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Abstract 

Despite recent intensified research efforts in novel alkaline earth oxides (AEOs), there still exist very 

few studies on their basic structural, optical and phonon characteristics. Exceptional combination of 

AEOs’ material traits including high thermal conductivity, electrical insulation, wide bandgap, 

spontaneous polarization at graded interfaces, have made BeO/ZnO strained layer superlattices (SLs) 

valuable for developing different electro-optical devices. These prospects offered opportunities to 

integrate SLs into flexible transparent high-performance transistors, ultraviolet light-emitting diodes, 

biosensors, nano-electronic and nanophotonic modules, etc. Such units are playing vital roles in 

thermal management solutions to provide safety for nuclear reactors and many medical equipment. 

In the absence of experimental data on phonon dispersions, dynamic displacements and Raman 

intensity profiles, systematic simulations are required. Using both elastic continuum and modified 

linear chain models, we have studied phonon characteristics of short-period BeO/ZnO SLs. Bond-

polarizability method is adopted to calculate Raman scattering spectra of graded (BeO)10-

(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs by varying interfacial layer thickness from  ≡ 0 to 3 

monolayers. The study has showed acoustic phonon branches of SLs weakly affected by interfacing. 

Low frequency optical modes are shifted upwards in frequency while the high frequency phonons 

exhibited downward changes up to ~171 cm-1. Increasing  has collectively caused the phonon modes 

to collapse in the middle of the optical phonon mode region. This has triggered perceiving many 

prominent Raman scattering features. Such effects are linked to the localization of atomic 

displacements. Our methodical study markedly insinuated that the Raman intensity profiles of 

optical modes in strained layer SLs can be well suited for probing the thickness of interfacial layer , 

when epitaxially grown samples will become available. 

Keywords: novel BeO/ZnO superlattice; Raman scattering intensity; elastic continuum model; 

modified-linear-chain model; interfacial layer thickness; alloyed inerfaces 

 

1. Introduction 

In recent years, many research efforts have been made on novel alkaline earth oxides (AEOs) 

with the motivations to achieve flexible nano-structured; doped, and composite semiconductor 

materials [1–6]. The AEOs are frequently labelled as II-Os, as they include oxygen (O) atom of group 

VIA and elements of group IIB (e.g., beryllium Be, magnesium Mg, zinc Zn, cadmium Cd) from the 

periodic table. Advanced II-O semiconductors generally possess high alkalinity, wide bandgaps, and 

strong ionic bonding [7–11]. They exist in various crystalline phases ranging from the wurtzite (wz) 

→ zinc blende (zb) → rock salt (rs) structures [1–6]. In the realm of materials science, and solid-state 
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physics, the II-Os (e.g., BeO, MgO, ZnO, CdO) and III-Ns (e.g., BN, AlN, GaN, InN) have recently 

gained significant attention due to their unique electrical and chemical properties. Unlike III-Ns, II-

Os can be grown relatively easily. Interestingly, many basic traits of III-Ns have revealed similarities 

with II-Os (viz., BN→ BeO; AlN, (GaN, InN) → MgO, (ZnO, CdO)). Electronic devices based on II-

Os and III-Ns covered nearly the same wavelength range. However, the ZnO (for instance) is 

considered superior to GaN for fabricating lower threshold laser diodes (LDs), with excitons to 

operate at higher efficiencies [1–11]. 

Among other AEOs, the ZnO and BeO show unique electrical, optical, elastic and thermal 

properties suitable for diverse technological applications. [1–11] Due to large electromechanical 

coupling with excellent piezoelectric characteristics, ZnO has received considerable attention for 

fabricating high-frequency acoustic resonance wave devices. Large exciton binding energy ~ 60 meV 

of ZnO encourages its use for efficient excitonic recombination and plays crucial role for engineering 

high efficiency and low-cost UV photodetectors [1–6]. So far, only a highly textured ZnO film has 

confirmed optically pumped UV lasing at room temperature (RT) [1–6]. Before ZnO could offer a 

significant contribution to the world of micro- and nano-electronics, it is important to achieve 

reproducible p-type epilayers [6]. Besides ZnO, the BeO is another distinctive member of the II-Os 

family. BeO exhibits high thermal conductivity , exceptional hardness, large bond strength, high 

melting point ~2570 ◦C, radiation resistance, and higher dielectric constant, despite having an 

extremely large bandgap. Combining direct bandgap ZnO Eg~3.37 eV with BeO Eg~10.6 eV has 

encouraged scientists to prepare BexZn1−xO ternary alloys. This has offered many applications to 

achieve ultraviolet (UV) UV-LDs, UV light emitting diodes (UV-LEDs), UV detectors, and 

transparent conducting oxide electrodes (TCOEs). While ZnO is valuable for optoelectronic, 

biomedical, and antimicrobial devices, BeO exceled its use in thermal management applications to 

optimize high-frequency, high-temperature electronics. Recently, many BeO-based electronic 

components are being developed including the UV-LEDs, LDs, gas sensors, and solar cells, etc. [1–

11] The material has fulfilled its use in the growing demands for efficient operations of nuclear 

reactors [12–15]. BeO has also contributed to lasers for DNA sequencing and tissue analysis. As a 

TCOE, BeO has been employed in high frequency electronics within displays that require efficient 

heat dissipation. Recently, BeO-based devices are methodically incorporated: (i) in satellites/aircraft 

for space exploration, (ii) in nuclear reactors as neutron reflectors, (iii) medical equipment for 

radiation detection, and (iv) in managing excess heat generation for secured operations of both 

electronic and optoelectronic systems [7–11].  

