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ABSTRACT: Two-dimensional (2D) materials with competing polymorphs offer remarkable 

potential to switch the associated 2D functionalities for novel device applications. Probing their 

phase transition and competition mechanisms requires nanoscale characterization techniques that 

can sensitively detect the nucleation of secondary phases down to single-layer thickness. Here we 

demonstrate nanoscale phase identification on 2D In2Se3 polymorphs, utilizing their distinct 

plasmon energies that can be distinguished by electron energy-loss spectroscopy (EELS). The 

characteristic plasmon energies of In2Se3 polymorphs have been validated by first-principles 

calculations, and also been successfully applied to reveal phase transitions using in situ EELS. 

Correlating with in situ X-ray diffraction, we further derive a subtle difference in the valence 

electron density of In2Se3 polymorphs, consistent with their disparate electronic properties. The 

nanometer resolution and independence of orientation make plasmon-energy mapping a versatile 

technique for nanoscale phase identification on 2D materials. 
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Polymorphism in two-dimensional (2D) materials forms an exciting frontier not only to explore 

new phases with exotic functionalities at reduced dimensionality, but also to manipulate these 2D 

functionalities through controlled phase switching for novel device applications. The most 

prominent examples have been 2D metal chalcogenides,1,2 in which the medium electronegativity 

of chalcogen elements (S, Se and Te) leads to competing ionic and covalent bonding, further giving 

rise to polymorphs with distinct bonding configurations.1 It manifests as the well-known 2H, 1T 

and 1T’ phases in transition-metal dichalcogenides (TMDs), and more recently as the α and β’ 

phases in 2D In2Se3. Despite the fascinating opportunities on fabricating controllable phase-change 

devices, these competing polymorphs can also intermix in an uncontrollable manner,3,4 making 

single-phase synthesis challenging. Resolving the 2D polymorphs is thus of particular importance 

both for understanding the phase switching mechanism such as the nucleation of the second phase, 

and for evaluating the purity of the samples. Conventional characterization techniques such as X-

ray diffraction (XRD) and Raman spectroscopy do not have sufficient resolution to detect 

nanoscale intergrowth of polymorphs. Atomic-resolution transmission electron microscopy 

(TEM) can identify various polymorphs on the unit cell level, but requires them to be on the zone 

axes that can be difficult to achieve for nanoscale second phases. 

In this work, we demonstrate a nanoscale phase identification on 2D In2Se3 polymorphs, utilizing 

their distinct plasmon energies that can be distinguished by electron energy-loss spectroscopy 

(EELS). As a chalcogenide semiconductor in the III2-VI3 family, In2Se3 is polymorphic with many 

phases reported (α’, α, β’, β, γ, δ, κ).5-10 The two room-temperature phases, α- and β’-In2Se3, and 

the high-temperature β phase have the 2D layered structure consisting of [Se-In-Se-In-Se] 

quintuple layers with several possible stacking orders (2H, 3R, 1T).4,7,11,11 Within each quintuple 

layer, β’- and β-In2Se3 have all the In atoms octahedrally coordinated by Se atoms, whereas α-
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In2Se3 have only one layer of In atoms octahedrally coordinated and the other In layer with 

tetrahedral coordination (Figure 1a).4 More excitingly, α-In2Se3 exhibits 2D ferroelectricity that is 

currently under intensive investigation,10,14-19 while β’-In2Se3 possesses a 2D antiferroelectric 

superstructure that distinguishes it from the high-temperature paraelectric β phase.20 The rich 

polymorphism makes In2Se3 a fascinating system for exploring both the fundamental ferroelectric 

physics at the 2D limit and ultrathin phase-switching device applications.15,16,18,19,21-23 On the other 

hand, with similar stability of polymorphs, In2Se3 has been reported to possess intermixed phases 

on the nanometer level,3,4 which can be difficult to distinguish. Here we show that In2Se3 

polymorphs exhibit disparate plasmon energies that can be experimentally detected by EELS and 

also verified by first-principles calculations. It makes plasmon-energy mapping an effective 

technique for phase identification down to single-layer thickness, relatively independent of sample 

orientation (in contrast to atomic-resolution TEM). We further demonstrate it on studying In2Se3 

phase transitions using correlative in situ EELS and XRD, which unveils a subtle difference in the 

valence electron density of In2Se3 polymorphs.  

