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Abstract

BexZn1�xTe thin films were grown on InP substrates by molecular beam epitaxy (MBE). Optical properties of the epilayers were studied

using reflectance and photoluminescence (PL) measurements. An increase in the full width at half maximum of the emission line with the

increase in BeTe content was observed and explained by the disorder-induced broadening. The temperature dependence of the band gap

energy was determined from reflectance spectra and fitted by semiempirical equation taking into account average phonon energy and

electron–phonon interaction. A reduction of the temperature variation of the band gap with the increase in BeTe content was observed. We

propose that this effect is due to the decrease of the lattice contribution caused by the lattice hardening properties of BeTe.
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1. Introduction

BexZn1�xTe is a novel wide band gap semiconductor

alloy that attracted much interest due to its possible appli-

cation in optoelectronic devices. It can be grown with high

crystalline quality on GaAs and InP substrates and can be

doped p-type to carrier concentration levels in excess of

1019 cm�3 [1,2]. It was already successfully used as a

cladding layer in the current injected laser diodes (LDs)

operating at 560 nm [3]. It should be noted that it is difficult

to obtain a lasing emission at this wavelength both from

AlxGayIn1�x�yN and AlxGayIn1�x�yP LDs [4,5]. Also, since

BexZn1�xTe band gap can be tuned from 2.8 to 4.1 eV, by

adjusting BeTe content, it can be used as a transparent

conductive electrode in multi junction tandem solar cells

and short wavelength photo detectors.

Room temperature optical studies of BexZn1�xTe alloy

analyzed compositional dependence of the different band

gaps and showed that it undergoes a transition from direct
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to indirect band gap at xf0.28 [6–8]. However, temper-

ature dependence of the band gap energy is unknown.

Meanwhile, this information is useful for the optimization

of the design of quantum well lasers. Because of the high

resistivity of the active region, self-heating occurs during

the operation of LDs. If the band offsets depend on

temperature, a decrease in the quantum confinement can

occur, causing carrier leakage. This will reduce the spec-

tral gain, increasing the laser threshold and decreasing the

lifetime of the device. Temperature stability is also im-

portant for the devices operating in the extreme environ-

mental conditions, like solar cells installed at space

stations or satellites where the operation temperature varies

from 150 jC (at the sun shining side) to �150 jC (at the

dark side).

In this article, we report the use of photoluminescence

(PL) and reflectance spectroscopies to study optical proper-

ties of epilayers grown by molecular beam epitaxy (MBE)

on InP substrates. A significant emission line broadening

with increase in BeTe content is observed and explained by

the increase in the alloy disorder. The temperature depen-

dence of the band gap energy is determined from reflectance

spectra and modeled by a three-parameter fit developed by
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O’Donnell and Chen [9]. It is determined that temperature

dependence of BexZn1�xTe band gap is decreasing with the

increase in Be content and is smaller compared to other

wide band gap semiconductors, making it preferable alloy

for device application.
Fig. 1. Photoluminescence (solid line) and reflectance (dotted line) spectra

of BexZn1�xTe epilayers at 4.2 K.
2. Experimental details

BexZn1�xTe epilayers were grown in a Riber 2300P

MBE system using elemental Be, Zn, and Te sources. This

system consists of two growth chambers connected by an

ultra-high vacuum transfer channel. One growth chamber is

used for As-based III–V materials and the other is for wide

band gap II–VI materials.

The growth was performed on semi-insulating InP (100)

substrates. The substrates were deoxidized in the III–V

chamber by heating to 480 jC with an As flux impinging

on the InP surface. A lattice matched In0.53Ga0.47As buffer

layer (170 nm) was grown after the deoxidization. The

buffer layer was terminated with an As-rich (2�4) surface

reconstruction. Then, the samples were transferred in vac-

uum to the II–VI chamber for the BexZn1�xTe growth.

BexZn1�xTe layers were grown at 270 jC under Te-rich

conditions, as characterized by a (2�1) surface reconstruc-

tion [10], with a group VI to group II flux ratio of f3. The

growth rate was around 0.25–0.45 Am/h and the layers were

0.5–0.9 Am thick.

