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Abstract   

 Comprehensive simulations for the polarization dependent far-infrared (FIR) reflectance and 

transmission spectra are reported to assess the longitudinal optical (LO) and transverse optical 

(TO) phonons in binary BeTe (ZnTe)/GaAs (001), ternary alloy BexZn1-xTe/GaAs (001) epilayers 

and BeTe/ZnTe/GaAs (001) superlattices. The Kramers-Krönig analyses are performed to achieve 

the optical constants of bulk materials for constructing their frequency dependent dielectric 

functions. Both s-[Ts(ω)/Rs(ω)] and p-[Tp(ω)/Rp(ω)] polarized spectral calculations are 

attained at an oblique incidence [i.e., Berreman effect (BE)] by using a three-phase model in a 

multilayer optics approach. For perfect thin epilayers, the BE method has offered an unambiguous 

appraisal of LO and TO phonons in the p-polarized [Tp(ω)/Rp(ω)] FIR spectra, while in the p-

doped BeTe epilayer it justified the LO-plasmon (ωLOPL
+ ) coupled modes to be longitudinal in 

character. Careful assessment of the ωLOPL
+  by FIR spectroscopy offers an alternative, elegant and 

effective method, complementary to Raman scattering spectroscopy for estimating the free-carrier 

charge density in technologically important doped semiconductor epilayers. 
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1 Introduction 

 In recent years, the novel zinc-blende (zb) wide band gap BexZn1-xTe (BZT) alloys have gained 

considerable attention for many device applications in the optoelectronics [1-8]. The advantage of 

exploiting BZT materials is to control their basic physical properties in the entire composition 

range. The conventional zb ZnTe (2.26 eV) is a direct band gap Eg material and BeTe (2.8 eV) has 

an indirect band gap. Alloying these two compounds leads to a direct-indirect band gap crossover 

at a certain Be composition, x. While such a transition from the direct to indirect Eg is still 

unknown, the experimental evidence has suggested, however, that it occurs [1] at about x ~ 0.28. 

Molecular beam epitaxy (MBE) technique has been successfully employed to grow high quality 

(a) BZT ternary alloys on either GaAs and/or InP substrates [4-7], and (b) prepare p-type BZT 

samples [5-6] by incorporating nitrogen (N) to achieve charge carrier concentration  as high as ~ 

4.8 x 1018 cm-3.  The photoluminescence (PL) measurements [3] on N-doped BZT have confirmed 

the p-type doping [5] in a wide visible-energy range. The use of p-BZT films has been established 

as an active layer and/or p-cladding layer for designing laser diodes (LDs) and light-emitting diode 

(LED) structures [5-8].  Several recently fabricated current injected LDs operating at 560 nm 

wavelength are successfully integrated in the optical recording, communications, as well as 

ultrahigh speed microwave transistors for wireless networks, cellular phones, and biological 

sensors, etc. [5-9]. Although III-N based (GaInN, AlInGaN) alloys and heterostructures [i.e., multi-

quantum wells (MQWs), superlattices (SLs)] have also been employed to design the blue-green 

LEDs and LDs, however, major factors for acquiring lasing emission between 450 nm to 570 nm 

wavelength to achieve optimal device performances are not fully materialized [10-11].  Serious 

issues related to the efficiency of III-N based LEDs and requiring a high threshold current in the 

functioning of LDs are demanding major modifications.  

 As the veracity of using p-doped BZT alloys, BZT/ZnTe MQWs and BeTe/ZnTe SLs is 

intensified for designing the optoelectronic device structures in commercial applications [5-9], so 

does the obligations for scientists and engineers to comprehend their response to optical excitations 

in the far infrared (FIR) region for extracting basic characteristics [2-4]. Many key traits involved 

in the operations of optoelectronic devices are contingent on the materials longitudinal-optical 

(LO), transverse-optical (TO) phonons, charge carrier concentration , as well as its distribution 

in both the active region and/or passive parts as waveguide claddings. Determining such attributes 
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experimentally in a nondestructive manner is crucial for improving the efficiency of device 

fabrication process. Except for ZnTe, where the complete phonon dispersions (𝜔𝑗(𝑞⃗ )) are available 

by inelastic neutron scattering (INS) experiments, [12] in the epitaxially grown BeTe, however, such 

measurements are not possible simply because the films are too lean to obtain measurable signals 

by resolving phonons lying close in frequency. Despite the importance of BexZn1-xTe alloys and 

BeTe/ZnTe SLs in optoelectronics, their phonon characteristics have not been fully explored. For 

comprehending the optical phonons in BexZn1-xTe alloys the only systematic study using Raman 

scattering spectroscopy (RSS) is by Pagès et al. [13]. In this investigation, the authors used MBE 

grown BZT samples of different composition (0 ≤ x ≤ 0.525) and thickness d (≡ 0.56 m to 1.62 

m). Measurements are performed in the backscattering geometry with a 647.1 nm radiation using 

Kr+ laser beam along the growth- [001] as well as [110] edge-crystal axis. It is to be noted that in 

the conventional [001] direction, the LO modes are allowed in the backscattering geometry while 

TO phonons are forbidden by the selection rules [13]. In the [110] axis, however, the situation is 

reversed allowing the observation of TO modes. For the ternary BexZn1-xTe alloys the observed 

composition dependent optical phonons by Raman scattering spectroscopy has confirmed a two-

mode behavior [13], like many other conventional II-VI (CdxZn1-xTe and CdxMg1-xTe) 

semiconductors [14-17].  Besides RSS [13], Mandal et al. [15] have also assessed the BeTe-related 

(LO, TO) modes in BexZn1−xTe (0 ≤ x ≤ 0.378) alloys by fitting the dielectric function (𝜀̃(𝜔)) 

from the spectroscopic ellipsometry (SE) data. In doped BeTe (ZnTe) semiconductors, as the LO, 

TO modes and light absorption by charge carriers  dominate in the FIR dielectric function 𝜀̃(𝜔), 

their precise knowledge is imperative for offering both the lattice phonons as well as carrier 

concentration in n- and/or p-type materials [2-4].   

