  twist  under  stresses,  such  as  graphene  or
transition  metal  dichalcogenides,  colloidal  NPLs  are  more
versatile, and their thickness, composition, and lateral dimensions
can  be  varied  to  tune  their  optoelectronic  properties  [23].
Recently,  increasing  evidence  suggests  that  NPLs  may  curl  into
scrolls,  helices,  and  twists,  which  are  predicted  to  favor  peculiar
optical  properties,  such  as  circularly  polarized  light  [24–30].
Despite the progress made, the in-depth understanding or physical
explanation of such structural curvature is still lacking [31]. This is
partly  since almost  all  past  reports  have focused on the influence
of the surface stress induced by the surface ligands [32], which are
absorbed  onto  the  crystalline  surface  and  deform  the  inorganic
core,  whereas  only  a  few  recent  reports  have  studied  the  surface
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defects-induced  stress  variation  and  its  effect  on  the  shape  and
optical properties of NPLs [14]. Especially in the case of 2D NPLs
with  high  fractions  of  surface  atoms  that  are  synthesized  by
colloidal  method,  surface defects  play a major and non-ignorable
inducement  for  the  twist,  providing  an  attractive  alternative
platform  for  further  promoting  the  understanding  of  the
fundamental mechanism underlying internal stress-induced twists
in colloidal NPLs.

Here,  we  introduce  breaking  the  symmetry  of  2D CdSe  NPLs
by  twist,  which  evolves  naturally  during  the  colloidal  synthesis
process  in  the  solution  phase.  With  the  growth  of  NPLs,  the
morphology of NPLs changes from totally flat to edge-twisted, and
then  to  middle-twisted.  Both  experimental  observations  and
associated  theoretical  analysis  indicate  that  the  twist  is  length-
dependent, where the critical length for twist is calculated to be 30
nm.  We  further  explore  the  vital  role  of  surface  defects  in  twist
formation.  Moreover,  circularly  polarized  excitation  studies  were
performed  on  the  middle-twisted  NPLs  using  single-particle
spectroscopy,  and  the  dissymmetry  factor  can  reach  up  to  0.334,
which  is  much  larger  than  that  of  chiral  NPLs  produced  by  the
ligand  exchange  method.  Impressively,  the  quantum  coupling  is
discerned in the middle twisted NPLs by the redshift of the band
gap  transitions  as  well  as  single-particle  spectroscopy  studies.
Considering the variety of  novel  and fantastic  physical  properties
of  twisted  NPLs,  such  as  chirality  and  quantum  coupling,  our
work  creates  a  framework  for  the  further  development  of
twistronics,  quantum  technologies,  and  optoelectronic
applications.

 2    Experimental

 2.1    Synthesis of cadmium myristate
Cadmium  myristate  (Cd(Myr)2)  was  prepared  as  reported
elsewhere.  Typically,  1.54  g  (5  mmol)  of  cadmium  nitrate
tetrahydrate  (Cd(NO3)2·4H2O) was  dissolved  in  40  mL methanol
by  stirring.  In  a  separate  beaker,  3.13  g  (12.5  mmol)  of  sodium
myristate was dissolved in 250 mL of methanol by stirring for 1 h.
After  complete  dissolution,  Cd(NO3)2 solution  was  slowly  added
to the sodium myristate solution and kept for 1 h under stirring.
The white precipitates of Cd(Myr)2 were rinsed and washed with
methanol for several times and dried under vacuum for overnight.

