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Direct Observation of Off-Stoichiometry-Induced Phase
Transformation of 2D CdSe Quantum Nanosheets
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Crystal structures determine material properties, suggesting that crystal
phase transformations have the potential for application in a variety of
systems and devices. Phase transitions are more likely to occur in smaller
crystals; however, in quantum-sized semiconductor nanocrystals, the
microscopic mechanisms by which phase transitions occur are not well
understood. Herein, the phase transformation of 2D CdSe quantum
nanosheets caused by off-stoichiometry is revealed, and the progress of the
transformation is directly observed by in situ transmission electron
microscopy. The initial hexagonal wurtzite-CdSe nanosheets with atomically
uniform thickness are transformed into cubic zinc blende-CdSe nanosheets. A
combined experimental and theoretical study reveals that electron-beam
irradiation can change the stoichiometry of the nanosheets, thereby triggering
phase transformation. The loss of Se atoms induces the reconstruction of
surface atoms, driving the transformation from wurtzite-CdSe(1120) to zinc
blende-CdSe(001) 2D nanocrystals. Furthermore, during the phase
transformation, unconventional dynamic phenomena occur, including domain
separation. This study contributes to the fundamental understanding of the
phase transformations in 2D quantum-sized semiconductor nanocrystals.

1. Introduction

The crystal structures of solid-state ma-
terials, which are defined by periodic
arrangements of repeating units, deter-
mine their electronic band structure,?
mechanical characteristics,®) and other
physical properties.*®l From this per-
spective, crystal phase transitions offer an
important pathway to control the intrinsic
characteristics of solid materials in working
devices such as memory devices'!l and
sensors.['213] The energy barrier to phase
transitions decreases as the dimension
of a crystal material decreases;"*'7] con-
sequently, phase transformations are
more likely to occur in small nanocrys-
tals. However, a fundamental mechanistic
understanding of nanocrystal phase trans-
formations is lacking. Even though there
have been studies based on conventional
characterization methods such as in
situ X-ray diffraction (XRD) and optical
spectroscopy,'#201 important aspects of

the nanocrystal phase transformations are easily lost in such
studies. This is mainly because the phase transformations at the
nanoscale progress in an asynchronous manner, whereas the
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typical measurements methods mentioned above are based on
ensemble-averaged information. Therefore, direct microscopic
observation, which can resolve individual participating pathways
during dynamic phase transformations, would be an ideal ap-
proach to understand the processes involved. In situ transmis-
sion electron microscopy (TEM) provides an opportunity to exam-
ine the individual pathways of structural changes at the atomic
scale either in liquid!®!-?*l or solid-state.>?°] There are a few
studies that have employed this method to explore the phase
transformations.?*’] Nonetheless, in most cases, only exem-
plary events that are likely controlled by temperature**-**l and
electricity>"] are reported. It has been challenging to clearly
identify physical or chemical factors that control the phase tran-
sitions and describe their roles in observed pathways.

Quantum-sized semiconductor nanocrystals have attracted
considerable attention owing to their unique properties, in-
cluding size- and shape-dependent electronic band structure,
bright emission with high color purity, and effective light
absorption.?*#%] In addition, recent studies have revealed that
minor changes in the atomic arrangement of quantum dots
can significantly alter their properties.[*!=*3] CdSe, a II-VI com-
pound semiconductor, is the most representative semiconduc-
tor nanocrystal because of their bandgap tunability (i.e., over the
entire visible range) and well-developed methods for size-l*44]
and shape-controlled!*>% synthesis. In addition, it is well-known
that CdSe has several crystal structures, the most common be-
ing hexagonal wurtzite and cubic zinc blende phases.[*—% Sev-
eral studies have suggested that the crystal structure of CdSe
nanocrystals can be tuned depending on the experimental condi-
tions, such as pressure, strain, temperature, and chemical com-
position of synthetic solvent.>'~¢l However, important events
that occur in CdSe nanocrystals and their effect on the progress
of the phase transformation are poorly understood, necessitating
high-resolution in situ observations at a level that clearly capture
changes in the CdSe crystal domains.

Herein, using high-resolution in situ TEM, we reveal the
phase transformation of 2D CdSe quantum nanosheets induced
by their off-stoichiometry. CdSe quantum nanosheets with a
wurtzite structure are transformed into a zinc blende structure
via dynamic atomic movements. The phase transformation is
initiated upon the loss of Se atoms, destabilizing 2D wurtzite-
CdSe nanosheets. This results in the modification of the surface
atomic configuration, causing it to resemble the structure of zinc
blende. Notably, the phase transformation can also be regulated
by controlling the reaction temperature, implying that the tem-
perature and stoichiometry of nanocrystals are important fac-
tors determining the crystal phase. During the phase transfor-
mation, domain separation and coalescence processes occurred,
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suggesting that the nanocrystal phase transformations occur via
dynamic and collective atomic motions, even in the solid-state.