 Complementary to Raman scattering [13], the FIR spectroscopy [16] is an equally powerful 

technique. In bulk polar materials, the conventional FIR studies are generally performed at near-

normal incidence i (= 0) for extracting TO phonons. However, in ultrathin epifilms, the polarized 

transmission measurements at oblique incidence angle i ( 0) (the Berreman effect (BE)) [17] are 

considered not only valuable but also compatible and superior to Raman scattering for perceiving 

both the LO and TO modes. This is simply because the TO modes in the RSS near backscattering 

geometry [13] are either forbidden or appear weak and difficult to identify amidst disorder induced 

phonon continuum. In thin films, the p-polarized FIR transmission studies have been successfully 
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employed in recent years for assessing not only the optical (LO, TO) phonons of different perfect 

materials but also identifying the LOphonon-plasmon (ωLOPL
± ) coupled modes to estimate the 

charge carrier concentration  in n- and/or p-doped samples [18]. Such experimental studies have 

not been performed either on ultrathin BZT/GaAs (001) epilayers or N-doped BeTe samples.  

 The purpose of this paper is to report the results of a comprehensive study (cf. Sec. 2) by 

simulating the FIR reflectivity R() and transmission T() spectrum at near normal and oblique 

incidence for both the undoped and doped BexZn1-xTe/GaAs (001) epilayers as well as BeTe/ZnTe/ 

GaAs (001) SLs (cf. Sec. 2.1 – 2.2). For bulk materials the appropriate dielectric dispersions are 

meticulously accomplished by using the Kramers-Krönig analyses to obtain the frequency 

dependent dielectric functions 𝜀̃(𝜔). Least square fit to the reflectivity spectra [21-25] of bulk 

ZnTe, BeTe, Be0.5Zn0.5Te, and GaAs materials are achieved by exploiting the CERN library 

MINUIT program based on Metropolis algorithm. The resulting standard deviation  has been 

achieved ≤ 5 x 10-3 in all the fits of reflectivity spectra to accomplish the necessary phonon mode 

parameters (see: Table 1). In the framework of a three-phase model (cf. Sec. 3) and using a multi-

layer optics methodology [19-20] we have systematically performed calculations of the s- and p-

polarized reflectance [Rs,p()] and transmission [Ts,p()] spectra at oblique incidence (i) by 

considering apposite Fresnel coefficients. The results of binary BeTe (ZnTe)/GaAs (001) and 

ternary alloy Be0.5Zn0.5Te/GaAs (001) epifilms as well as BeTe/ZnTe/GaAs (001) SLs (cf. Secs. 

3.1 – 3.3) are accurately achieved by appropriately including the incident angle i, alloy 

composition x, film thicknesses and SL period d (≡ 𝑑𝐴𝐵 + 𝑑𝐴𝐶).  Our simulations have revealed that 

at small i, the BE [17] provides an unambiguous assessment of the LOTO phonons in binary, 

ternary alloys as well as SLs. The BeTe- (ZnTe-) type LO1,TO1 (LO2TO2) phonons acquired 

for the Be0.5Zn0.5Te alloy (cf. Sec. 3.2.3) follow the x-dependent results of the two-mode behavior 

(cf. Sec. 3.4) for BexZn1-xTe alloys derived from a traditional modified-random-element-iso-

displacement (MREI) model [13]. Extending this approach to N-doped BZT/GaAs epifilms has 

convincingly corroborated that the BE calculations of reflectivity/transmission are equally 

persuasive for distinguishing the ωLOPL
+  modes and extracting (cf. Sec. 3.3) the charge carrier 

concentration . Theoretical results of optical phonons (LO,TO), ωLOPL
+  modes and  are 

compared/contrasted favorably well against the existing Raman scattering [13], INS [12], Hall and 

PL measurements [5] with concluding remarks presented in Sec. 4. 

4            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

5 | P a g e  

2. Theoretical background  

 There exist two types of theoretical methods for assessing the structural and lattice dynamical 

properties of perfect/imperfect semiconductors. These are: (a) the microscopic methods [26-38] 

which start with ionic potentials screened by electron gas for gaining the optical, electronic, and 

phonon traits, and (b) the macroscopic techniques, which employ phenomenological models [39–

