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ABSTRACT: Chiral materials possess broken inversion and
mirror symmetry and show great potential in the application of
next-generation optic, electronic, and spintronic devices. Two-
dimensional (2D) chiral crystals have planar chirality, which is
nonsuperimposable on their 2D enantiomers by any rotation
about the axis perpendicular to the substrate. The degree of
freedom to construct vertical stacking of 2D monolayer
enantiomers offers the possibility of chiral manipulation for
designed properties by creating multilayers with either a racemic
or enantiomerically pure stacking order. However, the rapid recognition of the relative proportion of two enantiomers
becomes demanding due to the complexity of stacking orders of 2D chiral crystals. Here, we report the unambiguous
identification of racemic and enantiomerically pure stackings for layered ReSe2 and ReS2 using circular polarized Raman
spectroscopy. The chiral Raman response is successfully manipulated by the enantiomer proportion, and the stacking orders of
multilayer ReSe2 and ReS2 can be completely clarified with the help of second harmonic generation and scanning transmission
electron microscopy measurements. Finally, we trained an artificial intelligent Spectra Classification Assistant to predict the
chirality and the complete crystallographic structures of multilayer ReSe2 from a single circular polarized Raman spectrum
with the accuracy reaching 0.9417 ± 0.0059.
KEYWORDS: 2D chiral crystals, stacking order, enantiomer proportion, circular polarized Raman spectroscopy, machine learning

INTRODUCTION
A chiral object is not superimposable to its mirror image
(enantiomer), which renders chiral enantiomer functionalities in
intermolecular recognition1 and assembling,2 electron spin
manipulation,3,4 and circularly polarized light−matter inter-
action.5 For a system containing both chiral enantiomers, its
chiral properties can be manipulated by the relative proportions
of the two enantiomers. Taking chiral molecules as examples, the
solution with both enantiomers in equal amounts, known as a
racemic mixture (RM), is optically inactive and has negligible
chiroptical response; while a solution with an unequal amount of
enantiomers normally preserves optical activity, which can be
roughly treated as the superposition of an optically inactive
racemic mixture and the optically active enantiomerically pure
(EP) remainder.6 Recently, a few two-dimensional (2D) layered
crystals including ReS2, ReSe2,7−9 and 1T-TaS2

10−13 are
reported to have 2D planar chirality,14 which present numerous
chiral properties such as chiral charge density wave order,10,12

enantiomer-dependent second harmonic generation (SHG),11

and linear polarized Raman8,9 response, as well as quantum
interference-directed chiral Raman scattering.7 Although these
materials are achiral in three-dimensional space, they are usually

confined to a substrate (xy-plane) and are therefore non-
superimposable on their 2D enantiomers by any rotation about
the axis perpendicular to the plane [see the example of
monolayer (1L) ReX2 (X = S or Se) in Figure 1a]. When two
monolayer 2D chiral crystals are stacked together, a 2D
enantiomer mixture is formed, and its chirality-related proper-
ties should depend on the relative proportion of the two
enantiomers. As shown in Figure 1b, if the top and bottom
monolayers have the same 2D chirality, they generate an “EP
stacking,” and the resulting bilayer should have a similar
chiroptical response as the monolayer. For bilayers containing a
monolayer with different 2D chirality, they have a “racemic
stacking” and should not exhibit chiroptical phenomena (Figure
1c). Therefore, one can expect that the chirality-related

Received: March 1, 2024
Revised: April 30, 2024
Accepted: May 7, 2024
Published: May 14, 2024

A
rtic

le

www.acsnano.org

© 2024 American Chemical Society
13858

https://doi.org/10.1021/acsnano.4c02898
ACS Nano 2024, 18, 13858−13865

D
ow

nl
oa

de
d 

vi
a 

PE
K

IN
G

 U
N

IV
 o

n 
M

ay
 2

8,
 2

02
4 

at
 1

1:
30

:4
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="He+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kangshu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xujing+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxu+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lianming+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c02898&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02898?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02898?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02898?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02898?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c02898?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/21?ref=pdf
https://pubs.acs.org/toc/ancac3/18/21?ref=pdf
https://pubs.acs.org/toc/ancac3/18/21?ref=pdf
https://pubs.acs.org/toc/ancac3/18/21?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c02898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


properties of multilayer 2D chiral crystals, such as chiral charge
density wave and chiral Raman scattering, can be manipulated
by the stacking order and enantiomer proportion degrees of
freedom.