2. Results and Discussion

In this study, ultrathin 2D CdSe quantum nanosheets (thick-
ness ~ 1.4 nm)’®’! were selected as a model material and pre-
pared by colloidal synthesis to investigate the phase transforma-
tion behavior. 2D nanosheets are ideal materials for investigating
phase transformations, because the dynamic changes can be eas-
ily observed by TEM owing to their 2D shape and ultrathin thick-
ness. Since TEM only shows 2D projected images of the sam-
ple, understanding the transformation of thicker materials is not
straightforward; if there are many atomic layers in the direction
of electron-beam transmission, the dynamic changes that occur
within the nanocrystal will overlap in the TEM observations. In
contrast, most of the atoms in 2D nanocrystals are exposed in
TEM observation because of the limited number of atomic lay-
ers in the thickness direction. Furthermore, the large lateral size
of 2D nanocrystals is beneficial for observing dynamic processes
by TEM, because in such nanocrystals, a large projected area is
available for observation.

TEM images of the as-synthesized nanosheets are shown in
Figure 1a. The nanosheets comprise 2D structures with lateral
size of ~80 nm X 40 nm and uniform thicknesses of 1.4 nm
(Figures S1 and S2, Supporting Information). The lateral dimen-
sion of the nanocrystals is much larger than the exciton Bohr ra-
dius of CdSe (5.4 nm),%®! while the thickness is much smaller.
The observed morphology defines the synthesized nanocrystals
as quantum-sized 2D nanocrystals. The TEM image and the cor-
responding fast Fourier transform (FFT) pattern (Figure 1b) indi-
cate that the nanocrystals have a wurtzite crystal structure, which
is also confirmed by XRD data (Figure 1c). Absorption and pho-
toluminescence (PL) spectra show that the optical bandgap of
the nanosheets is 2.7 eV (Figure 1d), implying strong quantum
confinement because of the ultrathin thickness (the bandgap of
bulk CdSe is 1.7 eV). The observed bandgap matches well with
the reported value for 2D wurtzite-CdSe nanocrystals with thick-
nesses of 1.4 nm (corresponding to ~7 atomic monolayers).>’]
The peaks in both spectra are extremely sharp (full width at half
maximum of ~15 nm for PL emission), which is attributed to
the uniform thickness of the 2D nanocrystals. In addition, the
absorption spectrum exhibits the splitting of heavy-hole/electron
and light-hole/electron transitions, representative characteristic
of 2D Cd-chalcogenide nanocrystals.[48:49:57:59.60]

Upon exposure to the electron beam, the crystal structure of
the nanosheets changed from wurtzite to zinc blende (See Figure
S3, Supporting Information to compare their crystal structures),
as shown by the in situ TEM data and representative TEM im-
ages (Figure la,e and Movie S1, Supporting Information). The
lack of wurtzite spots in the FFT pattern after the transformation
confirms a complete transition from wurtzite to zinc blende
(Figure 1f; see Figure S4, Supporting Information, for the FFT
pattern acquired from the entire image). It is well known that
the d-spacings (especially in the lateral direction) of 2D CdSe
nanocrystals are different from those of bulk CdSe crystals and
0D CdSe nanocrystals by ~5%, because of the high surface
tension along their atomically flat basal planes (Figure 1g,h and
Tables S1 and S2, Supporting Information).[**°7:6°] The observed
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Figure 1. Phase transformation of the wurtzite-CdSe nanosheets. a) TEM image of the 2D CdSe quantum nanosheets before phase transformation and
b) corresponding FFT pattern. c) XRD pattern and d) absorption and PL spectra of the wurtzite-CdSe nanosheets. e) TEM image of the 2D CdSe quantum
nanosheets after phase transformation and f) the FFT pattern of the boxed area. g,h) Measured d-spacings of the CdSe quantum nanosheets with g)
wurtzite and h) zinc blende crystal structures in comparison with those of bulk crystals.

d-spacing of the (220) plane of zinc blende CdSe crystals in the lat-
eral direction is 0.233 nm, which is much larger than that of bulk
zinc blende CdSe crystals (0.220 nm) and 0D CdSe nanocrystals
(0.215 nm).[%!] Instead, the observed d-spacing is consistent with
the reported values for the lateral (220) plane of 2D zinc blende
CdSe nanocrystals with thicknesses of ~#2 nm (Table S2, Support-
ing Information).[%"] Thus, this strongly supports that the newly
formed nanocrystals have a 2D zinc blende structure. Moreover,
all of these nanocrystals are aligned to show their CdSe(001)
basal planes (Figure S4, Supporting Information for the corre-
sponding FFT pattern), which further verifies their morphology.