49] to simulate phonon and impurity-induced vibrational characteristics. In the former techniques, 

the interatomic forces of the perfect/imperfect materials are usually evaluated using self-consistent 

density functional theory (SC-DFT) [26–38] to comprehend the structural, optical, and phonon 

properties by employing an ABINIT software package. One must note that the SC-DFT methods 

are computationally demanding for semiconductor materials to study the defect vibrational modes 

of isoelectronic impurities and are much more cumbersome for non-isoelectronic (i.e., charged) 

defects [29]. The first-principles methods have offered not only accurate phonon properties of alloy 

semiconductors [26-38] but also facilitated assessing FIR reflectivity and Raman intensity profiles 

of perfect/imperfect GaN/AlN SLs [31-32]. As compared to the ab initio techniques, the benefits 

of using macroscopic methods for investigating the lattice dynamics of perfect/imperfect [39-49] 

semiconductors are quite discernable. Here we have adopted a macroscopic methodology of 

multilayer optics (cf. Secs. 2.1 – 2.5) for simulating the FIR reflectivity/transmission spectra of 

bulk binary (BeTe, ZnTe, BeZnTe, GaAs) materials, thin MBE grown ternary alloy epilayers 

Be(Zn)Te/GaAs (001) and BeTe/(ZnTe/GaAs (001) SLs. Theoretical results are compared/ 

contrasted with the existing experimental and theoretical (cf. Sec. 3) data. 

2.1  Reflectivity and transmission of binary and ternary alloys

 The infrared radiations through polar materials can couple strongly to their optical modes. The 

TO and LO phonons define a region of negative permittivity and the center of a section of high 

loss, is called the Reststrahlen band region.   

 To simulate the FIR reflectance and transmission spectra of bulk binary and ternary alloys, the 

physical process involving interactions between the electromagnetic (EM) radiation and materials 

can be articulated in terms of the complex refractive index 𝑛̃(𝜔) via their dielectric functions 𝜀̃(𝜔) 

[𝑛̃(𝜔) = √𝜀̃(𝜔)].  In zb semiconductors two main processes contribute to 𝜀̃(𝜔): (a) the free-

charge carrier effect in doped materials caused by electrons and/or holes, and (b) the lattice effect 

5            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

6 | P a g e  

from the optical phonons. To simplify the FIR reflectivity calculations, multi-phonon absorption 

method is not considered here. Instead, we have adopted a classical form of 𝜀̃(𝜔) for the doped 

binary materials by using the Drude-Lorentz approach [16]: 

𝜀̃(𝜔) = 𝜀∞ [1 −
𝜔𝑃

2

𝜔2+𝑖𝜔𝛾
] +

(𝜀𝑜−𝜀∞)𝜔𝑇𝑂
2

𝜔𝑇𝑂
2 −𝜔2−𝑖𝜔𝛤  

  = 𝜀∞ [1 −
𝜔𝑃

2

𝜔2+𝑖𝜔𝛾
] + 

𝑆𝜔𝑇𝑂
2

𝜔𝑇𝑂
2 −𝜔2−𝑖𝜔𝛤

 . (1)  

In Eq. (1), the first term on the right hand side describes the interaction between the charge carriers 

and EM wave of frequency 𝜔; 𝛾(=
1

𝜏
 ) is the free carrier damping constant with relaxation time of 

𝜏; 𝜔𝑃 {≡ [
4𝜋𝜂𝑒2

𝑚∗𝜀∞ 
]
1

2⁄

} is the plasma frequency of free carrier concentration  with an effective mass 

𝑚∗, and 𝑒is the magnitude of electron charge. The second term in Eq. (1) covers the Reststrahlen 

region describing the interaction of EM radiation with optical phonons, where 𝜀𝑜 and 𝜀∞  are, 

respectively the static and high-frequency dielectric constants. The term  𝑆(≡ (𝜀𝑜 − 𝜀∞) or ≡ 

𝜀∞ (
𝜔𝐿𝑂

2

𝜔𝑇𝑂
2 − 1)) is an oscillator strength and  the phonon damping; ωLO , ωTO phonon frequencies 

are related to the well-known Lyddane-Sachs-Teller (LST) relationship viaωLO  [≡ωTO (
𝜀𝑜

𝜀∞
)
1/2

]

 For ternary alloys [e.g., (AB1-xCx) with A = Te, B = Be, C= Zn], the composition dependent 

𝜀𝑥̃(𝜔) (cf. Eq. (1)) can be re-written as a superposition of the two AB and AC-like (j = 1, 2) 

damped harmonic oscillators [19]: 

𝜀𝑥̃(𝜔) = 𝜀∞𝑥 [1 −
𝜔𝑃

2

𝜔2+𝑖𝜔𝛾
] + ∑

𝑆𝑗𝑥𝜔𝑇𝑂𝑗𝑥
2

𝜔𝑇𝑂𝑗𝑥
2 −𝜔2−𝑖𝜔𝛤𝑗𝑥

𝑗=1,2  ,     (2)  

where the term 𝜀∞𝑥 (≡ 𝜀∞1 + (𝜀∞2 − 𝜀∞1 ). 𝑥) represents high frequency dielectric constant 

taken as a weighted average between the corresponding values of pure BeTe and ZnTe; 𝑆𝑗𝑥is x 

dependent oscillator strength; ωTOjx and 𝛤𝑗𝑥 represent, respectively, the resonance frequency and 

damping constant of the jth ωTO phonon for different x. 

 The values of ε∞, ωTO, , and S (cf. Table 1) for the bulk materials are the fitting parameters 

(cf. Sec. 3) used in the Drude-Lorentz model (cf. Eq. (1)). The quantities including plasmon (ωP) 

frequency in p-BeTe, and its damping constant are carefully evaluated by minimizing the mean-

squares deviations using a regression program. Once the 𝜀̃(𝜔) is accurately constructed for each 

material, the reflectance coefficient 𝑟̃ at near normal incidence can be obtained: 

6            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      

7 | P a g e  

𝑟̃ =
1−√𝜀̃(𝜔)

1+√𝜀̃(𝜔)
  ,           (3) 

to model the power reflection R() = |𝑟̃|2. 