Despite the possibility of constructing EP and racemic
stackings of 2D chiral crystals, the stacking orders from the
point of view of the enantiomer mixture have not been discussed
so far. Particularly, the correct stacking of many 2D chiral

Figure 1. Racemic and enantiomerically pure stackings of ReX2 (X = S or Se). (a) Top view (top row) and side view (bottom row) of monolayer
ReX2 enantiomers, which are named 1L- ReX2(+) and 1L- ReX2(−). The Re-chains are marked in red. The substrate plane is the xy-plane. (b, c)
Simplified crystal structures of enantiomerically pure stacking (b) and racemic stacking (c) of bilayer ReX2. Only Re atoms and a part of the X
atoms are shown for clarity. The Re atoms in different 1L-ReX2 are marked in different colors (red or gray). The X atoms above and below the
plane of Re atoms are colored in light yellow and dark yellow, respectively. Similar crystal structure representations will be used in the rest of
this paper.

Figure 2. Enantiomer proportions and stacking orders of bilayer ReSe2. (a−c) Circularly polarized Raman spectra of the monolayer (a), Group-I
bilayer (b), and Group-II bilayer (c) ReSe2. (+) and (−) denote different 2D chirality. The insets of (a) depict the simplified crystal structures of
1L-ReSe2(+) and 1L-ReSe2(−). The spectra of an artificially stacked 1L-ReSe2(+)/1L-ReSe2(−) sample are also shown in (c) with mode V
marked as “V.” (d) Schematic diagram of CPR intensity superposition theory for enantiomerically pure-stacked (top two rows) and racemic-
stacked (top two rows) 2L-ReSe2. The red (blue) arrows pointing clockwise (anticlockwise) represent RCP (LCP) excitations. (e, f) annular
dark-field (ADF)-STEM images of Group-I (e) and Group-II (f) 2L-ReSe2 overlain with the proposed atomic structural models. The Re-chains
of different layers are marked with different colors (blue or purple). Scale bar: 1 nm.
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crystals is under debate even for mechanically exfoliated
samples.15−21 Taking mechanically exfoliated ReS2 as an
example, the controversies in stacking orders result in different
atomic structures extracted from scanning transmission electron
microscopy (STEM)18,21 and different layer number depend-
ence of SHG intensities.22,23 These facts make the identification
of the enantiomer proportion degree of freedom in the stacking
order even more challenging. Therefore, a proper and efficient
method to evaluate the enantiomer proportion is greatly desired,
not only for the stacking order determination but also for the
chirality manipulation of multilayer 2D chiral crystals.

Herein, we report the unambiguous measurement of
enantiomer proportion in mechanically exfoliated layered
ReSe2 and ReS2 using circular polarized Raman (CPR)
spectroscopy. We find two distinct stacking orders in bilayer
(2L)-ReSe2, namely, EP and racemic stackings. The former
shows different Raman spectroscopic features under left- and
right-handed light excitation, while identical Raman spectra
appear in the latter. The chiral Raman response for multilayers is
sensitively dependent on the enantiomer proportion. Then, the
complete stacking orders of multilayer ReX2, considering the
possible relative translation, in-plane rotation, and 2D chirality,
are revealed by using a systematic method combining CPR,
SHG, and STEM. Finally, we trained an AI Spectra
Classification Assistant (AI-SCAN) based on a machine learning
model, which can instantly predict the layer number, stacking
order, and 2D chirality of mL-ReX2 from a single CPR spectrum
with the cross-validation (CV) accuracy reaching 0.9417 ±
0.0059. The above results show the potential of using stacking
order and enantiomer proportion degrees of freedom for 2D
chirality manipulation and will benefit the research of the
chirality-dependent properties of 2D chiral crystals as well as the
rapid characterization of the stacking order of 2D materials.