Notably, the shape of the zinc blende CdSe nanosheets is dif-
ferent from that of the initial wurtzite nanosheets. Each wurtzite
nanosheet turned into dozens of 2D zinc blende structures
with a reduced lateral size. Scanning TEM (STEM) and energy-
dispersive X-ray spectroscopy (EDS) elemental mapping images
of the CdSe nanosheets before and after electron-beam irradia-
tion show that the wurtzite and zinc blende nanosheets have dif-
ferent appearances, while they retain the same constituent atoms
(Figure S5, Supporting Information). The mechanisms by which
the lateral size and shape change during the phase transforma-
tion are discussed later.

We analyzed the stoichiometry of the CdSe nanosheets before
and after the phase transformation through EDS to understand
the underlying mechanism of the phase transformation from
wurtzite to zinc blende (Figure 2a). The EDS spectra were ac-
quired from the initial wurtzite-CdSe and the zinc blende-CdSe
nanocrystals in Figure S5 (Supporting Information). The atomic
fraction of Cd and Se atoms in the nanosheets changes during
the phase transformation. The average Cd:Se atomic ratio is 1:1
for the wurtzite-CdSe nanosheets, which corresponds to the sto-

Adv. Sci. 2023, 2205690

ichiometric composition. However, after the phase transforma-
tion, Cd:Se atomic ratio become ~1:0.8 for the zinc blende-CdSe
nanocrystals, implying the loss of Se atoms during the phase
transformation.

Ex situ characterization was conducted using electron-beam
surface-treatment equipment (CEBI-200-2250) to gain additional
insight into the phase transformation upon electron-beam
irradiation. The wurtzite-CdSe nanosheets were treated by
electron-beam irradiation at an accelerating voltage of 200 kV
and an operating current of 10 mA for 10 min (Experimental
Section and Figure S6, Supporting Information). The CdSe
nanosheets were characterized by X-ray photoelectron spec-
troscopy (XPS) before and after electron-beam irradiation
(Figure 2b,c). The Cd XPS profiles before and after irradiation
both show two main peaks corresponding to Cd 3ds,, and Cd
3d;,. The Se XPS spectrum before irradiation exhibits two peaks
corresponding to Se 3d and SeO 3d. The SeO peak is attributed
to the partial surface oxidation of the CdSe nanosheets and
residue of the excess Se precursors. After irradiation, the Se 3d
peak diminishes, suggesting that the Se atoms located near the
surface are removed. In addition, the XRD peaks have a reduced
intensity and broader width after irradiation (Figure S7, Sup-
porting Information), which is attributed to the transformation
to a less crystalline structure by the loss of Se atoms. The ex situ
characterization also reveals the partial detachment of surface
ligands upon electron-beam irradiation, which presumably oc-
curred prior to the loss of Se atoms. Thermogravimetric analysis
(TGA) of the nanosheets before and after electron-beam irradi-
ation reveals that the mass fraction of surface ligands decreases
from 38 to 20 wt.% (Figure S8, Supporting Information). These
results demonstrate that electron-beam irradiation results in the
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Figure 2. Stoichiometry change in the CdSe quantum nanosheets upon electron-beam irradiation. a) EDS (acquired from Figure S5, Supporting In-
formation), b) Cd XPS, and c) Se XPS profiles of the CdSe nanosheets before and after electron-beam irradiation. d) The calculated maximum energy
transferred from the electron beam to Se atoms as a function of the accelerating voltage. The dotted line represents the Se vacancy formation energy for
the wurtzite-CdSe nanosheets. e) Relative free energy per atom in the wurtzite-CdSe nanosheets (7 atomic monolayers) as a function of the number of Se
defects on the surface of basal planes (corresponding to wurtzite-CdSe (1120) surfaces) and along the vertical direction (corresponding to wurtzite-CdSe
[1120] direction). f) Relative free energy per atom in the Cd-excess zinc blende CdSe nanosheets (7 atomic monolayers) as a function of the number of
Se defects on the basal plane (corresponding to zinc blende CdSe(001) surfaces). For the panels (e) and (f), the Se defect concentration is defined as
the number of Se defects/total number of Se atoms before the defect formation. g) Atomic configuration on the surface of 2D nanocrystals during phase
transformation process. The atoms with blue and yellow colors represent Cd and Se atoms, respectively. The red dotted circles represent Se atoms to
be removed.

removal of surface Se atoms and partial detachment of ligands,
resulting in the formation of less crystalline structures.