 2.2    Synthesis of three monolayers CdSe NPLs
Three  monolayers  (3  ML)  CdSe  NPLs  were  synthesized  as
reported  with  few  modifications  [33].  In  a  typical  3  ML  CdSe
NPLs  synthesis,  170  mg  (0.3  mmol)  of  Cd(Myr)2,  20.5  mg  (0.26
mmol)  selenium  powder,  15  mL  octadecene  (ODE)  were  loaded
in a 3-necked round bottom flask and subjected to vacuum at 100
°C for 1 h. The reaction was then connected to nitrogen flux and
heated to  160 °C for  10  min.  The color  of  the  solution gradually
turned from dark black to pale, and the temperature was raised at
10  °C/min.  When  the  temperature  approached  200  °C,  100  μL
propionic  acid  dispersed  in  1  mL  ODE  was  swiftly  injected  into
the  solution  for  the  nucleation  of  CdSe  nanocrystals,  as  the
temperature continuously kept increasing to 220 °C. The reaction
was  kept  at  220  °C for  20  min for  the  growth of  NPLs.  After  20
min, 2 mL cadmium oleate (0.5 M) was injected into the solution,
the  heating  mantle  was  removed,  and  the  solution  was  cooled
under air. Around 60 °C, the CdSe NPLs solution was mixed with
10 mL n-hexane and purified from unreacted precursors, and the
nanoparticles were re-dispersed in hexane for analyses.

 2.3    Characterization methods
The transmission electron microscopy (TEM) images  were taken
on  a  JEOL  2100  TEM  equipped  with  an  LaB6 filament  at  an

acceleration  voltage  of  200  kV.  High-resolution  TEM  (HRTEM)
and scanning transmission electron microscopy (STEM) imaging
were  taken  on  a  Tecnai  F20  G2  microscope  (Thermo  Fisher
Scientific)  with  an  accelerating  voltage  of  200  kV.  The
ultraviolet–visible  (UV–Vis)  absorption  spectra  of  the  samples
were  recorded  using  UV–Vis/NIR  spectrophotometer  (V-670,
JASCO).  The  photoluminescence  (PL)  spectra  were  measured
with  a  fluorescence  spectrophotometer  (SpectraScan,  PR-655)
with an excitation wavelength of 365 nm.

 2.4    Single particle optical measurements
Single  particle  measurements  were  performed  by  a  homemade
confocal  fluorescence  imaging  microscope.  A  supercontinuum
laser (EXW-12, NKT, 50–100 ps,  5 MHz repetition rate) with an
acousto-optic  tunable  filter  (SuperK  VARIA)  was  used  as  the
excitation light source to generate a laser with a wavelength of 405
± 5 nm. An oil immersion objective lens (Olympus, 100x, 1.3NA)
was  used  to  excite  the  single  NPLs  sample  and  collect  the  PL
photons.  The  PL  photons  passing  through  a  dichroic  mirror
(Semrock) and a high-pass filter (Semrock), were focused on a 50
μm  pinhole  to  exclude  out-of-focus  photons.  Then,  the  PL
photons  were  divided  into  two  beams  by  a  50/50  beam  splitter
cube  and  finally  collected  by  a  pair  of  single-photon  avalanche
diode  detectors  (SPCM-AQR-15,  PerkinElmer).  The
synchronization  signal  of  the  picosecond-pulsed  laser  and  the
arrival time of each photon was recorded by a time-tagged, time-
resolved,  and  time-correlation  single  photon  counting  (TTTR-
TCSPC) data acquisition card (HydraHarp 400, PicoQuant). With
a  routine  written  in  MATLAB,  we  could  obtain  the  PL  intensity
trajectories,  decay  curves,  second-order  correlation  function
curves,  and  fluorescence  lifetime  intensity  distribution  of  single
NPLs.  The  PL  spectra  of  single  NPLs  were  recorded  by  a
spectrograph (Andor, Shamrock 500i).

 2.5    Single particle circular polarization measurements
The output of the supercontinuum laser with 405 nm was filtered
by  a  Glan-Taylor  polarizer  (GT10,  extinction  ratio  >  100,000:1)
and a broadband polarizing beamsplitter (PBS121, extinction ratio
> 1000:1) was used to generate a linearly polarized light. A quarter
waveplate  (AQWP10M-580)  converts  the  linearly  polarized  light
to  circularly  polarized  light.  The  right  and  left-handed  circular
polarizations were alternated by turning the fast axis of the quarter
waveplate.  The  excitation  beam  was  then  focused  on  the  sample
using an oil immersion objective lens (Olympus, 100x, 1.3NA) to
excite  the  single  NPLs  and  collect  the  PL  photons.  In  the
transmitted  light  path,  a  long-pass  emission  filter  was  used  to
block  the  excitation  beam  and  allowed  the  measurement  of  the
luminescence of  NPLs.  Then,  the epi-detected signal  was filtered,
using a dichroic mirror and a long-pass filter, and coupled into a
pair of  single-photon avalanche diode detectors (SPCM-AQR-15,
PerkinElmer)  that  were  connected  to  a  time-correlated  single
photon counting (TCSPC) system (PicoQuant, HydraHarp 400).