RESULTS AND DISCUSSION
Racemic and EP Stackings of Bilayer ReSe2. In this work,

single crystals of ReSe2 and ReS2 are purchased from HQ
graphene, and the few-layers are mechanically exfoliated on 90
nm SiO2/Si substrates. The optical setup for circularly polarized
Raman spectroscopy is identical to the previous report.7 The
layer numbers of exfoliated samples are determined by the
frequencies of their interlayer Raman modes (Figure S1).24 As
shown in Figure 2a, CPR spectra of 1L-ReSe2 under right-
handed (RCP) and left-handed (LCP) circularly polarized light
show clear differences in relative intensities depending on their
2D chirality, which can be explained by the quantum
interference effect.7 In mechanically exfoliated 2L-ReSe2, we
find two groups of samples with distinct CPR responses. For
Group-I 2L-ReSe2, the CPR spectra show similar features as for
1L-ReSe2 (Figure 2b), and some samples (top row of Figure 2b)
show an exactly opposite CPR response to the others (bottom
row of Figure 2b), indicating that these 2L-ReSe2 may preserve
2D chirality. The two enantiomers of 2L-ReSe2 are named
Group-I 2L-ReSe2(+) and Group-I 2L-ReSe2(−), considering
the spectra similarities compared to those of 1L-ReSe2(+) and
1L-ReSe2(−). Interestingly, for Group-II 2L-ReSe2, all of the
samples show exactly the same CPR spectra under LCP and
RCP excitations (top row of Figure 2c). The circular intensity
difference (CID) spectrum under LCP and RCP excitations
(I(RCP) − I(LCP)) for Group-II 2L-ReSe2 is presented in
Figure S2a, which shows negligible signals compared to the CID
spectra of Group-I 2L-ReSe2.

To understand the mechanism for different CPR responses of
Group-I and Group-II 2L-ReSe2, we proposed a “CPR signal
superposition theory” to qualitatively explain the above
phenomena, as shown in Figure 2d. In this theory, the intensity
of the CPR spectrum of bilayer ReSe2 can be viewed as the
superposition of intensities of individual top and bottom
monolayer ReSe2 under the same excitation condition. There-
fore, 2L-ReSe2 with EP stacking of two 1L-ReSe2(−) should
have a similar CPR spectrum to that of 1L-ReSe2(−) with
doubled intensity (top two rows of Figure 2d). In this case, the
bilayer still has a chiroptical response, and the CPR intensities
depend on the overall 2D chirality. For the racemic-stacked 2L-
ReSe2 containing 1L-ReSe2(+) at the top and 1L-ReSe2(−) at
the bottom, the spectra of bottom 1L-ReSe2(−) (top 1L-
ReSe2(+)) excited by RCP light and top 1L-ReSe2(+) (bottom
1L-ReSe2(−)) excited by LCP light are identical (Figure 2a).
Thus, the racemic-stacked 2L-ReSe2 exhibits a negligible
chiroptical response with the same CPR intensities under LCP
and RCP excitation. Although the real Raman spectrum of
bilayer ReSe2 cannot be regarded as the simple superposition of
the Raman signals from two monolayers due to the absorption
difference, the change of the dielectric environment, and the
influence of interlayer van der Waals interaction,17 this theory
qualitatively explains the origin of CPR spectral feature
differences between Group-I and Group-II 2L-ReSe2 EP and
racemic stacking. Then, we performed annular dark-field (ADF)
STEM to examine the atomic structures of Group-I 2L-
ReSe2(−) and Group-II 2L-ReSe2. The results are shown in
Figure 2e,f, which verifies the stacking order assignment. To test
the universality of the as-proposed superposition theory, we also
measured the CPR spectra of artificially stacked 2L-ReSe2 with
1L-ReSe2(−) at the top and 1L-ReSe2(+) at the bottom (Figure
S2b), and the rotation angle between the b-axis of the top and
bottom layers is about 50°, as confirmed by the linear polarized
Raman intensity polar plot of mode V9 (Figure S2c). The CPR
spectra of this artificially stacked sample are shown in the
bottom row of Figure 2c, which are also identical under LCP and
RCP excitations, demonstrating the universality of super-
position theory. The above results indicate that the chiroptical
properties of 2D chiral crystals can be successfully manipulated
by stacking orders with different enantiomer proportions.