The phase transformation process was further investigated by
density functional theory (DFT) calculations (Figure 2d—g). The
2D wurtzite and zinc blende CdSe nanocrystal models used for
calculations are illustrated in Figures S9-S11 (Supporting Infor-
mation). The structures resemble the experimentally observed
ones with regard to the thickness and crystallographic direction.
The maximum energy transferable from the 200 keV electron
beam to the Se atoms is ~6.64 eV (Figure 2d, 10.81 eV for 300 keV
electron beam),!%?] which is higher than the Se vacancy forma-

Adv. Sci. 2023, 2205690

tion energy for the wurtzite-CdSe nanosheets (5.12 eV). This in-
dicates that the Se atoms can be sputtered from the nanocrys-
tals by the electron-beam irradiation. We calculated the free en-
ergy per atom of wurtzite-CdSe nanosheets (7 atomic monolayers
thick) for different numbers of Se defects on the surface of basal
plane (Figure 2e). The calculated free energy per atom increases
with the number of Se defects, suggesting that the wurtzite
phase becomes thermodynamically unstable as Se atoms are re-
moved from non-polar wurtzite-CdSe(1120) surface (Figures S9
and S10, Supporting Information, show the relaxed structures of
the wurtzite-CdSe nanosheets with Se defects along the crystal
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surface and vertical direction, respectively). Considering the in-
teraction of the electron beam with the atoms of the crystal and
the results of DFT calculations (Figure 2e), the loss of deeper-
layer Se atoms is not highly probable. Contrarily, the free energy
per atom of the zinc blende 2D crystals with Se defects (7 atomic
monolayers in the thickness) is even lower than that of zinc
blende 2D crystals without Se defects (Figure 2f), which confirms
zinc blende structure can be maintained while the certain level
of Se defects are introduced into the crystal. The loss of surface
Se atoms destabilizes wurtzite nanosheets with non-polar basal
planes (corresponding to wurtzite-CdSe(1120) surfaces), while it
can stabilize zinc blende nanosheets with polar basal planes (cor-
responding to zinc blende-CdSe(001) surfaces). This is consistent
with the results of a previous study showing that the basal planes
of zinc blende 2D CdSe nanocrystals are typically found in Cd-
rich states.[0]

DFT calculations also provide clues on changes in the atomic
arrangement that might occur during the phase transformation.
The atomic arrangements of the surface atoms on the basal
planes during the phase transition from the initial 2D wurtzite
nanocrystals to 2D wurtzite nanocrystals with Se defects, and
to 2D zinc blende nanocrystals, are displayed in Figure 2g. The
side views and 3D configurations are provided in Figure S12
(Supporting Information). After removal of surface Se mono-
layers, the arrangement of surface atoms obtained from the re-
laxed structure (Figure S9i, Supporting Information) is between
that of the wurtzite-CdSe(1120) and the zinc blende-CdSe(001)
2D nanocrystals surfaces. Thus, the calculation results indicate
that the change in stoichiometry can cause changes in surface
atomic configurations, which can then lead to the phase trans-
formation. The atomic ratio of Cd:Se calculated from the sug-
gested theoretical model (Cd:Se = 1:0.85 and 1:0.7 after the loss
of surface Se monolayer from the single and both sides of basal
planes, respectively) matches that acquired from EDS analysis on
the zinc blende nanocrystals (Figure 2a). Furthermore, the sug-
gested mechanism is consistent with previous works showing the
formation of the less crystalline intermediates during the solid-
to-solid transformation of other solid materials.[63¢4]

Usually, the phase transformation is a process leading to the
formation of a stable structure. This process is likely to be con-
trolled by other reaction conditions such as the crystal sizel®!
and the temperature.[31:326667] First, the effect of the thickness
of nanosheets on the phase transformation was investigated
(Figure S13, Supporting Information). Thicker wurtzite-CdSe
nanosheets (8 atomic monolayers in the thickness) showed the
partial phase transformation with a slower rate of transforma-
tion, compared to CdSe nanosheets with the thickness of 7 atomic
monolayers. We investigated the effects of temperature on the
phase transformation by heating the sample during in situ TEM
(Figure S14, Supporting Information). The results show that the
phase transformation from wurtzite to zinc blende occurred be-
low 200 °C; however, it did not occur at 300 °C, even after electron-
beam irradiation for ~#600 s. The TEM images at 300 °C are
similar to those prior to electron-beam irradiation regardless of
the duration of the electron-beam irradiation. In general, atomic
movements become more active at high temperature, as atoms
in the lattice can have enough thermal energy. However, our ex-
periment shows that the phase transformation is suppressed at
higher temperatures, supporting that the transition is thermody-
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namically controlled. This result is consistent with that of previ-
ous studies showing that the wurtzite phase is more stable than
the zinc blende phase at the high temperature condition.[®!