We prepare α-In2Se3 and β’-In2Se3 flakes in 2H and 3R stacking by mechanical exfoliation on 

commercially available crystals (see Experimental Section in Supporting Information (SI)). Figure 

1 summarizes the characterization techniques that can distinguish the four In2Se3 phases, by their 

distinct atomic structure in cross-section scanning TEM (STEM, Figure 1a) or spectroscopic 

signals in Raman spectroscopy (Figure 1c) and X-ray diffraction (XRD, Figure 1d). More 

interestingly, we discover that the four phases exhibit slightly different plasmon energies (Ep) that 

can be sensitively detected by low-loss EELS. As shown in Figure 1b, despite the similar shape of 

plasmon peaks comprising two peaks at ~15 and 21 eV, there is a subtle shift of the first plasmon 

peak between the four phases as indicated by the vertical dash-dotted line. Using least-square curve 
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fitting, we have extracted Ep quantitatively, which follows the order Ep(α-2H) < Ep(α-3R) < Ep(β’-

2H) < Ep(β’-3R) (see Table S1 in SI). Even though the shifts are small compared with the peak 

width, they can be consistently measured in both [0001] and <112�0> orientations (Figure 1b).24 

The shifts between 2H and 3R In2Se3 (~0.15 eV) are generally smaller than those between α and 

β’ phases (~0.35 eV), both are within the sensitivity of modern EELS spectrometers. The identified 

Ep and its shifts are relatively independent of sample thickness and surface effect, as demonstrated 

in Figure S12 and S13.    

 

Figure 1. (a) Atomic-resolution Z-contrast STEM images along <112�0> zone axis with the 

structural model shown on the left. (b) Low-loss EEL spectra taken along [0001] and <112�0> zone 

axes with the plasmon energies indicated by dashed lines. The higher intensity at 3-12 eV in [0001] 

EEL spectra compared to <112�0> spectra in (b) is consistent with higher absorption of [0001]-

polarized light compared to in-plane-polarized light. (c) Raman spectra and (d) XRD at room 

temperature for the four In2Se3 phases, respectively.  
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The detected Ep difference have been explicitly verified by first-principles calculations (see 

Experimental Methods) as presented in Figure 2. Based on the calculated dielectric functions [ϵ1 

and ϵ2], the derived energy-loss function Im(-1/ϵ) quantitatively matches the experimental low-

loss spectra in Figure 1b, with both plasmon peaks reproduced in the proper shape at the correct 

energies (Figure 2, Figure S7, and Figure S8). The ~0.5 eV energy shift of the first plasmon peak 

between α- and β-In2Se3 is also reproduced, providing theoretical validation that measuring Ep 

using low-loss EELS can be used to distinguish α- and β’-In2Se3. On the other hand, the calculated 

Ep differences between 2H and 3R stacking of the same In2Se3 phase are negligible. It may imply 

an insufficient understanding on the stacking structure of In2Se3, which requires further 

investigation. We note that compared with XRD and Raman spectroscopy, EELS in STEM can 

reach sub-nanometer resolution even using the low-loss signal,25 thus offering a powerful 

technique for nanoscale phase identification on In2Se3. 

The capability of nanoscale phase mapping using low-loss EELS is experimentally demonstrated 

in Figure 3. Owing to the competition between various phases, second-phase intergrowths are often 

present in In2Se3, with an example shown in Figure 3a. Here the intergrowth is β’-In2Se3 only three 

layers thick embedded in α-In2Se3 lattice (Figure 3b), which can be clearly mapped out in Figure 

3c by its higher Ep compared with the α-In2Se3 matrix. The atomically sharp α/β’ interfaces become 

~1.1 nm wide as revealed by the energy profile in Figure 3c, evidencing the nanometer resolution 

of Ep mapping that should be limited by the size of probe and the delocalization of the low-loss 

EELS signal.25,26 Although not comparable to TEM/STEM imaging, this resolution is still 

sufficient to detect the thinnest intergrowth, i.e., single-quintuple-layer In2Se3 (~1 nm wide). 

Another example of resolving two-layer β’-In2Se3 intergrowth in α-In2Se3 is presented in Figure 

S3. Moreover, with the same trend of Ep in both [0001] and <112�0> orientations (Figure 1b), Ep 
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mapping does not suffer the restriction of sample orientations that is required by TEM/STEM 

imaging, and thus is more applicable to general samples with random orientation of second-phase 

intergrowths.  

 

Figure 2. Calculated real (blue solid) and imaginary parts (blue dash) of the dielectric functions, 

and energy-loss functions (red solid) for α-3R (upper) and β’-3R (bottom) In2Se3, respectively, 

with vertical dotted lines and dash-dotted lines indicating the plasmon peak positions. 
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The observed Ep difference can also be utilized to study phase transitions between In2Se3 

polymorphs. Using in situ heating/cooling in STEM to induce phase transition, we measure Ep as 

functions of temperatures as shown in Figure 4a. Two major features can be observed: i) the linear 

decrease of Ep with increasing temperature for all four phases, which maintains their Ep difference 

at various temperatures; and ii) the leap from the lower Ep of α-2H/3R phases to the higher Ep of 

β-2H/3R In2Se3 at ≥250 ℃ corresponding to α-to-β transition. There is no Ep leap for the transition 

between β’- and β-In2Se3, which can be attributed to their same basic structure except for the 

additional antiferroelectric ordering in β’-In2Se3 (Figure S8).20 The phase transitions between α-, 

β’- and β-In2Se3 has also been verified by electron diffraction during in situ heating (Figure S6). 