The growth mode and surface reconstruction were

monitored in situ by reflection high-energy electron dif-

fraction. Lattice constants were measured by single-crystal

and double-crystal X-ray diffraction using Cu Ka1 radia-

tion. Alloy composition was estimated from the lattice

constant, assuming the validity of Vegard’s law and using

6.103 and 5.617 Å as the lattice constants for ZnTe and

BeTe, respectively [11]. The surface morphology was

investigated using a contact mode atomic force microscope.

The measurements were performed at the scan rate of 1–2

Hz with SiN tips. PL measurements were performed in a

liquid He continuous flow cryostat at 4.2 K. The 325-nm

line of a He–Cd laser was used for excitation. The

collected PL was spectrally resolved by a monochromator

and detected by a photo multiplier tube. Reflectance

measurements were performed in the same cryostat in the

temperature range from 4.2 to 300 K using a 200-W Hg

lamp.
3. Results and discussion

PL and reflectivity spectra at 4.2 K for the samples

grown are shown in Fig. 1 by the solid and dotted lines,

respectively. The quenching of Fabry-Perot oscillations in

the reflectance spectra corresponds to the onset of interband

absorption and is identified as the G!G direct band gap.

The energy of BexZn1�xTe direct band gap increases with
increase in BeTe content (x). This change is nearly linear (18

meV for 1% of BeTe) and no band gap bowing is observed.

Since BexZn1�xTe is a common anion system, we expect

that the observed increase in the band gap energy is mostly

due to the rise of the conduction band.

BexZn1�xTe PL spectra are dominated by bound exci-

ton emission lines. In several spectra, a second, usually

weak peak is present at lower energy, about 50 meV

below the high-energy peak. This peak is probably due to

the defect or impurity related emission. For BexZn1�xTe

alloys with x<0.28, Stokes shift between the PL peak

energy and the band gap measured through reflectivity

measurements is very small (on the order of a few meV s).

When BeTe content exceeds 28%, Stokes shift increases

significantly and exceeds 300 meV for Be038Zn0.62Te. This

is due to the direct-to-indirect transition in BexZn1�xTe

with xf0.28.

A significant broadening of the emission line with the

increase in BeTe content is observed, as shown in Fig. 2 by

open symbols. Usually, the broadening of the emission line

is due to the decrease in the crystalline quality of the

epilayers or increase in the alloy disorder. In this case, the

crystalline quality is increasing with the BeTe content since

the lattice mismatch to InP substrate is decreasing. For

example, the Be0.46Zn0.54Te epilayer, that is closely lattice

matched to InP substrate (Da/a=0.17%), demonstrates a

narrow X-ray rocking curve with a full width at half



Fig. 2. Full width at half maximum of exciton emission line width of

BexZn1�xTe epilayers as function of the composition. Open symbols are

experimental data and dotted line is a theoretical fit.

Fig. 4. Atomic force micrograph for a Be0.46Zn0.54Te epilayer.
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maximum (FWHM) of f72 arc s, as shown in Fig. 3 and

exhibits good surface morphology with a root mean square

roughness of f1.4 nm, as shown in Fig. 4. Low defect

density of 5�105 cm�2 is also measured by etch pit density

measurements. These results are comparable to the reported

for ZnSe epilayers grown on GaAs [12].
Fig. 3. (004) X-ray rocking curve for a Be0.46Zn0.54Te epilayer grown on

InP substrate.
We explain emission line broadening by the increase in

the statistical alloy disorder. The standard deviation of the

alloy composition in AxB1�xC alloy (rx) is described by a

binomial (Bernoulli) distribution:

rx ¼ ½xð1� xÞ=KVexc�1=2 ð1Þ

where K is the cation density and Vexc is the volume of an

exciton. Since there are four cations in the unit cell of zinc—

blend crystal lattice with lattice constant a0, cation density

is:

K ¼ 4a�3
0 ð2Þ

The volume of an exciton is:

Vexc ¼ ð4=3Þpr3B ð3Þ

where rB is the Bohr radius of exciton. The Bohr radius of

exciton in ZnTe is f5.2 nm [11] while that in BeTe is

unknown. Since dielectric constant of BeTe is f25%

smaller than that of ZnTe [13], we expect the exciton Bohr

radius to be also smaller by 25%.