Ex situ heating experiments were conducted to better un-
derstand the effect of temperature by excluding the effect of
stoichiometry changes. The wurtzite-CdSe nanosheets were de-
posited on a glass substrate and annealed for 30 min at a wide
range of temperatures. The XRD data of the nanosheets annealed
at 50-200 °C are almost identical to that of the initial sample (Fig-
ure S15, Supporting Information). When annealed at 300 °C, the
XRD pattern of the sample shows sharp peaks and their posi-
tions correspond to bulk wurtzite crystals, implying that some of
the nanosheets aggregate to form large crystals at 300 °C. This
result is consistent with the TEM images of the wurtzite-CdSe
nanosheets after annealing (Figure S16, Supporting Informa-
tion). When the annealing temperature is >200 °C, TEM images
show that some of the nanosheets aggregate to form nanocrystals
having bulk-like d-spacings (the d-spacing of the (0002) plane of
the CdSe crystal is 0.359 nm in Figure S16d, Supporting Infor-
mation). These results clearly demonstrate that heating, by itself,
does not induce the phase transformation of the nanosheets.

The dynamic changes of the nanocrystals during the phase
transformation were observed by high-resolution in situ TEM
(Movie S2, Supporting Information). In the atomic-resolution
snapshots of the process (Figure 3a), the wurtzite-CdSe
nanosheets are highlighted by white dashed lines and the zinc
blende phases are highlighted in yellow. The corresponding
inverse-FFT images show the dynamic changes in the crystal
structure more clearly (Figure 3b). The area of the wurtzite
phase decreases as that of the zinc blende phase increases (Fig-
ure 3c), supporting the phase transformation. Notably, one ini-
tial wurtzite nanosheet is transformed into multiple zinc blende
crystals with considerably different lateral shapes, which is at-
tributed to the two following effects. First, the phase transfor-
mation initiates from the multiple sites of the initial wurtzite-
CdSe nanosheets, because the loss of Se atoms occurs simulta-
neously at the multiple locations. Second, the overall lateral size
of crystals is decreasing during the phase transformation, which
is also confirmed by Figure 3c. Owing to the difference in crystal
structure between the wurtzite and zinc blende phases, 2D crys-
tals with the same number of atomic monolayers have different
morphologies. For example, wurtzite crystals with seven atomic
monolayers have a thickness of ~#1.4 nm, whereas zinc blende
crystals with the same number of atomic monolayers are ~2 nm
thick. In other words, zinc blende crystals might have reduced lat-
eral size compared to the wurtzite crystals with the same number
of atoms. Furthermore, some Cd atoms may be removed from the
nanosheets during electron-beam irradiation, which is supported
by the DFT calculations showing that the loss of Cd atoms from
the wurtzite nanosheets becomes thermodynamically favorable
for the nanosheets with the high Se defect concentration (Figure
S17, Supporting Information). Consequently, during the phase
transformation, multiple zinc blende domains are formed simul-
taneously with the shrinkage of the overall crystalline area, induc-
ing the crystal domain separation discussed later. This results in
the formation of multiple zinc blende nanosheets from a single
wurtzite nanosheet.

The growth trajectories of five individual zinc blende
nanosheets (denoted as NS1-NS5) are examined in detail
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Figure 3. In situ high-resolution TEM analysis of the phase transformation. a) Time-series TEM images and b) inverse-FFT images showing the phase
transformation. White and yellow dashed lines represent wurtzite and zinc blende boundaries, respectively. See Movie S2 (Supporting Information for
the corresponding video). Time-dependent area changes of ) wurtzite and zinc blende regions and d) five selected zinc blende nanosheets (NS1-NS5),
as highlighted in the fourth panel of Figure 3a and Figure S18 (Supporting Information). e) Time-dependent changes of the FFT intensity of wurtzite
(1700) and zinc blende (220), acquired from the region corresponding to NS3 in the panel (a).