For the complete stacking order determination of 2L-ReSe2,
the interlayer translation and relative in-plane rotation between
the top and bottom layers should also be considered (Figure
S3a). The STEM images indicated that the Re-chains (b-axis) of
the top and bottom layers are nearly parallel for both stackings;
therefore, the in-plane rotation angle between the two layers is
either ∼0 or ∼180° owing to the Ci symmetry of 1L-ReSe2. As
shown in Figure S2d, 2L-ReSe2 in Group-I have negligible SHG
intensity, which means that they are center inversion symmetric,
while the racemic stacking of Group-II 2L-ReSe2 breaks the
inversion symmetry, leading to a strong SHG signal. The SHG
intensity of Group-II 2L-ReSe2 has a nearly quadratic depend-
ence on the excitation power with a power index of 1.95 ± 0.03,
in agreement with the second-order nonlinear mechanism of the
SHG process. Monolayer ReX2 belongs to the Ci point group;
thus, the bilayer ReX2 with an inversion center must have a 0°
interlayer rotation angle (see detailed discussion in Section I in
the Supporting Information). Considering the relative displace-
ment between the top and bottom layers observed in STEM
images, we concluded that Group-I ReSe2 is AB-stacked. For the
stacking order of Group-II ReSe2, we abbreviate it as ABr
stacking, where “r” stands for “racemic.” It is worth noting that
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for Group-II ReSe2, the method proposed in this work cannot
distinguish whether the interlayer rotation angle is ∼0 or ∼180°,
and the vertical relationship of 1L(+) and 1L(−) (which one is
at the top and which one is at the bottom) is also unknown.
These two problems will be the topics of future works. To
demonstrate the universality of our method, we also applied the
as-proposed methodology to 2L-ReS2, and two different
stacking orders (AB and ABz, where “z” denotes ∼180°
interlayer rotation around the z-axis) are unambiguously
revealed. Detailed discussion can be found in Section IIin the
Supporting Information.
Stacking Order Determination of Multilayer ReSe2.

Next, we investigated the enantiomer proportions and stacking
orders of multilayer (mL) ReSe2. For ReSe2 samples with the
same layer number m (m = 2, 3, 4, 5, 6), two different stacking
orders are identified, which show distinct CPR responses and
different peak numbers from 170 to 185 cm−1 (Figure 3a,b). As
marked by arrows, these peaks show layer-number-dependent
intensity variations, which may be attributed to the changes in
multiple reflection interference, electronic band structures, and
symmetry of crystallographic structures with different layer
numbers.25,26 Group-I mL-ReSe2 have CPR intensity differences
under LCP and RCP excitations regardless of layer number, and
only the samples with similar CPR responses as 1L-ReSe2(−)
are presented in Figure 3a for clarity. Group-II mL-ReSe2 have
no chiroptical response with an even number of layers, and there
are weak but distinguishable CPR intensity differences for odd-
layer samples (Figure 3b). According to CRP intensity
superposition theory, even-layer ReSe2 in Group-II should

therefore be regarded as a “racemic mixture” containing an equal
number of monolayer 2D enantiomers. The SHG measurement
indicates that Group-I mL-ReSe2 with different layer numbers is
all inversion symmetric with negligible SHG intensities.
Interestingly, for Group-II mL-ReSe2, only even-layer samples
show a strong SHG signal, which suggests that the inversion
symmetry is broken for even layers but maintained for odd
layers.