2.2  Reflectivity and transmission spectra in thin epifilms  

 In the FIR spectroscopy [16], a polar film of thickness d is considered thin if /c >> d (or 

equivalently  >> d) with  being the frequency of incident EM wave and c is the speed of light. 

In such films one can distinguish two uniform normal modes of vibrations: one with atomic 

motions parallel to the plane of the film (TO modes) and the other having atomic motions 

perpendicular to the plane of the film (LO modes).  

 For simulating the reflectivity of BeTe/GaAs (001), ZnTe/GaAs (001), BexZn1-xTe/GaAs (001) 

epifilms with thickness d, we have adopted a standard methodology of multilayer optics in the 

framework of a three phase (ambient/film/substrate) model. The amplitude of reflection coefficient 

𝑟̃123 or reflectivity R() = |𝑟̃123|2 at near normal incidence can be calculated by using [19]: 

𝑟̃123 =
𝑟̃12+𝑟̃23exp (2𝑖𝛽)

1+𝑟̃12𝑟̃23exp (2𝑖𝛽)
  ,         (4) 

where 𝑟̃12 =
1−𝑛̃2

1+𝑛̃2
; 𝑟̃23 =

𝑛̃2−𝑛̃3

𝑛̃2+𝑛̃3
 with 𝑛̃2 = √𝜀2̃ and 𝑛̃3 = √𝜀3̃ are the Fresnel coefficients. The term 

𝛽 = 2𝜋𝑑
√𝜀̃𝑠(𝜔)

𝜆
 in Eq. (4) represents the phase multiplier with 𝜀𝑠̃(𝜔) being the dielectric constant 

of the substrate and 𝜆 is the wavelength of the incident light. An expression (like Eq. (4)) for the 

transmission coefficient 𝑡̃123 at near normal incidence can be derived [19].  

2.2.1 Berreman’s effect 

 The articulation to simulate the reflectivity R() = |𝑟̃123|2 (transmission T() = |𝑡̃123|2) at 

oblique incidence angle i [17] is, however, a little more involved.  If the EM wave is incident on 

the film with electric field polarized perpendicular to the plane of incidence [i.e., the s-wave], the 

radiation only interacts with the TO modes regardless of the angle of incidence i. In contrast, 

both TO and LO modes are excited by radiation that impinges on the film at an angle i with 

electric field polarized parallel to the plane of incidence [i.e., the p-wave] i.e., the BE effect. In 

such a situation, the electric field has a component in the direction of the atomic motions for both 

the TO and LO phonons.  
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 This simple and elegant method was first introduced by Berreman [17] by using FIR 

transmission at oblique incidence on a thin LiF prepared on a collodion film. The BE method has 

clearly demonstrated its elegance and ease of exercising – the only restriction is that the film must 

be thinner than the wavelength of EM radiation corresponding to that of the Reststrahlen band.  In 

many epitaxially grown films, MQWs and SLs, this condition can be easily maintained [5-8]. One 

must note that there exist no FIR measurements at oblique-incidence for the MBE grown undoped 

binary or doped BexZn1-xTe/GaAs epifilms and BeTe/ZnTe/GaAs SLs. Here, we have reported the 

results of our systematic calculations of the reflectivity/transmission spectra by exploiting a three-

phase model in the multilayer optics approach [19]. 

3. Numerical simulations results and discussion 

 The calculation of 𝜀̃(𝜔) for different materials is the foundation of relating the optical phonon 

frequencies to their reflectivity spectrum. By using Eqs. (1-2), we have carried out least square fit 

to the reflectivity of ZnTe, BeTe, Be0.5Zn0.5Te, and GaAs [21-25] by exploiting the CERN library 

MINUIT program based on Metropolis algorithm to obtain the necessary phonon mode parameters 

(see: Table 1). For thin epifilms and SLs the reflectance and transmission spectra in the s- and p-

polarized configurations are obtained by using the interference matrix approach [19]. The type of 

formalism that we have adopted here gives the transmission results similar to those obtained by 

Berreman for a single LiF film [17].  However, our method can be applied to a structure of arbitrary 

number of layers, one of which could be a substrate. Theoretical details used here to calculate the 

reflectivity/transmission spectra at oblique-incidence for BeTe, ZnTe and BexZn1-xTe epifilms on 

GaAs substrate are reported elsewhere [20].  

3.1  Reflectivity spectra of bulk materials 

 By exploiting the parameter values from Table 1, the simulated results of FIR reflectance 

spectra are displayed in Fig. 1 for the bulk materials. Different colored lines are used to 

discriminate the spectra of ZnTe, Be0.5Zn0.5Te, BeTe and GaAs. The vertical arrows of distinctive 

colors (e.g., sky blue, grey, magenta, and black) are drawn to signify their respective Reststrahlen 

band regions. The perusal of Fig. 1 clearly reveals that the spectrum of each binary material drops 

to a minimum value at the plasma edge and exhibits a peak near the ωTO phonon frequency. As 

expected, the calculated spectra of ternary Be0.5Zn0.5Te alloy (green color line) demonstrated two 

Reststrahlen peaks one each related to the ZnTe- and BeTe-like phonon regions, respectively.  
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3.2  BE in thin epilayers and superlattices  