Substantial improvement has been made recently in the epitaxial growth of II-Os [16–28]. 

Commonly used epitaxial methods included the chemical vapor deposition (CVD), metal organic 

(MOCVD) [16,17], laser ablation [18–20], molecular beam epitaxy (MBE), pulsed laser deposition 

(PLD), atomic layer deposition (ALD), plasma-enhanced ALD (PEALD), plasma-assisted PA-MBE 

[21–28], etc. Progress in the epitaxial growth process helped achieving high-quality single crystals, 

ultrathin large area epifilms, BexZn1−xO ternary, BexCdyZn1−x-yO quaternary alloys and low 

dimensional heterostructures (LDHs) [viz., ZnO/BexZn1−xO multi quantum wells (MQWs), and 

(ZnO)m/(BexZn1−xO)n superlattices (SLs)]. The integration of BexZn1−xO alloy epifilms in MQWs offered 

unlimited opportunities to engineer device structures for improving flexible electronics modules. 

Recently, ZnO/BexZn1−xO based MQWs and SLs are also employed to harness strong excitonic effects 

to achieve stimulated emission at elevated temperatures for micro-electronic/nano-photonic devices.  

Large lattice mismatch between ZnO and BeO is anticipated leading to a large internal strain 

near the interfacial layers. This could trigger negative impact on the performance of optoelectronic 

devices [6,7]. In SLs, the in-plane strain depends not only on the structures of constituent layers but 

also their growth conditions. To ease the lattice strain in BeO/ZnO MQWs and SLs, it is necessary to 

introduce graded interface between the two integral layers. In heterostructures, such distribution 

over a wider region can help reduce the stress. For the emergence of rough interfaces at nanometer 

(nm) scale during epitaxial growth of MQWs, surface segregation has played an important role. 

Earlier high-resolution transmission electron microscopy (HR-TEM) [29] measurements have 
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reported the appraisal of indium (In) concentration related interfacial gradient thickness in GaN/ 

In0.43Ga0.57N/Al0.1Ga0.9N. The study [29] has pointed out a typical interface width of 1 nm for 

GaN/InGaN while more than twice of this value is reported for the InGaN/AlGaN interface [30]. Ab 

initio calculations are also performed by Boguslawski et al. [31] for comprehending surface 

segregation energies in wide bandgap III-N alloys. The authors [31] have indicated an order of 

magnitude larger segregation energies in III-Ns than the conventional III-As (AlAs, GaAs, InAs) 

alloys and SLs. This difference has been attributed to two major aspects: (a) the chemical bonds are 

significantly more ionic in nitrides than arsenide’s, and (b) the large mismatch between atomic radii 

of their cations and anions triggers an increased disorder in wider interfaces. Most importantly, the 

presence of strained interfacial layers in GaN, AlN, and InN based MQWs, and SLs have shown 

significant impact on the optical and electrical processes [32,33].  

To estimate thickness of thin-film materials, many experimental techniques have been 

frequently used [29,30,34–37]. Different methods are adopted including reflectance [34], Raman 

scatting spectroscopy (RSS) and spectroscopy ellipsometry [35–37]. For assessing structural quality 

and thickness of film interfaces, Raman scattering of phonons is judged as one of the most powerful 

techniques. Interaction of incident and scattered light with interfaces cause interferences that lead to 

the variations of Raman intensity profiles [34–36]. In each material the observed Raman signatures 

are unique. In multilayer systems, such features are known to vary non-monotonically with the 

thickness of different layers. The observed Raman scattering intensity depends on the incident 

excitation wavelength of laser source, power, detector efficiency, gain, and integration time, etc. If 

experimental parameters are kept consistent between measurements, the intensity of Raman signal 

could potentially be used as a measure of estimating film thickness. It is simply because the 

interference patterns change with film textures, affecting the amount of light scattered and detected 

in Raman scattering studies. Observed enhanced intensity features in Raman spectroscopy has made 

it easier to analyze, comprehend the structural and optical properties of heterostructures. Like HR-

TEM, RSS has been frequently exploited to confirm the role of interfacial effects in arsenide and 

nitride-based MQWs [32–35]. For BeO/ZnO SLs neither the HR-TEM nor RSS studies are available in 

the literature. 