 3    Results and discussion
3 ML CdSe NPLs were synthesized according to a modification of
previously  reported  procedures  developed  for  colloidal  2D
semiconductor  NPLs  [33],  as  described  in  detail  in  the
Experimental section. Briefly, it involves a solution-based reaction
by  heating  Cd  carboxylate  and  elemental  Se  in  ODE  typically  to
220  °C  with  the  addition  of  a  short-chain  ligand  at  a  specific
nucleation temperature. It is possible to tune the width and aspect
ratio  of  NPLs  by  varying  the  chain  lengths  of  Cd  carboxylate
precursors  and  growth  conditions.  The TEM  image  in Fig. 1(d)
indicates  that  uniform  flat  NPLs  with  a  width  of  6  nm  and  a
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length of 28 nm were formed at a growth time of 3 min, which is
also  clearly  observed  by  the  high-angle  annular  dark-field
scanning  TEM  (HAADF-STEM)  characterization.  At  5  min,  the
length  of  the  obtained  NPLs  increased  to  40  nm,  while  most  of
them  exhibited  twist  at  the  edge  of  the  NPL  (Fig. 1(e)),  which
could  be  more  clearly  observed  by  high-resolution  STEM  (Fig.
1(h)).  This  edge-twist  effect  also  explains  the  apparent  width
variations  observed  along  the  NPLs.  The  width  of  the  NPLs
reduced three times from 6 to approximately 2 nm, as can be seen
from the  width  and  length  statistics  in Fig. 1(k).  After  10  min  of
reaction,  no  remarkable  changes  in  the  length  of  the  NPLs  have
been  observed,  and  almost  all  the  NPLs  underwent  twist,  and
majority of which were located in the middle (Figs. 1(f) and 1(i)).
From the  size  statistics  shown in Fig. 1(l),  the  width of  the  NPLs
shortens from 6 to 2 nm near the middle, and then bounces back
to  6  nm  upon  reaching  the  opposite  end,  coinciding  with  the
middle-twist  effect.  Their  corresponding  histograms  of  the  twist
probability  of  NPLs  are  reflected  in Figs.  1(m)–1(o),  from which
we can clearly see that with extending the growth time, the NPLs
change  from  flat  to  edge-twist,  then  to  middle-twist.  It  is  noted
that the size distribution analysis was based on the observations of
200  NPLs  for  each  sample,  and  thus  TEM  images  obtained  in  a
larger  scale  containing  more  NPLs  are  shown  in Fig. S1  in  the
Electronic  Supplementary  Material  (ESM).  These  twisted  NPLs
are  stable,  and  they  will  not  turn  back  to  untwisted  ones  after
being fabricated, as the twist is due to the lattice and morphology
variation, and twist induced the helical atomic arrangement along
the crystallographic directions, which leads to the crystallographic
change  in  a  periodic  lattice.  These  results  present  a  structural
evolution of the isolated 3 ML CdSe NPLs from totally flat to edge-
twist  and  then  to  middle-twist  during  their  growth  in  colloidal
solution.