 Although the Raman spectroscopy is considered as a highly credible method for exploring the 

optical phonons of polar materials [13], many researchers have relied, however, using the FIR 

reflectance measurements [14]. In contrast, very few reports exist exploiting the transmission 

spectroscopy at i ≠ 0 [16] as most FIR studies are performed at a near normal incidence (i.e., i = 

0). Following the methodology outlined in Sec. 2.2 and using the phonon-mode parameters from 

Table 1, we have calculated the reflectance and transmission spectra at oblique incidence i (≡ 45o) 

for BeTe/GaAs (001) (cf. Sec. 3.2.1), ZnTe/GaAs (001) (cf. Sec. 3.2.2), Be0.5Zn0.5Te/GaAs (001) 

(cf. Sec. 3.2.3) epifilms and BeTe/ZnTe/GaAs (001) SL (cf. Sec. 3.2.4).  

3.2 .1  BeTe/GaAs (001) 

 In Fig. 2 a)), we have reported the results of our simulated reflectivity (red and blue color lines: 

lower panel) and transmission spectra (green and black color lines: upper panel), respectively in 

the s- and p-polarization for a BeTe/GaAs (001) epifilm of thickness d (≡ 0.1 m) at an incidence 

angle i (≡ 45o). Clearly, the spectral outcomes (see: Fig. 2 a)) can be divided into two parts: (a) 

the BeTe-like phonon region which falls between the mode frequencies of ~ 460 to ~505 cm-1 and, 

(b) a broad GaAs-like Reststrahlen band of the substrate occurring in the range of ~268 to ~295 

cm-1. While the reflectivity spectra of GaAs shown by sky blue color vertical arrows remained 

nearly unaffected, the transmission and reflectivity of BeTe-bands indicated by magenta color 

vertical arrows, are, however, seen changing significantly in the s- and p-polarizations. Obviously, 

our simulations of Rp(ω)/(Tp(ω)) spectra in the p-polarization of BeTe/GaAs (001) epilayer (see: 

Fig. 2 a)) have confirmed TO mode appearing at ωTO
BeTe~ 461 cm-1 as a distinct maximum 

(minimum). In addition, a sharp minimum is seen emerging at a higher frequency indicating the 

LO mode at ωLO
BeTe~503 cm-1. In the s-polarization, however, the simulated Rs(ω)/(Ts(ω)) 

spectra revealed only the TO mode as a maximum (minimum) in excellent agreement with the 

Raman scattering results [13].  

3.2 .2  ZnTe/GaAs (001) 

 In Fig. 2 b)), we have reported our calculated results of reflectivity (red and blue color lines: 

lower panel) and transmission spectra (green and black color: upper panel), respectively in the s- 

and p-polarization for a ZnTe/GaAs (001) epifilm of thickness d (≡ 0.1 m) at an incidence angle 
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i (≡ 45o). Like BeTe/GaAs (001), the reflectivity spectra in s- and p-polarization of ZnTe/GaAs 

(001) also exhibited two regions: (a) a broad GaAs-like Reststrahlen band region of the substrate 

indicated by the sky-blue color vertical arrows occurring in the frequency range of ~268 to ~295 

cm-1 and, (b) a ZnTe-like phonon region which falls between the mode frequencies of ~ 175 to 

~205 cm-1. While the reflectivity spectra of GaAs shown by sky blue color vertical arrows 

remained nearly unaffected, the transmission and reflectivity spectra of ZnTe-bands indicated by 

magenta color arrows are, however, perceived changing significantly in the s- and p-polarizations. 

Obviously, the simulations of Rp(ω)/(Tp(ω)) spectra in p-polarization for ZnTe/GaAs (001) 

epilayer (see: Fig. 2 b)) confirmed the TO mode appearing at ωTO
ZnTe~ 177 cm-1 as a distinct 

maximum (minimum). In addition, a sharp minimum is also seen emerging at a higher frequency 

indicating the LO mode at ωLO
ZnTe~207 cm-1. In s-polarization the simulated Rs(ω)/ (Ts(ω)) 

spectra, however, revealed only the TO mode as a maximum (minimum) in excellent agreement 

with the INS [12] and Raman scattering [13] results.  

3.2 .3  Be0.5Zn0.5Te/GaAs (001) 

 Like BeTe/GaAs (001) and ZnTe/GaAs (001) epifilms (cf. Secs. 3.2.1-3.2.2), we have also 

reported in Fig. 2 c) our simulated results of the reflectivity and transmission spectra in the s- and 

p-polarization for a Be0.5Zn0.5Te/GaAs (001) epilayer of thickness d (≡ 0.2 m) at an oblique 

incidence i (≡ 45o).  Unlike binary materials (cf. Figs. 2 a) – 2 b)), the calculated results of FIR 

reflectivity (red and blue color lines: lower panel) and transmission spectra (green and black color 

lines: upper panel) of Be0.5Zn0.5Te alloy epifilm exhibit three regions: (a) a broad GaAs-like 