Theoretical methods of varying complexity [38–52] have been used to study the phonon 

dispersions, atomic displacements and Raman intensity profiles in semiconductor SLs. For extracting 

phonon characteristics, the most comprehensive technique is based on an ab initio local density 

functional (LDF) approach [50–52]. Phenomenological models [38–49], though less fundamental than 

LDF, are quite feasible for examining the vibrational mode behavior in SLs [38–49]. Three basic 

methods are frequently employed: These are: (a) elastic continuum model (ECM) [53], (b) linear chain 

model (LCM) [38–49], and (c) transfer matrix method (TMM) [54]. Although ECM [53] described 

folding of acoustic phonon branches in SLs, an LCM [38–49] has allowed the calculations of acoustic 

and optical phonon dispersions. The LCM revealed how interfaces between different layers has 

affected the phonon mode behavior in SLs. Rigorous treatment by TMM has also been used recently 

to calculate Raman spectra for assessing multilayer thin film thickness [54]. Barker et al. [38] were the 

first to adopt an LCM approach by considering nearest neighbor (NN) interactions to explore the 

lattice dynamics of GaAs/AlAs SLs. The method [38] is considered effective in the frequency region 

where bulk-phonon dispersions are non-linear. An LCM has epitomized discrete nature of crystal 

structures and offered information about the evanescent behavior of optical phonons. In an earlier 

LCM study [38], the agreement between the calculated and experimental phonon dispersions of bulk 

constituents was rather poor. By including interactions up to second-nearest neighbors (2NN) [39–

49], the modified LCM (MLCM) provided improvements in the bulk-phonon characteristics.  

It is to be noted that [53] the folding of acoustic phonons in ECM is sensitive to the periodicity 

of SL structure’s alternative constituent materials (e.g., III-As GaAs-AlAs or III-N GaN-AlN). The 

acoustic/optical phonon modes of SLs in MLCM are receptive to the width and shape of the two 

layers. Careful analyses of RSS results using MLCM have established that the interfacial effects are 

responsible for lifting the degeneracies of modes to cause considerable gains in the intensity of Raman 
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active phonon features [39–49]. Even though the acoustic modes of bulk zb BeO material overlap with 

optical phonon branches of zb ZnO, the optical phonon dispersions of both constituent materials are, 

however, well separated. As no efforts are made using Raman scattering to study the phonon 

characteristics of novel BeO/ZnO SLs, it is interesting to simulate Raman intensity profiles of confined 

optical modes (COMs) and report the impact of interfacial dependence on graded (BeO)10-

(Be0.5ZnO0.5O)(ZnO)10 (Be0.5ZnO0.5O) SLs. 

This paper aims to describe the results of a systematic study for capturing the phonon 

characteristics of short-period SLs (cf. Section 2.1) by using two different methodologies: an ECM [53] 

(cf. Section 2.2) and an MLCM [39–49] (cf. Section 2.3). Since Raman selection rules in the (0 0 1) SLs 

has allowed the observation of longitudinal phonons [33–35] we have focused our efforts exclusively 

on studying the longitudinal vibrational modes (cf. Section 2.4). By treating each layer of zb BeO/ZnO 

SLs as an elastic continuum, the Rytov’s model is exploited for predicting the folded acoustic modes 

(FAMs). An MLCM is employed for examining the acoustic and non-overlapping behavior of optical 

modes. The choice of MLCM is justified by Raman measurements [33–35]. Comparison of FAMs is 

made between MLCM and Rytov’s [53] methods. Systematic simulations are performed on phonon 

dispersions of graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. Interfacial effects are 

considered using one monolayer (ML) of Be0.5Zn0.5O and increasing its value in steps up to three  (≡ 

1, 2, 3) MLs. Results are reported for the phonon dispersions, atomic displacements and Raman 

intensity spectra. Bond-polarizability model (BPM) [55] is adopted for calculating Raman intensity 

profiles in BeO/ZnO SLs. The BPM has already provided a very good description of optical modes in 

conventional SLs [39–49]. In ideal (sharp) interface (BeO)m/(ZnO)n, the number N (= 1-40; 2 (n + m); n 

= m =10) of phonon dispersions are formed. Among these, half N (= 1-20) of the modes exhibit 

acoustical and the other half N (= 21-20) optical branches. While acoustic phonons of BeO overlap 

with optical modes of ZnO, the optical phonon branches of both the constituents BeO, and ZnO are 

well separated. Due to non-overlapping traits the optical modes in ideal SLs are confined in their 

respective layers. The simulations have clearly revealed the common FAMs of BeO, ZnO showing 

negligible affects by increasing interfacial thickness  (≡ 1, 2, 3 MLs) [56–63]. The study indicated 

strong confinement of optical modes in ideal (BeO)m/(ZnO)n SLs for n = m = 10 with  (= 0). With the 

change of  (≡ 1, 2, 3 MLs) some of the phonon modes exhibited significant frequency shifts with 

substantial changes in Raman intensity profiles (cf. Section 3). Effects of graded interfaces are 

carefully considered by varying  n, and m to reveal their impact on simulated Raman intensity 

features. These changes are linked to the accidental degeneracies and localization of modes. We hope 

that the outcome of our methodical study will encourage experimentalists to use Raman scattering 

spectroscopy to authenticate our theoretical conjectures on zb BeO/ZnO SLs.  

2. Theoretical Background 

2.1. (BeO)m/(ZnO)n Superlattice Structure 

Compound semiconductor based zb (AC)m/(BC)n (0 0 1) SLs are considered manmade (artificial) 

nanoscale structures [64–66]. Here, we have considered two binary materials AC (≡ BeO), BC (≡ ZnO) 

of layers m, n with thickness dAC, dBC, respectively. Stacking these layers alternatively along the 

growth direction (001) can form a SL with a period dSL (≡ dAC + dBC). Atomically controlled SLs are 

expected to significantly induce both the electronic and optical characteristics. These changes are 

being used for tailoring structural, phonon and optical traits of ZnO-based heterostructures for 

designing many electronic devices that emit light in the UV, blue-green, and white spectrum [6]. 