Now the question arises why these NPLs are prone to twist the
structures  into  a  distorted  model  rather  than  keeping  their
completely  planar  geometry.  We  have  established  a  theoretical
model to investigate the twist of NPLs (details of the model can be
found in the ESM). The model demonstrates that the spontaneous
twist  in  NPLs  is  predominantly  driven  by  the  compressive  edge
stress.  As  shown  in Fig. 2(a),  the  twist  angle θ-dependent  total
energy curve is  calculated for the NPLs with a short length of  28
nm  (growth  time  of  3  min),  and  the  minimum  energy  at  zero

twist angle indicates that the planar geometry without twist is the
most stable state for short NPLs. However, with the increase of the
NPLs  length  (40  nm),  the  total  energy  curve  transforms  into  a
double-well potential with two symmetric minima away from θ =
0, driven by the compressive edge stress. Thus, the twist becomes
the most energetically favorable state. Therefore, both internal and
external forces which we will  discuss later would result  in a non-
zero critical strain, below which the NPLs twist. While this effect is
prominent  in  longer-length  NPLs,  it  arguably  diminishes  in  the
case of relatively short NPLs. The dependence of twist angle on the
length  originates  from  the  competition  between  bulk  and  edge
energies. We further calculated the critical length for twisted NPLs
as  30  nm,  as  shown in Fig. 2(b),  which  is  also  within  minutes  of
the initial rapid growth of the NPLs. When the length of the NPLs
gradually  elongates  and exceeds the critical  length,  the imbalance
of  compressive  stress  along  the  lateral  length  leads  to  instability,
where  the  NPLs  need  to  lower  their  energy  and  give  rise  to  the
torque  for  twist  on  the  edge.  In  order  to  fully  release  the
superfluous  surface  energy,  the  NPLs  tend  to  twist  into  helical
structures  along  the  length  direction,  forming  a  new  low-energy
equilibrium state.

Since  the  twist  is  created  during  the  synthesis  process,  surface
strain  may  be  caused  by  both  the  surface-absorbed  ligands  and
defects formed during the growth process. On one hand, the self-
assembly absorbed ligands on the surface can induce surface stress
on the crystalline surface due to the asymmetrical organometallic
bonds,  which will  distort  the surface crystallinity [24, 32].  On the
other  hand,  the  stresses  can  also  come  from  any  kind  of  defects
formed during the growth process that cause the internal trapped
stresses [2], which tend to be released at elevated temperatures and
usually  result  in  twisting  or  rolling  on  their  way  out.  Since  the
ligand-induced  variation  of  surface  stress  and  their  effect  on  the
twist or rolling of NPLs have been discussed in some studies over
the  past  few  years  [24, 32],  we  here  focus  more  on  the  effect  of
defects.  Once the growth of  an individual  NPL is  complete,  both
ends of CdSe NPL lack ligands and are exposed. These uncovered
facets contain defects that are more concentrated along the edges
of the NPLs having (110) facet exposed, which turn out to be the
most favorable slip plane for cubic structures and further develop
a strong torsion tensor around the edges, resulting in rotation and
final twist of NPLs.
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Figure 1    Twist in colloidal 2D CdSe NPLs. (a)–(c) Schematic, (d)–(f) TEM, (g)–(i) HAADF-TEM, (j)–(l) the width statistics of ten separate NPLs at different length
nodes, and (m)–(o) probability distribution for untwisted, edge-twisted, and middle-twisted NPLs.
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The defects  formed during the synthesis  process  play a  critical
role  in  such  structure  distortion,  which  generates  strong
compressive  stress  resulting  in  the  twist.  The  thickness  of  3ML
CdSe  NPLs  is  merely  one  nanometer  [16],  so  the  presence  of
vacancies or defects enables distortion in the coordination number
of  the  unit  cell  and  gives  rise  to  internal  stress.  In  addition,  the

missing atoms during the synthesis process may break the original
charge  balance  of  the  bulk  atoms,  and  the  imbalanced  charges
responding  to  the  missing  atoms  will  rearrange  themselves  and
tend to  settle  within  the  space  between the  surface  atoms,  giving
rise  to  a  net  force  mainly  to  the  surface  atoms.  These  forces  are
high  enough,  depending  upon the  concentration  of  vacancies,  to
cause  the  contraction  of  the  surface,  which  is  higher  for  open
surfaces.  We  performed  the  first-principles  calculation  of  finite
NPLs with the absence of surface atoms and it shows the missing
atoms on the surface (vacancies) cause the compressive edge stress
of 0.051 eV/Å2.  Such large compressive edge stress is sufficient to
drive the twist of NPLs, as demonstrated in the theoretical model
in Fig. 2(a).