(Figure 3d). NS1-NS3 are highlighted in Figure 3a. NS4 and NS5
are selected from the additional in situ TEM data shown in Fig-
ure S18 (Supporting Information; see Movies S3 and S4, Sup-
porting Information, for the corresponding video). Most of the
zinc blende seeds appear in a short time range (x100-150 s) and
their growth tendency is similar except the coalescence between
NS1 and NS2. This coalescence process is discussed in more de-
tail later. Interestingly, the zinc blende phases are seeded from
sites at which the wurtzite lattice fringes disappear. This is clearly
verified by the time-dependent changes of the FFT intensity of
wurtzite (1100) and zinc blende (220), acquired from the region
corresponding to NS3 (Figure 3e). The phase transformation ini-
tiates in areas where the wurtzite crystals become less crystalline
owing to the loss of Se atoms, which is consistent with DFT cal-
culations. Changes to the crystal orientation of four individual
zinc blende nanosheets (NS2-NS5) are analyzed in Figure S19
(Supporting Information). The orientation of NS1 could not be
analyzed because the lattice fringe was not revealed until it coa-
lesced with NS2. During the growth of the zinc blende domains,
the crystal orientation remains almost constant. This suggests
that the locations of initially formed zinc blende crystals are fixed,

Adv. Sci. 2023, 2205690

and that the zinc blende phases propagate from the initial seed
parts.

In situ TEM also revealed several non-classical phenomena
involved in the phase transformation (Figure 4 and Movies
S5 and S6, Supporting Information), demonstrating that ac-
tive atomic movements affect the phase transformation of
nanocrystals occurring in the solid-state. In particular, domain
separation (Figure 4a) and coalescence (Figure 4b) of the zinc
blende nanosheets were observed. Strikingly, the separation of
the crystal domains occurs during the phase transformation, as
shown in Figure 4a and Movie S5 (Supporting Information; See
the schematic illustration of this process in Figure S20, Support-
ing Information). An initial nanosheet in Figure 4a shows less
crystalline features because of the loss of Se atoms. The phase
transformation initiates from the initial domain, forming two
zinc blende nanosheets. During this process, the neck diameter
decreases over time, while the two crystalline domains steadily
separate from each other (Figure 4c). This implies that the atoms
located between the two crystalline domains are diffused to
either side of the neck to form two stable zinc blende structures.
After the separation of the nanosheet with less crystallinity
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Figure 4. Unconventional dynamic phenomena during the phase transformation. Time-series TEM images showing a) domain separation and b) coa-
lescence with orientation correction during the phase transformation. See Movies S5 and S6 (Supporting Information) for corresponding videos of (a)
and (b), respectively. c) Time-dependent change in the neck length. The location of the neck is shown in the first panel of (a). d) Time-dependent changes
in the zinc blende area (k), overall particle area (I, defined as the projected area highlighted by yellow dashed line in the panel (a)), and their ratio (k//).
e) Time-dependent area changes of NS1/, NS2’, and NS3’ (highlighted by red, green, and blue in the panel (b), respectively). f) Angle between [220]

directions of NS1” and NS2’ as a function of time.

into two domains, the new domains show strong lattice fringes
corresponding to zinc blende crystals (Figure 4d). This demon-
strates that crystal domain separation is accompanied by the
re-arrangement of atoms to form zinc blende crystals. This is
consistent with the underlying mechanism of the formation of
multiple zinc blende crystals from a single wurtzite nanosheet,
which is discussed in the above part on Figure 3. To the best of
our knowledge, the crystal domain separation process has not
been observed previously, representing the uniqueness of the
observed phase transformation.

In addition, the coalescence of zinc blende nanosheets was
observed (Figure 4b and Movie S6, Supporting Information). In
Figure 4b, three zinc blende crystal domains are represented as
NS1’-NS3’, which are highlighted in red, green, and blue, re-
spectively. The time-dependent area changes of these domains
are plotted in Figure 4e. The areas of NS1’ and NS3’ decrease as
that of NS2' increases, suggesting that NS1’ and NS3’ are incor-
porated into NS2'. Finally, these nanosheets merge into a sin-
gle larger nanosheet, as shown in the last panel of Figure 4b.
The difference in crystal orientation between the NS1’ and NS2’

Adv. Sci. 2023, 2205690

domains (based on [220]) was measured during the coalescence
process (Figure 4f). Initially, the relative misorientation between
the [220] directions of NS1’ and NS2’ is #19.5°. The orientation
difference between the two domains decreases over time until
reaching 0° at 130 s. A time-series TEM images in the time range
of 0-166.95 s provides more detailed views of the crystal orien-
tation realignment during the coalescence process (Figure S21,
Supporting Information). Orientation correction during coales-
cence is attributed to the relaxation of strain upon matching the
crystallographic direction between NS1’ and NS2’ to form a ther-
modynamically stable structure.l®®] Notably, such large orienta-
tion changes were not observed for zinc blende nanocrystals that
did not coalesce. The oriented attachment during the coalescence
of nanocrystals has been usually observed during solution-phase
reactions.”*7#l Our observations clearly show that similar phe-
nomena can occur in the solid-state.””! These dynamic atomic
movements that allow the formation of stable structures pro-
vide strong evidence that not only atomic displacement within a
crystal but also atomic movement between crystals is important
mechanisms underlying this phase transformation.
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Figure 5. Schematic of the suggested phase transformation mechanism. The atoms with blue and yellow colors represent Cd and Se atoms, respectively.