Figure 1 (a) displays the schematic diagram of a planar nature of the zb BeO/ZnO SL with BeO and 

ZnO layers [44] coupled together with interactions (see Figure 1 (b)) up to second nearest neighbors.  
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Figure 1. (a) Following Ref. [44], we have reported the link between a three-dimensional zb BeO/ZnO (001) SL 

and an effective planar modified linear chain model (MLCM). (b) The nearest neighbor NN f1−2, and f1−1, f2−2 and 

second nearest-neighbors 2NN effective force constants are used in MLCM for studying the vibrational 

properties of SLs (see text). 

2.2. Phonons in zb (BeO)m/(ZnO)n SLs 

The zb (AC)m/(BC)n (0 0 1) SLs exhibit pseudo-morphic [44] structures of tetragonal D2d point 

group symmetry. This conception of SL was first proposed by Esaki and Tsu [64–66]. In our choice of 

BeO/ZnO SL we have used two binary materials AC, BC of layers m, n with thicknesses dAC, dBC and 

period dSL by assembling them alternatively. The atomic basis of this artificial structure can be viewed 

as a crystal having 2 (m + n) atoms. Thickness of one monolayer in a zb-SL signifies one half of the 

lattice constant ‘a’ of the constituent materials. As the stacking sequence is enlarged from bulk crystal 

lattice constant a to dSL, it leads to a reduced Brillouin zone or reduced mini zone (RMZ) with the 

edge at π/dSL instead of 2π/a. 

2.2.1. Rytov’s Model  

The acoustic modes with a wave vector along the SL growth direction is considered as resulting 

from the folding back of the original lattice phonon dispersions into the RMZ with openings of the 

band gaps at the zone-center (|q⃗ SL|= 0) as well as zone-boundaries (|q⃗ SL|= π/dSL). Rytov’s model [53] 

treats the SL as a layered elastic medium, and the phonon dispersions (ωj(q⃗ SL)) are derived for the 

structure where the number of periods approaches to infinity. In an ECM approach, the dispersion 

curve along the SL growth axis can be obtained by solving [53]: 

cos(𝑞𝑆𝐿𝑑𝑆𝐿) = cos(𝑞𝐴𝐶𝑑𝐴𝐶) cos(𝑞𝐵𝐶𝑑𝐵𝐶) − (1 +  ) sin(𝑞𝐴𝐶𝑑𝐴𝐶) sin(𝑞𝐵𝐶𝑑𝐵𝐶),  (1) 

where  = (1 − γ)2/2γ; γ =  ρBCvBC/ρACvAC; qAC(BC) = ω/vAC(BC).  

The first term on the right-hand side of Equation (1) describes the folding of the “average” 

acoustic phonon dispersion curves of the SL reflecting the geometry of its structure. The second term 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2025 doi:10.20944/preprints202508.1127.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1127.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 18 

 

illustrates acoustical modulation leading to the frequency splitting of phonon dispersion curves for 

causing the opening of bandgaps at |q⃗ SL|= 0 and |q⃗ SL|= π/dSL. The values of ρAC, ρBC and vAC, vBC 

are evaluated for the bulk AC (BeO), BC (ZnO) zb materials, respectively (see Section 3). These 

quantities are necessary for comprehending the FAMs in the zb (BeO)m/(ZnO)n SLs.  

2.2.2. Phonon Dispersions in Superlattices 

Numerical simulations of phonon dispersions and atomic displacements for zb (BeO)m/(ZnO)n 

SLs are carefully performed by using an MLCM. Raman intensity profiles are studied by employing 

a bond-polarizability model (BPM) [55] (cf. Section 2.2.3).  

The MLCM represents an array of BeO and ZnO layers coupled with interactions up to 2NN (see 

Figure 1 (b)). Effective force constants fi−j; fi−i, fj−j are evaluated by considering experimental/first 

principles values of optical ωLO(), ωLO(X)and acoustic ωLA(X) modes along the →X direction of bulk 

zb BeO and ZnO [56–61] materials including the shapes of their phonon branches. Vibrating atomic 

planes in MLCM makes it possible to map three-dimensional SL onto a linear chain which simplifies 

the numerical analysis of a complex problem. The model fully supports RSS measurements in the 

backscattering geometry with  q⃗ SL  [001]. In the harmonic approximation, appropriate dynamical 

matrices of SLs are diagonalized to obtain phonons (i.e., eigenvalues 𝜔𝑗(q⃗ SL) and eigenvectors). 

Atomic displacements 𝑢𝑖𝑧  are integrated in the Bond-polarizability model [55] (cf. Section 2.3) to 

simulate Raman intensity profiles Iij (ω) of graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-

(Be0.5ZnO0.5O) SLs by varying the values of number of m, n layers and interfacial  (≡ 1, 2, 3) 

thickness (cf. Section 3).  