Reststrahlen band region indicated by sky-blue color vertical arrows occurs in the frequency range 

of ~268 to ~295 cm-1, (b) the ZnTe-like phonon region shown by magenta color vertical arrows 

falls between the mode frequencies of ~180 to ~205 cm-1, and (c) the BeTe-like phonon region 

indicated by grey colored vertical arrows appears in the mode frequency range of ~430 to ~465 

cm-1. While the reflectivity spectra of GaAs shown by sky blue color vertical arrows remained 

nearly unaffected, the transmission and reflectivity of ZnTe-bands indicated by magenta color 

arrows, and BeTe-bands shown be grey color arrows are, however, perceived changing 

significantly in the s- and p-polarizations. Once again, our results of p-polarized Rp(ω)/(Tp(ω)) 

spectra for Be0.5Zn0.5Te/ GaAs (001) epilayer (see: Fig. 2 c)) have confirmed TO modes emerging 

as distinct maximum (minimum) at ωTO
ZnTe~ 189.8 cm-1 and ωTO

BeTe~ 437.7 cm-1, respectively. In 
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addition, the sharp minima appear at higher frequencies indicating the LO modes of ωLO
ZnTe~204.2 

cm-1 and ωLO
BeTe~463.1 cm-1, respectively. In s-polarization, however, the calculated Rs(ω)/

(Ts(ω)) spectra revealed only the ωTO
ZnTe, ωTO

BeTemodes as a maximum (minimum) in excellent 

agreement with the INS [12] and Raman scattering [13] data. 

3.2.4  BeTe/ZnTe/GaAs (001) superlattice 

 The multilayer optics for calculating the reflectivity and transmission spectra of thin films at 

oblique incidence has been extended to SLs [19].  In the long wavelength limit, the dielectric 

function 𝜀𝑆̃𝐿 of the SL is a diagonal tensor whose components can be written as a weighted average 

of the dielectric functions 𝜀𝐴̃𝐵 and 𝜀̃𝐴𝐶 of the constituent materials AB and AC having thicknesses 

𝑑𝐴𝐵, 𝑑𝐴𝐶{19]:  

𝜀𝑆̃𝐿(𝜔) = [
𝜀̃𝐴𝐵(𝜔) 𝛿+𝜀̃𝐴𝐶(𝜔)

𝛿+1
] ,          (5)  

where  𝛿 =
𝑑𝐴𝐵

𝑑𝐴𝐶
.  

 In Fig. 2 d) the results of reflectance and transmission spectra are reported for the BeTe/ZnTe 

/GaAs (001) in s- and p-polarization at i (= 45o) of SL period d (≡ 𝑑𝐴𝐵 + 𝑑𝐴𝐶) having  𝑑𝐴𝐵 (≡ 50 

Å); 𝑑𝐴𝐶 (≡ 100 Å) with a stacking period of 25. Like ternary alloy Be0.5Zn0.5Te (cf. Fig. 2 c)), the 

reflectivity (red and blue color lines: lower panel) and transmission spectra (green and black color 

lines: upper panel) of the SL (see: Fig. 2 d) can be divided into three regions: (a) a broad GaAs-

like Reststrahlen band region indicated by sky-blue color vertical arrows occurs in the frequency 

range of ~268 to ~295 cm-1, (b) a ZnTe-like phonon frequency region shown by magenta color 

vertical arrows falls between ~175 to ~205 cm-1, and (c) a BeTe-like phonon band shown by grey 

color vertical arrows appears in the frequency region of ~430 to ~465 cm-1.   

 Since the optical mode frequencies of bulk materials BeTe (ωLO1,  ωTO1) and ZnTe (ωLO2, 

 ωTO2) are well separated, these phonons in BeTe/ZnTe SLs are expected to be confined in their 

respective layers. The calculations of Rp(ω)/(Tp(ω)) spectra (cf. Fig. 2 d)) in the p-polarization 

have confirmed BeTe-like (LO1 (~503 cm-1), TO1 (~461 cm-1)) and ZnTe-like (LO2 (~205 cm-1), 

TO2 (~179 cm-1)) modes. The simulations of Rs(ω)/(Ts(ω)) spectra in the s-polarization have 

identified, however, only the TO1 and TO2 modes. Our recent study of layer-dependent Raman 

intensity profiles in (BeTe)m/(ZnTe)n SLs [49] have substantiated the observation of confined 
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optical modes with a slight upward shift of ZnTe-like phonon as noticed in the reflectivity/ 

transmission study.  

3.3  BE in doped materials 

 In N-doped BeTe epifilm, one would expect ωLO
BeTephonon to strongly couple [50-55] with the 

collective oscillations of free-carriers (plasmons). This coupling of longitudinal optical phonon 

plasmon (LOPL) depends on  - it is maximum when the two [i.e., ωLO
BeTe and ω±

∗
 
] modes have 

comparable frequencies.  In the long wavelength limit, the LOPL mode frequencies in p-BeTe can 

be obtained from the zeros of dielectric response function 𝜀̃(𝜔) (Eq. 1). The terms 𝜔+
∗  and 𝜔−

∗  are 

complex and their real parts (i.e., ωLOPL
+   Re 𝜔+

∗  and ωLOPL
−   Re 𝜔−

∗ ) provide the two branches 

(see: Fig. (3 a)): an upper ωLOPL
+  and lower ωLOPL

−  branch for a given  (or plasma frequency 

p).  In doped semiconductors, the ωLOPL
±  modes are usually detected by Raman scattering 

spectroscopy, the optical exposure of such modes by infrared reflectivity at oblique incidence (cf. 

Sec. 3.3.1) is also possible [56-59].
 
 

3.3.1  p-BeTe/GaAs (001) 

 As stated before, in p-BeTe we expect strong coupling between ωLO
BeTe phonons and plasmons. 