Now, we try to reveal the stacking orders of mL-ReSe2 from
the results presented above. For three-layer ReSe2, both samples
in Group-I and Group-II are inversion symmetric; thus, the
inversion center should be located at the middle layer, and the
top and bottom layers should be inversion symmetric to each
other. Therefore, the first and bottom layers must have a 0°
interlayer rotation angle and the same 2D chirality (Section I in
the Supporting Information). There are two different stacking
orders (AB and ABr) for 2L-ReSe2; thus, it is reasonable to say
that the stacking orders of each adjacent layer in mL-ReSe2
should be either AB or ABr. The above analyses limit the possible
stacking orders of three-layer ReSe2 to two possibilities: ABA
and ABrA stackings. In ABA-stacked three-layers, all of the 1L-
ReSe2 have the same 2D chirality; therefore, a more distinguish-
able CPR response is expected, while in ABrA-stacked three-
layers, the bottom and middle layers form a racemic mixture and
will not exhibit chiroptical phenomena; thus, it should only have
a weak CPR intensity difference under LCP and RCP excitations
contributed by the top layer (Figure 3d). The above mechanism
can well explain the experimental results of both CPR and SHG
if we assign Group-I 3L-ReSe2 as ABA-stacked and Group-II 3L-

Figure 3. Stacking order determination for multilayer ReSe2. (a, b) Circularly polarized Raman spectra of Group-I (a) and Group-II (b)
multilayer ReSe2. (+) and (−) denote for different 2D chirality. Raman peaks with frequencies ranging from 170 to 185 cm−1 are marked by
arrows. Dashed lines are guides to eyes showing peak frequency differences between samples with different layer numbers. EP, enantiomerically
pure; RM, racemic mixture. (c) Layer number dependence of SHG intensity for Group-I and Group-II ReSe2. (d) Schematic diagram of CPR
intensity superposition theory for Group-II ReSe2 with odd layer numbers and (ABr)nA stacking orders (n = 1, 2, 3, ···). The red (blue) arrows
pointing clockwise (anticlockwise) represent RCP (LCP) excitations.
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ReSe2 as ABrA-stacked. Notice that both ABA and ABrA three-
layers have overall 2D chirality, and different enantiomers are
labeled as 3L-ReSe2(+) and 3L-ReSe2(−) according to the CPR
spectral feature similarities compared to 1L-ReSe2(+) and 1L-
ReSe2(−).

For four layers, it can be regarded as the stacking of three
layers and a monolayer with either AB or ABr interfaces between
the outer layer of 3L-ReSe2 and 1L-ReSe2. Based on the stacking
orders of 3L-ReSe2, four-layer ReSe2 has the following four
possible stacking orders: ABAB, ABABr, ABrAB, and ABrABr.

Only the ABAB stacking preserves the inversion center, and only
ABrABr is a racemic mixture without a chiroptical response.
Therefore, we assigned Group-I 4L-ReSe2 as the ABAB stacking
and Group-II 4L-ReSe2 as the ABrABr stacking. Similar analysis
can be applied to other odd-layer and even-layer ReSe2, from
which we can draw conclusions that Group-I mL-ReSe2 has
ABABAB··· stacking and Group-II mL-ReSe2 has ABrABrABr···
stacking. As for mL-ReS2, we also found two groups of samples
with different stacking orders, and the CPR and SHG results
indicate that they are ABABAB··· stacking and ABzABzABz···