2.2.3. Raman Intensity Profiles in Superlattices 

In ideal zinc-blende SLs, it is well established [33–35] that only the ωLO modes contribute to the 

RSS in the backscattering geometry along the (0 0 1) axis [33]. Using a bond-polarizability model [55], 

we have simulated Raman intensity profiles, by carefully incorporating the calculated MLCM 

phonon ωj(𝑞 𝑆𝐿)  modes, the relative displacements 𝑢𝑖𝑧  of the neighboring atoms and the 

components of differential bond-polarizability [55] tensor 𝛼𝑖𝑗 . Following Zhu and Chao [55] and 

assuming the polarizability constants in BPM to have fixed values throughout, we have (see Section 

3.2.3) numerically simulated Raman intensity profiles {Iij(ω)} for zb BeO/ZnO (0 0 1) SLs by using 

[55]: 

Ixx(𝜔) ∝ |∑ 𝛼𝑥𝑥,𝐴𝐴 (𝑢1𝑧 − 𝑢3𝑧)|
2
,        (2a) 

for modes of A1 symmetry, and 

Ixy(𝜔) ∝ |∑ 𝛼𝑥𝑦,𝐴𝐴 (𝑢1𝑧 + 𝑢3𝑧 − 2𝑢0𝑧)|
2
,       (2b) 

for modes of B2 symmetry.  

The summation in Equations (2a) and (2b) runs over all A atoms indicated either by the beryllium 

(green open circle) or zinc (blue open circle) atoms (see Figure 1 (a)), with 𝑢0 being the displacements 

of each of these while 𝑢1 and 𝑢3 represent the displacements of NN oxygen (red solid circle) atoms. 

3. Numerical Simulations, Results and Discussions 

By using Equation (1) with an appropriate set of physical parameters of the bulk zb BeO and 

ZnO materials (see Table 1) the FAMs are reported for zb BeO/ZnO SLs using an ECM (cf. Section 

3.1). In Sections 3.2-3.4 the results are presented for the phonon dispersions, Raman intensity profiles, 

and atomic displacements by incorporating an MLCM. 
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Table 1. Basic parameters (e.g. lattice constant, elastic constant, mass density, sound velocity and critical point 

phonons) of the bulk zb BeO and zb ZnO used in the calculations of FAPs; MLCM phonon dispersions; and 

Raman intensity profiles in zb BeO/ZnO SLs. 

Parameters zb BeO zb ZnO 

𝑎𝑜(Å) 

𝑐11(1011dyn cm-2) 

𝜌(g cm-3) 

𝑣(105 cm s-1) 

ωLO() (cm-1) 

ωLO(X)(cm-1) 

ωLA(X)(cm-1) 

3.80 

34.2 

3.0287 

10.626 

1071 

899 

707 

4.50 

19.19 

5.9339 

5.6883 

558 

551 

269 

3.1. Folded Acoustic Modes Elastic Continuum Model 

Since the recognition of an artificial SL [64–66], the ECM is considered suitable for describing the 

folding of acoustic mode dispersions,  𝜔𝑗(q⃗ SL). In most cases the wavelengths of acoustic phonons are 

larger than the thickness of each component of layers in a SL. The theory developed by Rytov [53] 

has predicted two important differences between the FAMs in a SL from the acoustic phonons of bulk 

materials. First, the Brillouin zone in SLs is folded which can be seen from the simplified version of 

Equation (1):   

𝜔𝑗(q⃗ SL) = 𝑣𝑆𝐿 [|q⃗ SL| ±
2𝜋𝑗

𝑑𝑆𝐿
] ,         (3) 

where 

𝑣𝑆𝐿 = 𝑑𝑆𝐿 [
𝑑𝐴𝐶

𝑣𝐴𝐶
+

𝑑𝐵𝐶

𝑣𝐵𝐶
]
−1

, and j = 0, 1, 2 ….. ℵ is the folding index.   (4) 

Second, the phonon gaps are opened at the zone center (|q⃗ SL|= 0) and at the boundary (|q⃗ SL| = 

π/dSL) of the RMZ. Here, the concept of a wave vector |q⃗ SL|  in 𝜔𝑗(q⃗ SL)  associated to the full 

periodicity, is strictly valid for ℵ→ ∞. To assess the splitting of FAMs by Raman scattering for longer 

period SLs, one exploits the momentum conservation relation k⃗ S  = k⃗ i± q⃗ S , where k⃗ i , k⃗ S are the 

wave vectors of incident and scattered light. The phonon wavevector q⃗ S  in the backscattering 

geometry can be evaluated by using [33]: 

|q⃗ S| ≅
4𝜋 𝑛𝑆𝐿()


(1 −

1

4𝑛𝑆𝐿
2 ()

),          (5) 

where λ and 𝑛𝑆𝐿(λ) are, respectively, the incident wavelength of laser light and the refractive index 

of the SL at that wavelength. Except for a limited experimental phonon data in conventional SLs [33–

35], no attempts are made by Raman spectroscopy to extract the vibrational modes of zb BeO/ZnO (0 

0 1) SLs. Again, in zb SLs the doublets of zone folded ωLA modes propagating along [0 0 1] direction 

can be observed in the backscattering configuration within the limits of the RMZ [33].  

Figure 2 a) displays the ECM results of FAMs in a zb (BeO)m/(ZnO)n SL, m = n =10. Vertical black 

color dashed line is drawn for the scattering wavevector |q⃗ S| ∼ 4π𝑛𝑆𝐿(λ)/λ using λ = 488 nm (say). 