We have also investigated the effect of the lateral aspect ratios of
NPLs on the twist of NPLs, and Fig. 3 shows the twisted structures
of colloidal CdSe NPLs with larger lateral aspect ratios. NPLs with
different  aspect  ratios  were  synthesized  following  the  same
procedures,  which  can  be  achieved  by  controlling  the
concentration  of  ligands.  The  TEM  image  in Fig. 3(a) shows  the
twisted  NPLs  with  a  width  of  7  nm and a  length  of  60  nm (Fig.
3(c)),  and  the  twisted  probability  reaches  up  to  93%  (Fig. 3(e)),
suggesting  that  nearly  all  the  NPLs  are  twisted  at  high  aspect
ratios. The TEM image in Fig. 3(b) shows the twisted NPLs with a
larger aspect ratio of 10 when the width was 9 nm and the length
reached  up  to  90  nm  (Fig. 3(d)),  and  almost  all  the  NPLs  were
middle-twisted  (Fig. 3(f)).  This  also  can  be  proved  by  our
theoretical  model  in Fig. 2(b),  where  the  angle  of  twist  increases
with length, that is, twist is more likely to occur. Such a high twist
probability  further  demonstrates  that  twist  is  a  more  stable  state
when NPLs  exist  in  a  larger  aspect  ratio.  For  lower  aspect  ratios,
when  the  length  of  NPLs  reaches  up  to  a  critical  dimension  to

 

(a)

(b)

Figure 2    (a)  The  total  energy  of  NPLs  with  different  length  as  a  function  of
twist angle θ. (b) The dependence of spontaneous twist angle θ on the length of
NPLs. The critical length of the twist NPL is 30 nm.
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Figure 3    Twist  in  colloidal  2D NPLs with  larger  lateral  aspect  ratios.  ((a)  and (b))  TEM, ((c)  and (d))  the  width statistics  of  ten separate  NPLs at  different  length
nodes, and ((e) and (f)) twist distribution of colloidal CdSe NPLs with aspect ratios of 8.5 and 10, respectively.
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release the surface energy, the NPLs tend to roll into tubes or bend
into  helical  structures  along  the  width  or  length  direction,  which
have been reported in some literatures [24, 27]. For higher aspect
ratios, since the NPLs are more flexible and mechanically unstable,
and the fact that the ligand distributions on the surface are much
more  asymmetric,  and  the  defects  are  more  concentrated  in  the
sharp  edges  and  corners  [34],  which  are  activated  at  higher
temperatures and prone to twist.