Both above features validate the observed Ep difference in Figure 1b. We note that in situ EELS 

experiment presented in Figure 4a has been repeated three times with good reproducibility (Figure 

S5). 

 

Figure 3. (a) Low-magnification image of an α-3R In2Se3 flake with the intergrowth of β’-In2Se3 

as the bright straight lines. (b) Atomic-resolution Z-contrast STEM image from the squared region 

in (a), showing three quintuple layers of β’-In2Se3 inserted in α-3R In2Se3 lattice. (c) Plasmon-

energy mapping using low-loss EELS with the horizontally averaged energy profile overlaid, 

which can detect the 3-nm-wide β’-In2Se3 intergrowth. 
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The linear decrease of Ep with increasing temperature has been reported for other 2D 

chalcogenides,27,28 which can be explained by the well-known dependence of Ep on valence 

electron density n through the formula: 

 𝐸𝐸𝑝𝑝(𝑇𝑇) = ℏ�𝑛𝑛(𝑇𝑇)𝑒𝑒2

𝜖𝜖0𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
= ℏ� 𝑛𝑛0

𝑉𝑉(𝑇𝑇)
𝑒𝑒2

𝜖𝜖0𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
,                                                        (1)

where ℏ is reduced Plank constant, ϵ0 is the vacuum permittivity, e and meff are charge and effective 

mass of an electron, n(T) is the valence electron density n(T) = n0/V(T), and n0 is the number of 

valence electrons within the volume V(T). Raising temperature causes thermal expansion and 

decreases n(T), as reflected by the monotonic decrease of Ep(T) in Figure 4a, which has been 

utilized to perform nanoscale measurements of temperature29 and thermal expansion coefficients.27 

The temperature-dependent volume variation can be quantitatively derived by measuring lattice 

parameters using in situ XRD. As depicted in Figure 4b, the single-quintuple-layer unit-cell 

volumes V(T) increases linearly with temperature, corresponding to thermal expansion for all four 

phases. The linear temperature dependence of V(T) suggests that In2Se3 thermal expansion is 

dominated by the linear thermal expansion coefficient,30-32 which has been fitted and listed in Table 

S2. Combining Figure 4a and 4b, we can use Equation 1 to calculate n0 as plotted in Figure 4c (see 

Note 1 in SI): n0 of all four In2Se3 phases shows no obvious temperature dependence, which 

indicates that the observed linear decrease of Ep(T) in Figure 4a is completely due to thermal 

expansion.  

More interestingly, Figure 4c unveils an intrinsic difference in the number of valence electrons 

n0 of the four phases. From Equation 1, the first plasmon peak at ~15 eV corresponds to n0 ≈ 23 

valence electrons (per In2Se3 formula-unit), which is a subset of totally 44 outer-shell electrons of 

In2Se3. Figure 4c further illustrates that β’/β-In2Se3 possesses ~0.5 more valence electron than α-

In2Se3 when comparing the same stacking structure (2H or 3R). It shows that the measured Ep 
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difference between various phases in Figure 4a is not only caused by the volume effect, i.e., V(α-

2H) > V(α-3R) > V(β’-2H) > V(β’-3R) as shown in Figure 4b, but also reflecting their different n0 

with n0(α-2H) < n0(α-3R) < n0(β’-2H) < n0(β’-3R) as shown in Figure 4c. We note that n0 here is 

derived from Equation 1 based on the simple free-electron model, which may be interpreted as a 

simplified indicator of the electronic properties. The more valence electrons in β’/β-In2Se3 are 

indeed consistent with their higher conductivity compared with α-In2Se3,12,33,34 which could arise 

from the more octahedral coordination in β’/β-In2Se3 which has been demonstrated to be relatively 

unstable.35  

In summary, we demonstrate nanoscale phase identification on 2D In2Se3 polymorphs using Ep 

mapping based on low-loss EELS. The characteristic Ep of In2Se3 polymorphs is validated by first-

principles calculations and can be applied to reveal phase transitions using in situ EELS. 

Correlating with in situ X-ray diffraction, we further derive a subtle difference in the valence 

electron density of In2Se3 polymorphs, consistent with their electronic properties. The nanometer 

resolution and independence of orientation make Ep mapping a versatile technique for nanoscale 

phase identification on emerging materials. 
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Figure 4. (a) Plasmon energies, (b) unit-cell volumes of single quintuple layers, and (c) derived 

numbers of valence electrons in each formula-unit volume as functions of temperature for the four 

In2Se3 phases at [0001] orientation. The arrows in (a) indicate the temperature change directions. 

During phase transition, the unit-cell volumes are plotted for both the individual phases (α-In2Se3: 

red, β-In2Se3: green) and the averaged volume from the mixture.  
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