The broadening of an exciton line (rexc) due to the

deviation of the alloy composition is given by an equation

[14]:

rexc ¼ 2ð2lnð2ÞÞ1=2ðdEg=dxÞrx ð4Þ

and the FWHM of the emission line is expressed as a sum of

thermal emission broadening (1.8 kBT ) and rexc. The

FWHM fit that considers these contributions is shown in

Fig. 2 by dotted line. It estimates an emission line width

for an ideal solution and does not take into account

broadening due to the inferior crystal quality, alloy clus-

tering, and defects. Therefore, it is expected to be narrower

then the real line widths. However, a good correlation



Table 1

Parameters obtained by modeling temperature dependence of band gap

energy to the equation by O’Donnell and Chen [9]

Alloy E(0) (eV) S hhvi (meV) dE/dT

(meV/K)

ZnTe 2.381 1.88F0.04 11.5F0.9 0.32

Be0.06Zn0.94Te 2.489 1.96F0.03 11.6F0.6 0.34

Be0.09Zn0.91Te 2.547 1.95F0.07 10.9F1.2 0.34

Be0.14Zn0.86Te 2.628 1.82F0.04 14.1F0.8 0.31

Be0.17Zn0.83Te 2.680 1.94F0.08 13.7F1.5 0.34

Be0.195Zn0.805Te 2.725 1.9F0.04 11.3F0.8 0.32

Be0.28Zn0.72Te 2.880 1.74F0.04 10.1F0.8 0.30

Be0.38Zn0.62Te 3.056 1.27F0.05 9.6F1.5 0.22

ZnTe [10] 2.390 2.29 10.8 0.39

CdTe [10] 1.608 1.68 5.8 0.28

ZnSe [10] 2.818 3.12 15.1 0.54

CdSe [10] 1.764 2.83 18.9 0.49

ZnS [10] 3.836 2.82 16.1 0.49

InP [17] 1.418 1.94 16.8 0.33

h-CdS [24] 2.54 2.33 0.4

h-GaN [25]a 3.49 2.49 0.43

a A-exciton for a free-standing film.
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between experimentally measured emission line widths and

theoretically estimated is observed, especially for the

epilayers with higher BeTe content that have high crystal-

line quality.

The temperature dependence of the direct band gap was

studied for the epilayers with BeTe content up to 38% by

reflectance measurements. The data are shown in Fig. 5 by

open symbols. At 4.2 K, the band edge absorption for ZnTe

epilayer is at 2.381 eV, slightly below ZnTe band gap [11].

The difference is equal to the exciton binding energy (13

meV) suggesting that excitonic absorption (EX) dominates

the spectrum.

As the temperature increases, the transition point exhibits

a red shift due to the decrease in the band gap energy that is

caused by the electron–phonon interactions and lattice

dilation. The one-electron theory of electron energy bands

of crystalline solids is based on the assumption that crystal

is a perfectly periodic structure. This assumption is correct

only at absolute zero. At finite temperatures, interactions

between electrons and phonons change electron energy,

changing energy of the gap with temperature. Expansion

of the crystal lattice with temperature reduces the overlap

between the electronic wave functions of the neighboring

atoms and reduces band gap energy. However, lattice

contribution to the band gap shift is smaller than contribu-

tion from the electron–phonon interactions.