As  these  twisted  CdSe  NPLs  possess  helical  atomic
arrangements  along  the  crystallographic  directions,  there  is  the
possibility  to  trigger  crystallographic  or  geometric  chirality  in
periodic  lattices  [35, 36].  Single-particle  spectroscopy  based  on
circularly  polarized  excitation  is  a  standard  optical  technique  for
studying  the  chirality  of  chiral  objects  [37],  which  measures  the
amount  of  differential  absorption  cross-section  of  chiral  objects
under  left-handed  circularly  polarized  light  (LCP)  and  right-
handed circularly polarized light (RCP). To explore the circularly
polarized characteristics  of  the  middle-twisted  3  ML CdSe NPLs,
the single-particle circularly polarized excitation studies have been
carried  out  at  room  temperature  using  a  home-built  confocal
fluorescence  imaging  microscope.  Here,  we  present  our
experimental  results  to probe circular dichroism of a  single NPL,
based  on  the  different  amounts  of  absorbed  energy  for  LCP and
RCP  light,  thus  obtaining  a  single-particle  circular  dichroism  PL
intensity trajectories (Fig. 4), as the chiral object presents different
absorption cross-sections for  each handedness.  For a  single  NPL,
the  only  difference  upon  modulation  is  the  circular  polarization
state,  the  PL  intensity  signal  should  be  proportional  to  its
difference between LCP and RCP absorption, which is exactly the
circular  dichroism  signal  we  seek.  Comparing  the  LCP  PL
intensity  (Fig. 4(a))  with  the  RCP  PL  intensity  (Fig. 4(b)),  the
emission  maintains  almost  the  same  tracing,  and  a  considerable
intensity  difference  is  present.  Here,  we  use  the  dissymmetry
factor, g,  defined  as g =  2(σL − σR)/(σL + σR)  [38],  which  gives  a
measure  of  the  differential  circular  absorption  cross-section
normalized  by  the  average  cross-section  to  quantitatively
characterize  the  degree  of  the  circular  polarization  property.  The
average g for these single NPLs is estimated to be 0.255, which is
comparable  or  even  larger  than  chiral  plasmonic  gold
nanoparticles, and much larger than chiral NPLs produced by the
ligand exchange method [39, 40]. The large g factor is due to both
lattice  and  morphology  chirality,  and  twist  induced  the  helical
atomic  arrangement  along  the  crystallographic  directions,  which
leads to crystallographic chirality in a periodic lattice. Moreover, as
the NPLs randomly initiate twist with one-handedness in colloidal
solution, nearly equal amounts of these two enantiomers make the
circular dichroism spectra of NPLs solution featureless.

Twist of NPLs may give rise to new and interesting phenomena

in such distinctive nanostructures, and we then consider the effect
of  twist  on  the  optical  properties  in  these  NPLs.  Absorption
spectra  of  the  untwisted,  edge-twisted,  and  middle-twisted  NPLs
are  shown  in Fig. 5(a).  Compared  to  the  untwisted  NPLs,  the
middle-twisted NPLs exhibit a considerable red-shifted absorption
peak  for  the  heavy-hole  excitons,  while  light-hole  excitons  show
no redshift. We attribute this red-shift to the presence of quantum
coupling  that  hybridized  the  band-edge  orbitals  of  the “two
daughter NPLs” caused by twist in the middle of single NPLs and
thus  reduced  the  quantum  confinement  energy  [41].  The
magnitudes of the redshift shown in the middle-twisted NPLs is ~
3.6 meV for the heavy-hole excitons,  which is slightly lower than
the  14  meV of  the  recently  reported  coupled  colloidal  CdSe/CdS
quantum dot molecules [41], and can be attributed to the unique
1D  confinement  exciton  in  quantum  wells.  In  addition,  we
observed coupling between the excited states of heavy-hole but not
for  the  ground  state  of  the  light-hole  excitons  in  middle-twisted
quantum  wells,  and  we  believe  that  is  because  the  heavy-hole
excitons are predicted to show a stronger Stark shift than the light-
hole excitons due to the larger effective mass of heavy-hole, which
has  been  confirmed  experimentally  [42].  PL  measurements  can
provide  basic  insights  into  the  relaxation  of  photogenerated
excitons  (Fig. 5(b)).  The  middle-twisted  NPLs  show  a  redshift  of
5.8  meV  in  the  PL  compared  to  the  untwisted  NPLs,  further
confirming the significant quantum coupling for the electron wave
functions of two daughter NPLs in one parent NPL separated by
the twist. No significant changes in the absorption and PL spectra
of  edge-twisted  NPLs  were  observed,  which  indicate  that  edge
twist did not change the photophysical characteristics of NPLs as
no  coupled  NPLs  were  formed.  Therefore,  we  conclude  that
quantum  coupling  occurs  only  in  middle-twisted  NPLs  by  twist
one  parent  NPL  into  two  daughter  NPLs,  which  are  structurally
and electronically coupled.