3. Conclusion

We investigated the phase transformation of 2D CdSe semicon-
ductor quantum nanosheets. From our experimental and theo-
retical results, the mechanism of the phase transformation is
as follows (Figure 5). i) The loss of Se atoms results in off-
stoichiometry. Parts of the nanosheets become less crystalline
and exhibit novel surface atomic configurations that are interme-
diate between that of the wurtzite-CdSe(1120) and zinc blende-
CdSe(001) 2D nanocrystal basal planes. ii) The formation of zinc
blende crystals are initiated from the multiple sites of less crys-
talline parts (presumably due to the loss of Se atoms) on the
wurtzite nanosheets. iii) The zinc blende crystals are propagated
by consuming the original wurtzite crystals, resulting in the do-
main separation. iv) Multiple zinc blende-CdSe nanosheets are
formed.

Atomic-scale imaging allowed us to investigate the reaction
process accompanied by dynamic phenomena by observing the
changes in the lattice fringes. Diverse pathways were revealed
during the phase transformation, such as domain separation
and coalescence. Direct observation of the phase transforma-
tion showed that dynamic atomic movements occur. Thus, the
phase transformation was accompanied with atomic displace-
ment within the crystal as well as atomic movement between
crystals.

Our findings provide a fundamental understanding of
phase transformations in quantum-sized 2D semiconductors
and introduce a new opportunity for controlling the crystal
phase. We envision that the observed phase transformation
of 2D semiconductor nanocrystals will facilitate the applica-
tion of such nanocrystals in systems wherein precise spatial
control of the phase transition is required. For example, high-
resolution patterning of the crystal phase will be possible by
targeted electron-beam irradiation. This cannot be achieved by
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conventional heat-induced phase transformations, because
heating cannot be applied with high spatial resolution.

4. Experimental Section

Materials: Cadmium(ll) chloride (CdCl,, 99.99%), octylamine
(OcAm, 99%), oleylamine (OAm, 70%), trioctylphosphine (TOP, 97%),
selenium (Se, 99.99%), ammonium persulfate (>98%), and chloroform
(99%) were purchased from Sigma—-Aldrich. 1-Butanol (99%) was pur-
chased from Samchun Chemical Co. TEM grids were purchased from
Electron Microscopy Sciences.

Synthesis of Wurtzite-CdSe Quantum Nanosheets:  Wurtzite-CdSe quan-
tum nanosheets were prepared following a previously reported method!®’]
with minor modifications. In brief, CdSe nanosheets (7 atomic monolay-
ers in the thickness) were synthesized by reacting a CdCl, (OcAm,0Am),
complex with elemental Se. The CdCl, (OcAm,0Am), complex solution
was prepared by heating a mixture of CdCl, (1.5 mmol), OcAm (5.0 mv),
and OAm (5.0 mv) at 120 °C for 2 h. The Se precursor solution was pre-
pared by stirring elemental Se (4.5 mmol) in a mixture of OcAm (2.5 mL)
and OAm (2.5 mL). The Se precursor solution (5.0 mL) was introduced into
the CdCl,-ammine complex solution at room temperature (25 °C). Then,
the mixture was heated to 100 °C and held for 16 h. Thicker nanosheets
(8 atomic monolayers in the thickness) were obtained when the reaction
time was extended to 32 h (Figure S13, Supporting Information). The
nanosheets were precipitated with 1-butanol and TOP and purified by a
standard centrifugation method using 1-butanol and chloroform. The pro-
duced nanosheets were re-dispersed in chloroform for further study.

In Situ TEM Analysis:  The CdSe nanosheets were loaded on TEM grids
with amorphous carbon film by dropping a few drops of a chloroform so-
lution containing the nanosheets. To analyze the phase transformation, in
situ TEM and STEM/EDS of the nanosheets were performed with a Titan
Themis ZTEM (FEI, Thermo Fisher Scientific) at an accelerating voltage of
300 kV. An image corrector (CETCOR, hexapole-type Cs-corrector), probe
corrector (DCOR, hexapole-type Cs-corrector), and Ceta2 camera (4k x 4k
pixels, 16-bit dynamic range, 40 frames per second) were used for in situ
TEM. The in situ TEM data were analyzed using FlJI software and custom
MATLAB codes.
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For in situ heating TEM, CdSe nanosheets were loaded on heating chips
(Protochips). The data were collected with a Tecnai G2 F20 TWIN TMP
TEM (FEI, Thermo Fisher Scientific) at an operating voltage of 200 kV. An
in situ heating holder (Fusion Select, Protochips) was used to control the
temperature of the samples during TEM measurements.