In Figure 2 b), the separation between the first and 2nd doublets Ω1
±, Ω21

±  is displayed as a function of 

layer thickness n = m. Obviously, the separation decreases significantly with the increase of n. The 

ECM results of FAMs are found in very good agreement with MLCM calculations for the zb 

(BeO)10/(ZnO)10 SL (cf. Section 3.2). 
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(a) 

 
(b) 

Figure 2. (a) Calculated longitudinal FAMs of zb (BeO)n/(ZnO)m (0 0 1) SL with dBeO = dZnO (n = m = 10) using 

Rytov’s ECM model [] with parameters from Table 1. The dotted line represents the phonon wavevector |𝐪⃗ 
s
| 

yielding doublets that can be observed in high-resolution Raman scattering spectroscopy. (b) Calculated 

frequencies of the first two doublets, as a function of SL period n = m. 

3.2. Modified Linear Chain Model 

Calculated phonon dispersions using MLCM for a (BeO)n/(ZnO)m SL with N (2 (n + m); and n = 

m = 10) has provided 20 optical and 20 acoustical branches. In an ideal case (sharp interface;  ≡ 0), 

the vibrational modes N (≡ 1 to 40) are identified with increasing frequency. Calculations for graded 

(BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs are also performed by varying  (≡ 1, 2, 3). 

Phonon dispersions of acoustical and optical modes will be reported next (cf. Section 3.2.1) for  (≡ 0, 

1) and  (≡ 2, 3), respectively.  

3.2.1. Phonon Dispersions 

Due to common lowest acoustic phonons  < 268 cm-1 of bulk zb BeO and ZnO materials, the 

results of FAMs are displayed in Figures 3 ab). For N (≡ 1 to 10) the results reveal highly dispersive 

characteristics like ECM (cf. Figures 2 a)). These modes can propagate through the entire BeO/ZnO 

SL. The other acoustic modes N (≡ 11-20) in the frequency range of 270 – 555 cm-1 are non-dispersive. 

Such behavior of confined phonon modes (CPMs) is usually noticed in SLs having well separated 

optical branches of individual AC, BC layers of bulk materials (cf. Figures 3 cd)). Unlike conventional 

(e.g., GaN/AlN; GaAs/AlAs) SLs, the ωLA(X)  mode of BeO (707 cm-1) overlaps with the optical 

phonon band (403 – 558 cm-1) of ZnO and falls between the optical phonons of BeO at X critical point 

in the BZ. One could expect the high frequency BeO acoustical modes with  > 558 cm-1 to have an 

extended behavior. This atypical phonon trait will be explained further (cf. Sections 3.2.3 - 3.2.4 and 

3.3) when we discuss the Raman intensity profiles and atomic displacements of different modes in 

superlattices.  

In graded SLs, the MLCM calculations of FAMs have revealed negligible affect (see Figures 3 

ab)) while CPMs shifted significantly (see Figures 3 cd)) by changing interface width  (≡ 1, 2, 3). 

Several dispersion curves at extreme frequency regions (i.e., near  ~ 555 -558 cm-1 and 1067 -1070 cm-

1) correspond to slightly different vibrational modes for certain  values. Enhancement of Raman 

intensity features of few optical phonons in the middle frequency region have emerged by increasing 

 This behavior is linked to localization of atomic displacements either to BeO/ZnO or ZnO/BeO non 

abrupt interfaces. 
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Figure 3. Calculated MLCM phonon dispersion curves of acoustic modes (Figures 3 ab)) and optical phonon 

branches (Figures 3 cd)) for graded (BeO)10-(BeO0.5ZnO0.5)(ZnO)10-(BeO0.5ZnO0.5) SLs. 

3.2.3. Raman Scattering 

(a) Impact of Interfacial Widths  

In Figure 4, we have displayed our simulated Raman scattering spectra of the optical modes in 

graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. Calculations are performed in the 

framework of MLCM using a bond-polarizability model (see Section 2.2.3) by varying interfacial 

width  (≡ 0, 1, 2, 3 MLs).   

Major features of confined optical modes (COMs) shown by violet-colored vertical arrows in the 

low frequency region (21< N < 30) are linked to the zb ZnO, while sky blue colored vertical arrows in 

the high frequency side (31 < N < 40) are related to zb BeO structures. The numbers close to Raman 

peaks indicate those modes whose contributions have played important roles to their existence. 

Interestingly, the dominant feature close to the lower frequency ( ~558 cm-1) side corresponds to a 

quasi-confined ZnO like mode while a trait near the high frequency ( ~ 1070 cm-1) region is linked 

to truly confined BeO like mode. Except for a few lines N > 30, the impact of interfacial width  has 

exhibited small frequency shifts in Raman scattering intensities.  
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Figure 4. Simulated Raman scattering spectra based on bond-polarizability model of the confined optical modes 

for graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs for different, interfacial thickness  = 0, 1, 2, 3 

MLs. . 

(b) Impact of Number of Monolayers  

Methodical attempts are made for comprehending the behavior of Raman intensities by selecting 

a diverse set of monolayers by varying the number n between 2 to 10. Next, we will present the results 

of our simulated Raman spectra for a series of ideal  (= 0) zb (BeO)10/(ZnO)n and (BeO)n/(ZnO)10 (0 0 

1) SLs. Like Figure 4, the rational of this study is to focus only on the optical phonon frequency regions 

to discriminate the changes on major Raman features of the vibrational modes.  