In Fig. 3 a) we have reported the calculated ωP and coupled ωLOPL
±  mode frequencies as a function 

of .  At different doping levels , the simulated results of transmission [Ts(ω)/Tp(ω)] and 

reflectance [Rs(ω)/Rp(ω)] spectra are displayed in Figs. 3 b) and 3c), respectively for a 0.5 m 

thick p-type BeTe/GaAs (001) at oblique incident angle (i = 45o). From Fig. 3b) (Fig. 3 c)), we 

noticed that the minima (maxima) in Ts(ω) (Rs(ω) linked to ωTO
BeTe modes are asymmetrically 

broadened – possibly by the increase of free-carrier concentration. The other features perceived in 

Tp(ω)/Rp(ω) spectra are the dips (indicated by grey color vertical arrows) at higher frequencies 

which shift towards higher frequency with the increase of . One must note that the transmission 

(reflection) minima near ~524.4 cm−1, ~528.3 cm−1, and ~532.7 cm−1 in Figs. 3 b) and 3 c) are not 

perceived in the s-polarization [Ts(ω)/ Rs(ω)] and we assign these structures as ωLOPL
+  modes 

based on their dependence on carrier concentration, and appearance only in the p-polarization 

spectra. This assignment is further supported by the calculations carried out for ωLOPL
+  mode 

frequencies derived from the zeros of the real part of 𝜀̃(𝜔) (Eq. 1) with  = 0,  = 0. Again, we are 
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unable to identify the features related to ωLOPL
−  modes. This result is not surprising as ωLOPL

−  mode 

being plasmon-like at lower  has a relatively large damping constant [56-59] and weaker strength 

while at higher  it is expected to merge with a stronger and broader ωTO
BeTephonon minimum. On 

the other hand, with larger plasmon contribution at higher , the ωLOPL
+   mode in p-BeTe though 

broad is distinctly noticeable (cf. Figs. 3b-3c).  

3.4  BE and MREI model in Be1-xZnxTe 

 To corroborate the observed two-phonon-mode behavior in Be1-xZnxTe alloys, it is required to 

have accurate x-dependent TO and LO phonons. From the existing Raman scattering results of 

Be1-xZnxTe [13] one may note that the BeTe-like phonons decrease with an increase of Zn 

composition, x. On the other hand, the ZnTe-like LO-TO phonons demonstrate a different 

behavior as a function of x. Since LO modes are not observed in the FIR reflectivity at near normal 

incidence their frequencies are usually obtained from the maxima of energy-loss function –Im(1/𝜀̃) 

[i. e. , ωLO
2 =

SωTO
2

ε∞
⁄ + ωTO

2 ]. In ternary Be1-xZnxTe alloys, as x is increased, the LO-TO 

splitting of BeTe- modes and their oscillator strength S decreases methodically.  One may also 

note similar behavior of the mode splittingLO-TO and S by decreasing x for ZnTe-like phonons. 

At the limiting values of x → 0 (or x → 1) the LO-TO splitting of ZnTe-like (BeTe-like) modes 

reduces to zero. Consequently, one would expect (see Table 2 and Fig. 4) observing a gap mode 

of Zn in BeTe (or a localized vibrational mode (LVM) of Be in ZnTe).  By using BE, we have 

demonstrated (cf. Secs.3.2.1-3.2.3) that it is possible to achieve accurate values of LO, TO 

phonons for both binary and ternary alloys. In Be1-xZnxTe alloys, we strongly feel that BE can be 

used to confirm the two-phonon mode behavior (cf. Sec. 3.4.1). 

3.4.1 MREI model 

 Earlier, the MREI model has been applied successfully to verify the observed two-phonon 

mode behavior in many semiconducting ternary alloys including CdSxSe1-x [60], ZnxCdl-xTe [61], 

and CuCl1-xBrx [62], etc. By using the parameter values of Table 2, we have displayed in Fig. 4 

our calculated MREI results of composition dependent long wavelength optical phonon 

frequencies of Be1-xZnxTe for 0 ≤ x ≤ 1. The agreement with the existing Raman scattering results 

[13] for the Zn-rich region as well as the optical modes (ωLO2,  ωTO2) and (ωLO1,  ωTO1) derived 

by using BE for the Be0.5Zn0.5Te is quite satisfactory.  
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 4.  Conclusions 

 In summary, we have reported the results of comprehensive simulations for the FIR reflectivity 

/transmission spectra at near normal (i = 0), and oblique incidence (i  0) (i.e., BE configuration) 

to assess the optical phonons in undoped/doped epilayers of binary BeTe (ZnTe)/GaAs (001), 

ternary Be0.5Zn0.5Te /GaAs (001) alloys and BeTe/ZnTe/GaAs (001) SLs. The study has provided 

accurate values of TO and LO phonons comparable to the complementary Raman scattering 

spectroscopy data [13]. In the absence of experimental results of vibrational mode characteristics 

in ternary alloys, the BE and Greens function methodologies [45] can be valuable for assessing the 

x-dependent optical phonons and LVMs/gap modes at x → 1/x → 0, respectively for predicting 

their phonon mode behaviors. In p-doped BeTe/GaAs epilayers, the calculated Tp(ω)/

Rp(ω) spectra have not only validated the LO-plasmon coupled ωLOPL
+  modes exhibiting 

longitudinal character but also demonstrated their appropriate shift towards higher frequency by 

increasing the charge carrier concentration . Infrared reflectance measurements have been used 

earlier in doped polar materials to assess the electron charge density [56-59]. We strongly believe 

that a careful assessment of ωLOPL
+  modes by polarization dependent FIR spectroscopy is an 

alternative, elegant and quite effective method, complementary to the Raman scattering 

spectroscopy for estimating the free-carrier density in doped polar semiconductor epilayers. 
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Table 1. Physical properties of ZnTe, BeTe, Be0.5Zn0.5Te and GaAs used in the construction of 

dielectric functions (see text) for simulating the FIR reflectivity/transmission spectra at oblique 

incidence. 