Material Characterization: The crystal structures of the nanocrystals
were determined through XRD (Miniflex 600B, Rigaku). XPS was per-
formed using an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific)
with a monochromatic Al Ka X-ray source (1486.6 eV). The temperature-
dependent mass change of the samples was determined by TGA (Auto
Q500, TA Instrument).

Ex Situ Electron-Beam lIrradiation Experiment: The effect of electron-
beam irradiation on the CdSe nanosheets was investigated using electron-
beam surface-treatment equipment (CEBI-200-2250, Korens RTX) in-
stalled at the Cooperative Center for Research Facilities (CCRF) of Daegu
Gyeongbuk Institute of Science & Technology (DGIST). Samples were pre-
pared by depositing the CdSe nanosheets on a Ti foil, which has high
electron permeability. The samples were placed parallel to the electron-
beam-generating tube (Figure S6, Supporting Information). The dose rate
of electron-beam irradiation was regulated by controlling the operating
current and time. The beam was operated at 200 kV and 10 mA for 10 min.

Ex Situ Thermal Heating Experiment: The samples were deposited on
TEM grids and heated on a hotplate for 30 min. Annealing was conducted
at 50, 100, 200, and 300 °C.

Density Functional Theory Calculations: ~Calculations of the structures
of the 2D CdSe quantum nanosheets were performed using first-principles
DFT calculations implemented in the Vienna Ab-initio Simulation Package
(VASP). Specifically, projector augmented wave (PAW) potentials and the
Perdew-Burke Ernzerhof (PBE) generalized gradient approximation (GGA)
were employed. The plane cutoff energy was set at 400 eV, and Gaussian
smearing was used with the width of 0.1 eV. For all CdSe nanosheets,
the convergence criterion was 107> eV for electronic energy, and the
Hellmann—Feynman force was converged to 1072 eV A~ for the ionic re-
laxation. A slab model and z-direction vacuum were used to simulate the
CdSe nanosheets. For wurtzite-CdSe, the slab model consists of seven Cd—
Se atomic monolayers (x1.4 nm thickness) with the (1120) surface termi-
nation and each monolayer contains one Cd and one Se atomic layers.
After the reconstruction of the nonpolar (1120) surface, supercell struc-
tures were created by forming Se defects in the wurtzite-CdSe structures
obtained by the surface reconstruction. For zinc blende-CdSe, the slab
model consists of 7 atomic monolayers, and each monolayer was a com-
bination of one Cd and one Se atomic layers. After the (001) surface was
reconstructed in the same way as described above, Se defects were formed
to create supercell structures. The surface reconstruction processes were
conducted by following the modified methods of previous works.l76771 Su-
percell structures of wurtzite-CdSe nanosheets with Se defects (Figures
S9 and S10, Supporting Information) and zinc blende-CdSe nanosheets
with Se defects (Figure S11, Supporting Information) were calculated with
Monkhorst-Pack 4 x 3 x 1 k-points and 4 x 4 x 1 k-points, respectively. To
consider the computational cost and accuracy of the energy outcome, it
was identified that a vacuum space greater than 10 A along the z-axis was
the optimal value for the slab model. The distance between supercell struc-
tures was far enough that there was no electronic interference between
them. In the wurtzite-CdSe nanosheets, all atoms used in the calculation
were not fixed, except for the atoms in the middle layer. By contrast, all
atoms in other supercells were flexible. The Se vacancy formation energy
was calculated to demonstrate that Se defects can be caused by electron
beam irradiation. The vacancy formation energy (E;) was calculated as per
the Equation 1.

Ef = Evac - (Ebulk - :“x) (M

where E, . is the energy of supercells with defects and Ey, is the energy of
original structure before the formation of defects. The chemical potential
p, of the Se atom was considered as the energy of the isolated atom.!”3]
Calculation of Maximum Electron Transfer Energy:  The maximum trans-
ferable energy from the electron beam depending on acceleration voltage
was calculated by using an equation from the previous work.l62] Incident
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electrons were assumed to be scattered elastically, and the nucleus as-
sumed to comprise the masses of all scattering atoms.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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