To further demonstrate the quantum coupling of NPLs, the PL
intensity trajectories of single untwisted, edge-twisted, and middle-
twisted  NPLs  have  been  recorded  at  room  temperature.  The  PL
intensity trajectories of single untwisted NPLs exhibit very strong
blinking,  and  a  typical  example  is  shown  in Fig. 5(d),  indicating
that the single untwisted NPLs do not have a continuous on-state
intensity  distribution,  and  spend  most  of  their  time  close  to  the
dark state. Such blinking trajectory is very typical for single NPLs
and has been explored in a wide range of literatures [43–45]. The
PL  trajectory  of  single  edge-twisted  NPLs  shares  nearly  a  similar
blinking behavior and spends most of its time in the off state (Fig.
5(e)).  In  comparison,  individual  middle-twisted  NPLs  under
similar  excitation  conditions  present  a  continuous  on-state
distribution,  as  illustrated  in Fig. 5(f).  A  similar  change  in  the
emission  intermittency  for  coupled  nanoparticles  has  been
observed  in  CdSe/CdS  quantum  dots  [41],  as  well  as  associated
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Figure 4    Chiral  excitation  dependence  of  middle-twisted  NPLs.  Emission  time  traces  of  a  single  middle-twisted  NPL  at  room  temperature  under  left-handed
circularly polarized light (LCP) ((a), black) and right-handed circularly polarized light (RCP) ((b), red), with g factor of −0.178. Emission time traces of another single
middle-twisted NPL under LCP ((c), black) and RCP ((d), red), with g factor of 0.333. The time traces are binned at 50 ms.
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with  a  much  faster  multiexponential  decay  compared  with
untwisted and edge-twisted NPLs (Fig. 5(c)).

These observations further suggest that quantum coupling takes
place  in  middle-twisted  NPLs  and  provide  several  important
insights  into  understanding  some  fundamental  questions:  (1)
Quenching of the radiative decay time related to coupling may be
associated with tunneling between two daughter  NPLs.  For  most
quantum  dots  solids  or  double  nanoparticles,  the  dipolar
fluorescence  resonance  energy  transfer  (FRET)  is  dominant  for
the  faster  decay  rate,  which  occurs  before  the  successful
recombination  of  the  electron  and  hole  (Fig. 5(g))  [46, 47].  For
these  organically  linked  nanoparticles,  the  tunneling  effect  of
electrons  through  the  high  barrier  of  ligands  is  less  prominent
[47]. Twist splits one (parent) NPL into two daughter NPLs with
no organic ligand stuck in the middle as the high potential barrier,
where tunneling of the electron occurs (Fig. 5(h)). (2) The non-off
emissive states in middle twisted NPLs arise due to efficient Auger
suppression  and  accommodation  of  photogenerated  trion  states.
Trions  can  either  be  negatively  or  positively  charged  because  of
their  nature of  three carriers (two electrons and one hole,  or one
electron  and  two  holes)  [48–51].  It  has  been  reported  that  the
emission  spectra  of  NPLs  show  a  significant  contribution  from
trions  at  low  temperatures  [49, 52].  Alternatively,  confinement
potential  engineering  has  been  demonstrated  as  an  efficient
approach to  suppress  Auger  recombination process  and enhance
trion emission [53]. Compared with nanocrystals, NPLs with their
strong confinement in the thickness direction and extended lateral
geometries  exhibit  large  exciton  coherence  sizes  and  reduced
carrier-carrier interactions that present an exciting opportunity for
hosting  trions  [16].  In  middle-twisted  NPLs,  the  Auger  rate  is

suppressed and the trions tend to become emissive. (3) In contrast
to untwisted and edge-twisted NPLs,  it  is  interesting to note that
the  middle-twisted  structure  exhibits  more  trions  in  their  single-
particle PL trajectories.  The difference could be connected with a
much  softer  confinement  potential  crested  by  twist  compared  to
organic ligands in the middle [47]. In colloidal NPLs, carriers are
strongly  confined  only  along  one  dimension,  where  an  electron-
hole (e-h) pair is strongly bound and is expected to move together
as  an  exciton  at  room  temperature  due  to  strong  e-h  Coulomb
interaction  [54].  In  particular,  after  the  creation  of  two  daughter
NPLs  by  twist,  the  excess  carriers  that  confined  only  in  one
dimension of NPLs are free to rearrange in the lateral  plane,  and
have  more  possibility  to  tunnel  the  twisted  symmetric  region  to
form  a  new  type  of  trion  (Fig. 5(i)),  offering  novel  types  of
multicarrier  configurations,  and  increasing  the  trion  lifetime  due
to  both  structural  and  spatial  separation  as  compared  with
untwisted and edge-twisted NPLs.