 

Parameters ZnTe BeTe Be0.5Zn0.5Te GaAs 

𝜔𝑇𝑂 (𝑐𝑚
−1) 176.9 461.0 438, 190 268.7 

𝜔𝐿𝑂 (𝑐𝑚
−1) 206.7 502.0 463, 204 292.1 

    Γ (𝑐𝑚−1) 

S 

2.2 

2.66 

3.1 

1.3 

2.0, 2.4 

0.84, 1.09 

2.4 

1.95 

        ε∞ 7.28 a) 6.9 a) 7.14 10.9 b) 

        εo 9.94 8.2 9.09 12.85 

a) Ref. [13] b) Ref. [16] 
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Table 2. Values of the parameters used in the MREI model for fitting a) the concentration 

dependence of the optical modes of Be1-xZnxTe (see Fig. 4). The experimental data is taken from 

Pages et al.b) Values of longitudinal-optical (LO()) and transverse-optical (TO()) mode 

splitting obtained by using Berreman’s effect at x = 0.5 (see text). Local vibrational (ZnTe:Be) 

and gap modes (BeTe:Zn) are estimated from the Green’s function theory c) (unpublished) are 

carefully incorporated in the MREI model [62] to validate the two-phonon mode behavior of 

ternary alloys (see text).   

 

MREI model parameters a) of TeBe1-xZnx with Te = A, Be = B, and Zn = C 

_______________________________________________________________________________ 

AB ε∞ = 6.9 

AB LO() = 503 cm-1 

AB TO() = 461 cm-1 

gap = 195 cm-1 

ZAB= 0.48   

f0
AB = 0.121𝐸 + 06 dyn/cm   

AC ε∞ = 7.28 

AC LO() = 205 cm-1 

AC TO() = 177 cm-1 

loc = 411 cm-1 

ZAC= 0.66  

f0
AC = 0.143𝐸 + 06 dyn/cm 

 = 0.28     

f0
BC = 0.042𝐸 + 05 dyn/cm 

 a) Our     b) Ref. [13]    c) Ref. [45]  
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Figure Captions 

Fig. 1 Calculated reflectivity spectra of bulk ZnTe (blue color), GaAs (brown color), BeTe (red 

color) and Be0.5Zn0.5Te (green color) materials. Vertical sky blue, black, magenta and grey color 

vertical arrows represent the reststrahlen band region for ZnTe. GaAs, BeTe and Be0.5Zn0.5Te 

materials, respectively (see text).  
 

Fig. 2 Simulated polarization dependent transmission (upper panel) and reflectivity (lower panel) 

spectra of: (a) 0.1 m BeTe/GaAs epifilm, where the sky blue color vertical arrows represent the 

Reststrahlen region of GaAs (substrate) while magenta color vertical arrows signify the ωTO
BeTe and 

ωLO
BeTephonons, (b) 0.1m ZnTe/GaAs epifilm, where the sky blue color vertical arrows represent 

the Reststrahlen region of GaAs (substrate) while magenta color vertical arrows denote the ωTO
ZnTe 

and ωLO
ZnTephonons, (c) 0.2m Be0.5Zn0.5Te/GaAs epifilm, where the sky blue color vertical arrows 

represent the Reststrahlen region of GaAs (substrate), magenta color vertical arrows denote the 

ωTO
ZnTe-like and ωLO

ZnTe − like and grey color vertical arrows represent ωTO
BeTe-like and ωLO

BeTe − like 

phonons, and (d) (BeTe)m/(ZnTe)n/GaAs superlattice (see text) where the sky blue color vertical 

arrows represent the Reststrahlen region of GaAs (substrate), magenta color vertical arrows denote 

the ωTO
ZnTe-like and ωLO

ZnTe − like and grey color vertical arrows represent ωTO
BeTe-like and ωLO

BeTe −

like phonons (see text). 

 

Fig. 3 (a) Simulated carrier concentration dependence of LO- plasmon coupled (ωLOPL
± ) modes in 

p-BeTe. (b) Polarization dependent transmission spectra of 0. 5 m thick p-BeTe/GaAs epifilms. 

The first minima shown by vertical grey color arrow in the s-polarization represents ωTO
BeTe mode 

while in the p-polarization besides perceiving first minima representing ωTO
BeTe mode the second 

dip represents ωLOPL
+ mode which shifts to higher frequency with the increase of  , and (c) the 

polarization dependent reflectance spectra of 0. 5 m thick p-BeTe/GaAs epifilms where the first 

maxima shown by vertical grey color arrow in the s-polarization represents ωTO
BeTe mode while in 

the p-polarization besides perceiving the first maxima representing ωTO
BeTe mode the second dip 

represents ωLOPL
+ mode which shifts to higher frequency with the increase of (see text). 

Fig. 4 Comparison of the MREI model [62] calculations of the two-phonon-mode behavior for Be1-xZnxTe 

with experimental data [13] using parameter values from Table 2. The BE represents (LO - TO) mode 

splitting by using Berreman’s effect (see: text).  
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