For n = 10, the calculated Raman scattering intensity profiles in Figures 5 ab) has recognized two 

prominent peaks at ∼558 and ∼1071 cm−1. In addition, several weak attributes of Raman intensities 

are identified between the two major optical phonon features near the frequency regions at ∼586, 606, 

654, 692, 777, 866, 910, 932, 958, 984 and 1009 cm−1. The identification of these phonon attributes is 

cautiously made by comparison of the Raman intensity lines with the mode frequencies derived from 

the SL phonon dispersions (cf. Section 3.2.1) 𝜔𝑗(𝑞 𝑆𝐿).  

Surprisingly, the major traits for n = 10 perceived near ∼558 and ∼11071 cm−1 (see Figures 5 ab)) 

are quasi-concurrent with the bulk ωLO() modes of the zb ZnO and BeO materials, respectively. 

Obviously, the effects of layer thickness n on the optical phonon modes of the SLs have demonstrated 

some interesting aspects. For instance, the key ZnO-like Raman lines in zb (BeO)10/(ZnO)n SLs (see 

Figure 5 a)) are seen shifting towards the lower frequency sides as n is changed from 10 to 2. 

Moreover, the Raman peak intensities decrease monotonically, and they are steadily diminishing 

while the major BeO-related Raman features remained largely unaltered. Similar occurrence has also 

been noticed (see Figure 5 b)) in our simulations for the zb (BeO)n/(ZnO)10 SLs, where the main BeO-

like Raman intensity lines shift towards the lower energy side with decrease of peak intensities by 

changing n from 10 to 2 while the leading ZnO-related attributes remained typically unchanged. This 

study has clearly shown that Raman scattering spectroscopy can be used for characterizing novel zb 

(BeO)(10)/(ZnO)(n) and or zb (BeO)(n)/(ZnO)(10) SLs by changing the number of layers n which might 

help determining their epitaxial growth parameters. 
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Figure 5. Impact of the layer thickness (m = n =10; with  = 0) on simulated Raman scattering spectra of confined 

optical modes in graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. 

Similar calculations for the zb (BeO)n/(ZnO)10 SLs are reported in Figures 6, 7 and 8ab) for 

interfacial thickness  ≡ 1, 2, 3 MLs, respectively.  

 
 

Figure 6. Impact of the layer thickness (m = n =10; with  = 1 ML) on simulated Raman scattering spectra of 

confined optical modes in graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. 
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Figure 7. Impact of the layer thickness (m = n =10; with  = 2 ML) on simulated Raman scattering spectra of 

confined optical modes in graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. 

 
 

Figure 8. Impact of the layer thickness (m = n =10; with  = 3 ML) on simulated Raman scattering spectra of 

confined optical modes in graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. 

Calculations of phonon dispersions 𝜔𝑗(q⃗ SL) reported earlier in Figures 3 cd) for  (≡ 0) have 

indicated extreme optical frequency regions of ZnO near  (~ 555 -558 cm-1) and BeO (~1067 -1071 cm-

1). These modes are marginally altered for certain values of interfacial thickness . Thus, the MLCM 

simulations of phonon dispersions have made it quite difficult for identifying the exact 

correspondence of optical phonons at larger interfacial thickness  (≡ 1, 2, 3 MLs) with respect to  (≡ 

0). Due to this issue of classification for the COMs, we have carefully analyzed the shifts of optical 

phonon frequencies in graded SLs by changing  = 0, 1, 2, 3 MLs. Results of the optical mode shifts 

versus  (= 0, 1, 2, 3 MLs) are displayed in the lower energy region N (= 21 – 30) (see Figure 9a)), and 

higher frequency side N (= 31 – 40) (see Figure 9b)). 
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Figure 9. (a) Calculated frequency shifts versus interface thickness  (= 0, 1, 2, 3 MLs) for the COMs 21-30, and 

(b) 31-40 in the graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs (see text). 

For ideal SL ( = 0) we have noticed (see Figure 4) that most optical modes are confined either 

in the ZnO or BeO layers. Figure 9 ab) also revealed lowest energy phonons 21-23 are nearly 

unaffected by changing  - the modes 24 -25 shift upward, while the energies of phonons 26-31 exhibit 

anomalous behavior. The remaining high energy phonons 32-40 are seen consistently moving linearly 

downwards in frequency with the increase of . Anomalous behavior of phonon modes 26-31 are 

shown associated to the localization of atomic displacements at interfaces (cf. Section 3.3). In graded 

BeO/ZnO SLs, the atomic displacements are reported next for a few selected vibrational modes. 

Systematic analyses have substantiated that the localization of atomic displacements is most likely 

responsible for the enhancement of Raman spectral features noticed in Figure 4.  

In Table 2 we have listed  dependent frequency changes of selected COMs – mode 32 exhibiting 

shift up to ~171 cm-1. Downward changes are noticed for higher frequency phonons 40-32 while 

upward shift perceived for the lower frequency modes 21-26.  

Table 2. Selected simulated confined optical phonon frequencies 0 at  = 0 for the (BeO)10/(ZnO)10 SL. The shift 

in frequencies 10, 20, 30 is also listed by varying interfacial thickness  = 1, 2, 3 ML. All phonon values 

reported near |q⃗ SL| = 0 are in wavenumbers (cm-1). 