The  current  endeavor  to  develop  coupled  artificial  molecules
largely  relies  on  the  design  of  coupled  nanocrystal  structures,
ranging  from  double  quantum  dots,  dimers,  to  superlattices,  in
which  quantum  tunneling  of  charged  carriers  or  dipole–dipole
interactions  of  neutral  carriers  are  exploited  [41, 55].  For  2D
colloidal  NPLs,  their  potential  as  building  blocks  for  molecular
superstructures  with  quantum  coupling  remains  unclear.  The
existence  of  inter  NPLs  excitations  in  coaxially  stacked  NPLs  is
evidenced  by  some  primary  constitutions  [56, 57].  However,  the
quantum  tunneling-driven  coupling  formation,  analogous  to
epitaxial  quantum well  superlattices,  is  inhibited  due  to  the  large
potential  barrier  (2–4  eV)  imposed  by  the  interlinking  ligands
[47].  We  hereby,  achieve  this  coupling  by  twist,  which  enables

 

(a)

(b)

(c)

(d)

(e)

(f)

(g) (h) (i)

Figure 5    (a) and (b) Absorption and PL spectra of untwisted (blue), edge-twisted (red), and middle-twisted (green) NPLs. (c) PL lifetime decay curves of untwisted
(blue), edge-twisted (red), and middle-twisted (green) NPLs. (d)–(f) Typical PL intensity trajectories of single untwisted (blue), edge-twisted (red), and middle-twisted
(green) NPLs. The possible exciton dissociation pathway through resonant energy transfer (g) or via tunneling (h). (i) The excess carrier may occupy the region of the
daughter NPL and form a trion.
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twist one parent NPL into two daughter NPLs that are structurally
and electronically coupled without any interlinking organic spacer
layer.  The  electronic  structures  of  these  twisted  NPLs  can  be
modified by a robust route of twist and the dielectric environment
can  be  altered  by  confined  carriers  polarized  to  the  twisted
symmetric one. These twisted NPLs are of great practical interest
as an additional degree of freedom in the design of the electronic
structures and possibly combine the excellent optical properties of
NPLs  with  relevance  toward  diverse  applications,  especially
quantum technologies.

 4    Conclusions
In summary, we report the origin and propagation mechanism of
twist  in  2D CdSe NPLs during the colloidal  growth process.  The
morphology  of  NPLs  converts  from  totally  flat  to  edge-twisted,
and  then  to  middle-twisted  with  the  growth  time  of  NPLs.  The
associated theoretical analysis shows the twist is length-dependent,
with the critical length ~ 30 nm. We further explored the vital role
of  surface  defects,  which  generate  strong  stress  that  causes  a
torsion  and  results  in  a  twist.  The  circularly  polarized
characteristics  of  the  middle-twisted  NPLs  were  observed.  The
dissymmetry  factor  for  middle-twisted  NPLs  up  to  0.334  was
achieved,  which  is  much  larger  than  that  of  the  chiral  NPLs
synthesized  by  the  ligand  exchange  method.  Impressively,
quantum  coupling  can  be  discerned  in  the  middle-twisted  NPLs
by the redshift of the band gap transitions as well as single-particle
circularly  polarized  excitation  studies.  Considering  the  variety  of
remarkable  physical  properties  of  twisted  NPLs,  such  as  chirality
and  quantum  coupling,  our  work  creates  a  framework  for  the
further  development  of  twistronics,  quantum  technologies,  and
optoelectronic applications.
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