A number of semi-empirical equations exist that describe

temperature dependence of band gap energy with different

level of success. We fit the temperature behavior of the
Fig. 5. Temperature dependence of the BexZn1�xTe excitonic band gap

(EX). Open symbols are experimental data. The solid lines are theoretical

fits to the equation proposed by O’Donnell and Chen [9].
excitonic absorption energy to the semi-empirical equation

proposed by O’Donnell and Chen (solid lines):

EðTÞ ¼ Eð0Þ � SðhvÞ½cothðhhvi=2kBTÞ � 1� ð5Þ

where E(0) is transition energy at 0 K, hv is an average

phonon energy, and S is a dimensionless electron–phonon

coupling constant. Fitting parameters are summarized in

Table 1. This model has been previously shown to work well

for II–VI (Zn1�xMnxTe, Zn1�xCdxTe), III–V (InAsxP1�x),

and other semiconductor alloys (GaTe, PbI2) [15–19].

The data for ZnTe epilayer were also fit to a commonly

used relationship proposed by Viña et al. [20]:

EBEðTÞ ¼ Eð0Þ � 2aB=ðeh=T � 1Þ ð6Þ

where E(0) is the fundamental transition energy at 0 K, aB
represents the strength of the electron–average phonon

interaction, and h corresponds to the average phonon

temperature. Here, the band gap shift is proportional to

the sum of the Bose–Einstein statistical factors for phonon

emission and absorption. The best fit gives E0=2.381 eV,

aB=11F1 meV and h=134F11 K for ZnTe.

The results of the fits to the equations proposed by

O’Donnell and Chen and Viña et al. are compared in the

high temperature limit where they reduce to:

EðTÞ ¼ Eð0Þ � 2SkBT ð7Þ

EBEðTÞ ¼ Eð0Þ � 2aBT=h ð8Þ

From the given above equations, it follows that:

S ¼ aB=kBh ð9Þ

By substituting the values of aB and h obtained from the fit to

the Bose–Einstein type equation, we calculate S=1.91, in a
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good agreement with the value obtained from the relationship

by O’Donnell and Chen (S=1.88F0.04), indicating consis-

tency between the parameters obtained by two techniques.

Using Eq. (9), we calculate electron–phonon coupling con-

stants for some of the important wide band alloys (Table 1).

From Eq. (7), it follows that temperature band gap

variation (dE/dT) is proportional to �2SkB at high temper-

atures (Table 1). From Table 1, it is evident that average

phonon energy is constant over the studied compositional

range. Electron–phonon coupling constant and temperature

band gap variation are nearly constant when the BeTe

content is small (x<20%) and start to decrease with higher

BeTe content.

Beryllium chalcogenides are known for the lattice hard-

ening properties [21]. For example, increase in the Young’s

modulus and c11 elastic modulus was reported for Bex
Zn1�xSe alloy with the increase of BeSe content [22,23].

The dilation lattice contribution to the band gap temperature

dependence is described by an equation [9]:

DElattice ¼ �½ðc11 þ 2c12Þ=3�½dE=dP�vðDV ðTÞ=V0Þ ð10Þ

where [dE/dP]v is the pressure dependence, c11 and c12 are the

elastic moduli, V0 and DV(T) are the lattice volume and its

change with temperature, respectively. Thus, we propose that

expected increase in the lattice hardness of BexZn1�xTe alloy

is responsible for the decrease in the temperature dependence.

From Table 1, it is also evident that temperature dependence

of BexZn1�xTe band gap is smaller compared to other wide

band gap semiconductors. This is preferable for device

application since unavoidable heating will not cause signif-

icant band gap renormalization and will less effect device

performance.
4. Conclusion

Optical properties of BexZn1�xTe alloys are studied by PL

and reflectance measurements. The broadening of exciton

emission lines with increase in BeTe content is observed and

explained by increase in alloy disorder. The temperature

dependence of BexZn1�xTe band gap is measured and the

data are fit to the formula proposed by O’Donnell and Chen.

Average phonon energy and electron–phonon coupling

interaction are extracted and studied as a function of BeTe

content. Average phonon energy is nearly constant, while

electron–phonon coupling constant is smaller for the films

with high BeTe content. Temperature dependence of Bex
Zn1�xTe band gap is decreasing with the increase in BeTe
content and is smaller compared to other wide band gap

semiconductors, making it preferable alloy for device

application.
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