Figure 4. AI Spectra Classification Assistant (AI-SCAN) for crystallographic structure identification. (a) The flowchart of the machine learning
procedure for AI-SCAN. The input is a single CPR spectrum of the 2D chiral crystals, and the output is the corresponding structural parameters
including layer number, stacking order, and 2D chirality. (b) Statistics of 5-fold cross-validation (CV) accuracies of the testing results using
different machine learning models. (c) Confusion matrix calculated from the testing results using MPL as the machine learning model. m-layer
ABAB···-stacked ReSe2 with (+) chirality is abbreviated as “mL-AB(+),” while the n-layer ABrABr···-stacked ReSe2 racemic mixture is
abbreviated as “nL-ABr.” Other structures are abbreviated in a similar way. (d) Circularly polarized Raman spectra of an unknown ReSe2
sample, which is predicted to be ABrA-stacked 3L-ReSe2(+) by AI-SCAN. Raman peaks with frequencies ranging from 170 to 185 cm−1 are
marked by arrows. (e) Raman spectrum of interlayer shear and layer-breathing modes of the same sample in (d). The insets of parts (d) and (e)
depict the simplified crystal structures of ABrA-stacked 3L-ReSe2(+). (f) SHG spectra of ABr-stacked 2L-ReSe2 and ABrA-stacked 3L-ReSe2(+).
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stacking (see detailed discussion in Section III in the Supporting
Information).
Machine Learning-Assisted Crystallographic Struc-

ture Identification from a Single CPR Spectrum. Finally,
we show that a single CPR spectrum is enough to
unambiguously identify the structural parameters including
layer number, stacking order, and 2D chirality of mechanically
exfoliated 2D chiral crystals with the help of a machine learning
model. The frequencies of specific Raman modes of ReX2 have
layer number dependence (dashed lines in Figures 3a,b and S6),
which can be potentially used to determine the layer number. To
distinguish different stacking orders, one can examine the peak
numbers (arrows in Figure 3a,b) and frequencies (mode I in
Figure S6) of specific Raman modes because they are stacking-
order-dependent. As for 2D chirality, the relative CPR peak
intensities for different Raman modes under LCP excitation are
distinct for mL-ReX2(+), mL-ReX2(−), and racemic mixtures.
Therefore, the 2D chirality of multilayers can be theoretically
identified from a single LCP-excited CPR spectrum, which is
also the case for RCP excitations. Unfortunately, all of these
complicated spectral features only have subtle differences
between samples with different layer numbers, stacking orders,
and 2D chirality, which makes the manual identification of these
structural parameters laborious and inaccurate.

To address this problem, we trained an AI Spectra
Classification Assistant (AI-SCAN) with a single LCP-excited
CPR spectrum as input and the above structural parameters as
output (Figure 4a). The true layer number, stacking order, and
2D chirality of ReSe2 samples in training data were determined
by the systematic experimental characterization combining
CPR, SHG, and STEM, as proposed in Figures 2 and 3. Figure
4b shows the training results for mL-ReSe2 evaluated by 5-fold
cross-validation (CV) accuracy. Different machine learning
models are tested, which include decision tree, K-nearest
neighbors (K-neighbors), multinomial Naive Bayes (NB),
support vector classification (SVC), random forest, extremely
randomized trees (extra trees), extreme gradient boosting
(XGBoost), and multilayer perceptron (MLP). We selected
MLP as the basis for our AI Spectra Classification Assistant
because it exhibited the highest CV accuracy score of 0.9417 ±
0.0059. Then, we analyzed the prediction accuracy of each class
of mL-ReSe2 using a confusion matrix, as shown in Figure 4c.
The diagonal elements are the success rates of each class, while
the off-diagonal elements are the rates of misclassified spectra.
The classification accuracies of ReSe2 with different structural
parameters are all above 80%, and half of the structure classes
have prediction accuracies reaching 100%.