N 0 10 20 30 

21 554.7 0.6 1.3 0.6 

25 586.4 9.8 21.0 35.9 

26 606.4 0.7 31.9 66.6 

27 653.8 -4.3 20.2 26.6 

29 691.5 -4.3 -5.4 1.7 

30 777.4 -79.7 -76.3 -69.0 

31 866.4 -37.0 -135.3 -143.5 

32 909.5 -28.5 -73.1 -171.4 

33 932 -18.1 -50.6 -95.5 

34 957.9 -16.8 -39.8 -76.3 

35 984.1 -14.0 -34.3 -60.3 

36 1008.9 -10.8 -26.7 -48.1 

37 1031.1 -7.7 -18.9 -34.3 

38 1049.4 -4.8 -11.6 -21.0 

40 1071.2 -0.6 -1.4 -2.5 
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3.3. Atomic Displacements 

 In Figure 10, we have reported simulated results of atomic displacements for selected optical 

modes 22, 24, 31, 32, 36, 38 and 40 of graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs as 

a function of increasing interfacial thickness  = 0, 1, 2, 3.  

Mode  =   =   =   =  
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Figure 10. Atomic displacements as a function of  = 0, 1, 2, 3, for some selected optical modes of (BeO)10-

(Be0.5ZnO0.5O)(ZnO)10-(Be0.5ZnO0.5O) SLs. Red, blue and green colored filled circles represent, respectively 

the Be, O and Zn atoms. 
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In Figure 10, the red colored dashed vertical lines are drawn to separate the atomic 

displacements of BeO (left hand side) from those of the ZnO (right hand side). The perusal of Figure 

10 has clearly revealed that except mode 40, the atomic displacements of phonons 24, 31, 32 have 

caused significant changes, as the interfacial layer thickness is varied between  ≡ 1 to 3 MLs. For  = 

2 ML, the study has indicated that for BeO/ZnO SL, the atomic displacements of phonon 31 transform 

from confined mode to the localized one. The corresponding variations are clearly noticed in the 

simulated Raman intensity profiles for these and other vibrational modes. We feel that the changes 

in Raman features originate from the overlapping of two-quasi-degenerate phonons. Careful 

inspection and analysis of the vibrational displacements has inspired us to track the changes in 

Raman spectra (see Figure 4) to the atomic localization. Interestingly, by comparison the changes in 

simulated Raman intensities of the strained layer graded (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-

(Be0.5ZnO0.5O) SLs  are found much stronger than those observed earlier in the conventional 

GaAs/AlAs SLs [34–36]. We strongly feel that Raman scattering profiles of both optical mode 

frequencies and intensities can be well suited for probing the interfacial layer thickness  in SLs. 

4. Conclusions 

Strained layer BeO/ZnO heterostructures hold significant promises in applications for the 

development of high-resolution, flexible, and transparent nanoelectronics/nano photonics devices. 

Progress made in the epitaxial growth along with unique structural, optical and phonon properties 

of the constituent BeO-ZnO materials have contributed to the structural design and engineering 

applications. High-resolution imaging devices are developed in recent years. Electronics requiring 

accurate light manipulation have been incorporated in several medical imaging tools, high-power 

radio frequency modules, sensors/biosensors, photodetectors/solar cells, and resistive random-access 

memory functions. Strain caused by large lattice mismatch between BeO-ZnO has played significant 

role in MQWs and SLs. Differences in thermal expansion coefficients of BeO and ZnO also 

contributed to strain, during the change of temperature, T in growth processes. Strain is known to 

impact structural, optical and phonon properties. Growth T and other parameters are known to 

impact on the strain distribution. Interlayer coupling and interface modes played important roles in 

Raman scattering intensities. In novel BeO/ZnO SLs, it is necessary to introduce graded interface to 

ease strain between the constituent layers. In such systems, composition, and/or other properties viz., 

layer thickness can be varied across the MQWs. For (BeO)10-(Be0.5ZnO0.5O)(ZnO)10-

(Be0.5ZnO0.5O) SLs we have meticulously performed simulations of phonon dispersions, atomic 

displacements, and Raman intensity spectra by carefully changing interfacial layer thickness  ≡ 0, 1, 

2, 3, MLs. While our results have clearly revealed negligible changes on the FAMs by increasing  (≡ 

0, 1, 2, 3 MLs) the COMs of upper high frequency region are shifted by interfacing up to ~ 171 cm-1 

causing drastic impacts on phonons and Raman scattering spectra.   

In strained layered heterostructures, Raman scattering spectroscopy can provide valuable 

insights into their vibrational properties revealing accurate information of constituent layers m, n, 

and graded interfacial thickness . Analysis of Raman intensity in conventional SLs [34–36] has 

already been confirmed as a powerful tool for providing information about the period, structure, and 

coherent length of phonons. In graded BeO/ZnO SLs, our calculations of phonon dispersions, 

dynamical displacements, and Raman intensity profiles have exhibited interesting structural and 

interfacial variations of phonon features. We strongly feel that the intensity of Raman signals in such 

novel materials can be used for determining thickness of layers in the context of multilayer systems. 

The study has confirmed that Raman spectra of optical modes can be well suited for probing 

interfacial layer , when epitaxially grown samples become available. 
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