To further examine the accuracy of AI-SCAN, we randomly
selected a sample that is never input to MLP. By inputting its
LCP-excited CPR spectrum (Figure 4d) to AI-SCAN, the model
outputs the predicted structural parameters as ABrA-stacked 3L-
ReSe2(+). We then applied the crystallographic structure
determination methodology proposed in Figures 2 and 3 to
check the true layer number, stacking order, and 2D chirality of
this sample. As shown in Figure 4d, there are only two Raman
peaks in the range of 170−185 cm−1, indicating an ABrABr···
stacking order. The CPR response is opposite that of ABrABr···-
stacked ReSe2(−) shown in Figure 3b, which means that the 2D
chirality of this sample is “(−).” The frequencies of interlayer
shear (S) and layer-breathing (LB) modes indicate that the layer
number is three.24 Thus, this sample is indeed an ABrA-stacked
3L-ReSe2(+), and its inversion center is reserved with no SHG
intensity compared to ABr-stacked 2L-ReSe2 (Figure 4f),

agreeing well with the results in Figure 3c. All of the above
results indicate that AI-SCAN realizes the potential of CPR
spectroscopy as a powerful tool to identify the structural
parameters of 2D chiral crystals.

CONCLUSIONS
In conclusion, we demonstrated that the enantiomer proportion
and stacking order degrees of freedom can be exploited to
effectively manipulate the chiral Raman response of 2D chiral
crystals. With a comprehensive analysis using CPR, SHG, and
STEM, the stacking orders of multilayer ReSe2 and ReS2 are
unambiguously elaborated. Based on the above knowledge, we
developed an AI Spectra Classification Assistant, which can
identify the layer number, stacking order, and 2D chirality from a
single CPR spectrum. The chirality manipulation and crystallo-
graphic structure determination methodologies proposed in this
work can also be applied to other 2D chiral crystals such as 1T-
TaS2 with chiral charge density waves, which may facilitate the
discoveries of other stacking order-related chiral properties such
as chiral stacking-dependent sliding ferroelectricity.19 It is worth
noting that the AI-SCAN proposed in this work was trained only
based on the data of the ReSe2 sample with ABAB··· and
ABrABr··· stackings; thus, the model is only valid for samples
with crystallographic structures mentioned in this work. To
improve the generalizability of AI-SCAN, the training data of
CPR and structure parameters from ReSe2 with different
stacking orders or other 2D chiral crystals will be welcomed in
future works. Besides, the key factor governing the thermody-
namic stability of different stackings is also worth exploring. In
this work, we investigated 102 2L-ReSe2 samples, with 85 AB-
stacked and 17 ABr-stacked. For ReS2, we also investigated 102
bilayer samples; 88 of them are AB-stacked and 14 of them are
ABz-stacked. Therefore, the most stable stacking order for both
ReS2 and ReSe2 is AB stacking, but the metastable stacking
orders for ReS2 and ReSe2 are different. Future works are
welcomed to explain this phenomenon and the outcomes may
instruct the scalable synthesis of 2D chiral crystals with
designable stacking order and enantiomer proportion.

EXPERIMENTAL SECTION
Raman Measurement. Raman spectra were measured at room

temperature using a JY Horiba HR800 (1800 lines/mm grating, 2.33
and 1.96 eV excitation) or a WITec α 300RSA (2400 lines/mm grating,
2.54 eV excitation), both of which were equipped with a × 100 objective
lens (numerical aperture = 0.90). The laser power was kept below 0.3
mW to avoid damage to samples. All CPR spectra were measured under
2.33 eV excitation with the same optical setup as in the previous report.7

SHG Measurement. SHG spectra were measured at room
temperature using a WITec α 300R with a 150 lines/mm grating and
a ×100 objective lens (numerical aperture = 0.90). A linearly polarized
picosecond laser (15 ps, 50 MHz) with a wavelength of 1064 nm was
used.
STEM Measurement. Polypropylene carbonate (PPC, Mn =

50,000 g/mol) and benzaldehyde were purchased from Sigma-Aldrich
(Shanghai, China). The 2L-ReX2 sample on the 90 nm SiO2/Si
substrate was first spin-coated with PPC in benzaldehyde (0.15 g/mL)
at 2500 rpm (45 s) and then baked at 80 °C (1 min). The PPC/ReX2
film was detached from the 90 nm SiO2/Si substrate with the aid of a
water droplet and then placed on a holey carbon TEM grid with an array
of holes 600 nm in diameter. The temperature was raised to 110 °C
until the sample and the grid were well in contact. Finally, the PPC/
ReX2/grid was placed in acetone for 12 h at room temperature to
remove the PPC.

Atomic-resolution ADF-STEM imaging was performed on a probe-
corrected scanning transition electron microscope (Titan Cubed
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Themis G2 200) operated at an accelerating voltage of 300 kV. The
convergence semiangle of the probe was set to 30 mrad, and the
collection semiangle for ADF-STEM was in the range of 39−200 mrad.
Pristine ADF-STEM images were filtered by Gaussian filters to improve
the signal-to-noise ratio for a better display.
Software and Machine Learning. All algorithms in this work

were written with Python in Jupyter notebooks using the following
libraries: Pandas 1.0.5, Numpy 1.18.5, Matplotlib 3.2.2, Seaborn 0.10.1,
and Scikit-learn 0.23.1. 134 ReSe2 samples with layer numbers ranging
from one to four were used as either a training set or a testing set for
machine learning. The 1800 lines per mm grating of the JY Horiba
HR800 enables each CCD pixel to cover 0.5 cm−1 at 2.33 eV. The
spectral ranges of 103−135 and 155−304 cm−1 were used, which
include 332 CCD pixels. The 332 Raman intensities values at these
pixels were used as input features. The intensity value at each pixel was
normalized so that the 134 intensity values at this pixel from all of the
samples satisfied the standard normal distribution. The combinations of
different layer numbers, stacking order, and 2D chirality yielded 12
different possible ReSe2 structures, which were labeled from 0 to 11 and
used as the output of the classification task. During the 5-fold CV, the
data set underwent five different train/test splits. In each split, 80% of
the data were used as a training set, and 20% of the data were used as a
testing set. The final CV accuracy was the average of the prediction
accuracies of the five splits. We optimized the hyperparameters of all
models based on the 5-fold CV accuracy values. The optimized
hyperparameters of all models can be found in Section IV in the
Supporting Information.
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Bhattacharya, A.; Krüger, P.; de Vasconcellos, S. M.; Rohlfing, M.;
Bratschitsch, R. Highly Anisotropic in-Plane Excitons in Atomically
Thin and Bulklike 1T′-ReSe2. Nano Lett. 2017, 17, 3202−3207.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c02898
ACS Nano 2024, 18, 13858−13865

13865

https://doi.org/10.1038/s41467-022-28877-6
https://doi.org/10.1038/s41467-022-28877-6
https://doi.org/10.1021/acs.nanolett.5b04838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9NH00487D
https://doi.org/10.1039/C9NH00487D
https://doi.org/10.1038/s41467-023-37927-6
https://doi.org/10.1038/s41467-023-37927-6
https://doi.org/10.1103/PhysRevB.101.241106
https://doi.org/10.1103/PhysRevB.101.241106
https://doi.org/10.1103/PhysRevLett.129.156401
https://doi.org/10.1103/PhysRevLett.129.156401
https://doi.org/10.1103/PhysRevLett.129.156401
https://doi.org/10.1126/sciadv.aau5501
https://doi.org/10.1126/sciadv.aau5501
https://doi.org/10.1103/PhysRevLett.97.167401
https://doi.org/10.1103/PhysRevLett.97.167401
https://doi.org/10.1038/ncomms4252
https://doi.org/10.1038/ncomms4252
https://doi.org/10.1021/acs.nanolett.5b04925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6NR01569G
https://doi.org/10.1039/C6NR01569G
https://doi.org/10.1002/adma.201908311
https://doi.org/10.1002/adma.201908311
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1021/acsphotonics.3c00477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.3c00477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202300111
https://doi.org/10.1002/adom.202300111
https://doi.org/10.1038/s41377-018-0100-3
https://doi.org/10.1038/s41377-018-0100-3
https://doi.org/10.1021/acsphotonics.8b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c02898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

