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We have characterized the temperature dependence of band-edge transitions of three (Zng 33Cdg ¢2)1—Be,Se II-VI films with
different Be concentrations x by using contactless electroreflectance (CER) and piezoreflectance (PzR) in the temperature
range of 15 to 450 K. By a careful comparison of the relative intensity of PzR and CER spectra, the identification of light-hole
(Ih) and heavy-hole (hh) character of the excitonic transitions of the samples has been accomplished. The temperature
dependence analysis yields information on the parameters that describe the temperature variations of the energy (including
thermal expansion effects) and broadening parameter of the band edge transitions of ZnCdBeSe. The study shows that Be

incorporation can effectively reduce the rate of temperature variation of the energy gap.
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1. Introduction

Recently the growth of II-VI wide-band-gap semicon-
ductor heterostructures has attracted considerable attention
due to their novel physical properties and a wide range of
applications in optoelectronic devices. The applications
include the use of II-VI compound based materials as light
sources, in full color displays and for increasing the
information density in optical recording. Thin films of
ZnCdBeSe II-VI compounds grown on III-V compound
substrates are of particular interest in the device applications
of light emitting diodes (LEDs) and laser diodes (LDs) of
visible and UV spectral region due to their good operation
stability in terms of temperature variation and lifetime.'~>
According to theoretical prediction and subsequent exper-
imental verification, the beryllium containing II-VI com-
pounds had been found to possess an enhanced ability to
significantly reduce the defects propagation due to a more
prevalence of strong covalent bonding and lattice hardening
in the materials.*> The strong covalent bonding in beryl-
lium-based II-VI compounds achieves a considerable lattice
hardening which avoids multiplication of defects during the
operation of II-VI semiconductor laser devices.®” Up-to-
date, in spite of the anticipated advantages of the Be-based
II-VI compounds, very little work has been done on the
temperature dependence of the near band edge transitions of
these materials. The temperature dependence of the energy
and broadening of interband electronic transitions can yield
important information concerning the physical properties of
the materials such as electron (exciton)—phonon interactions,
excitonic effects, etc. The practical aspect of this inves-
tigation is related to the control of the operating temperature
of the laser structure itself. An increase in temperature leads
to a red shift of band gaps as well as an increase in the
linewidth.

In this article, we report a detailed study of the temper-
ature dependence of the energy and broadening parameter of
the near band edge interband transitions of three
(Zng 33Cdg 62)1—Be,Se films, grown on InP substrates, using
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contactless electroreflectance (CER) and piezoreflectance
(PzR) measurements in the temperature range of 15 to
450 K. The identification of the light-hole (lh) and heavy-
hole (hh) character of the excitonic transitions of
(Zng33Cdp62)1-xBeySe samples has been accomplished by
comparing the relative intensity of the PzZR and CER spectra.
Transition energies for the band-to-band excitonic transi-
tions of (Zng33Cdo.¢2)1—Be,Se are determined by fitting the
experimental spectra to a Lorentzian line-shape function.
Two factors, namely, the thermal expansion and electron
(exciton)—phonon coupling effects contribute to the temper-
ature shift of the transition energy of (Zng33Cdo.¢2)1—xBexSe
compounds. Thermal expansion effect®” can be accounted
for and the parameters that describe the temperature
variation of energy and broadening function of lh and hh
transitions for ZnCdBeSe are evaluated and discussed. Our
study shows evidence of reduced temperature variation of
the energy gap upon adding beryllium to the ZnCdSe
system.

2. Experimental

The schematic of (Zng33Cdy62)1-Be,Se epilayers grown
on InP substrate by molecular beam epitaxy is shown in
Fig. 1. Prior to the growth, the InP substrate was deoxidized
at 480°C and an InGaAs buffer layer was grown at 450°C for
5 min. in III-V chamber. Then, the sample was transferred in
ultra high vacuum to the II-VI chamber. Keeping the
substrate temperature at 170°C, a Zn irradiation was
performed for 20s and a ZnCdSe buffer layer was grown
for 1 min. After the growth of ZnCdSe buffer layer, the
substrate temperature was increased to 250°C and the
ZnCdBeSe film was grown for 1h. The thickness of the
film was about 1.0 um. Three samples (A, B and C) with
different Be concentrations were prepared. In order to obtain
a reasonable estimate of the Be content of the quarternary
ZnCdBeSe system, a test ternary ZnCdSe alloy (sample A)
was also grown together with the quaternary system using
the same Zn/Cd flux ratio. The composition of the ZnCdSe
was then determined from the lattice constant measured by
single and double-crystal X-ray diffraction (XRD) using the
Cu K radiation. The full width at half maximum (HWHM)
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Fig. 1. Schematic for the epitaxial structure of ZnCdBeSe samples.

of the (004) rocking curves of the ZnCdSe sample is rather
broad, indicating that the sample is partially strained. The
asymmetrical reflection double-crystal X-ray rocking curve
(DCXRC) was used to obtain the perpendicular and parallel
lattice constants: a; and aj. The bulk lattice constant, ao,
can then be calculated from the equation'®)

2v ag —a
14+v a

ap =daj [1 — (1)
where v is Poisson’s ratio and a value of v = 0.28!? was
used for the present calculation. Then, assuming that
Vegard’s law is valid for ZnCdSe, the composition of Zn
for the sample was calculated. We have used the following
values of the lattice constants: aznse = 5.6676 A'D and
acgse = 6.052 A in the calculation. The composition of the
ZnCdSe film was also examined by electron probe micro-
analysis (EPMA). The deviation in the Zn composition
between XRD and EPMA is less than 2%. For the as grown
quarternary system, we assumed that Be incorporation did
not affect the sticking coefficients of Zn and Cd. A similar
estimation of the lattice constant parallel to the ternary
system was performed. The difference in the lattice constant
of ZnCdSe and ZnCdBeSe was then utilized to estimate the
Be content. The results are as following: Sample A is
Zn33Cdo6,Se whose lattice constant is 5.907 A, and the
lattice mismatch to InP is —0.65%, while sample B is
(Zng33Cdg ¢2)0.93Beg g7Se with a lattice constant 5.842 A and
lattice mismatch of 0.45%. Sample C is (Zng33Cdy.62)0.80
Bey.11Se. The lattice constant of sample C is 5.83 A and the
lattice mismatched is 0.63%. It is known that the ratio of g
to a, can give the strain information directly. The values of
ay/a, of the samples have been checked. The number for
sample A is slightly smaller than one (a)/a; = 0.996) while
the values for samples B and C are determined to be 1.006
and 1.009 respectively. This might imply a compressive type
stress in sample A and the existence of tensile-type stress in
samples B and C. These results are further confirmed with
the CER and PzR measurements as described in the
following section.

The implementation of the CER experiment utilizes a
condenser-like system consisting of a front wire grid
electrode with a second electrode separated from the first
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electrode by insulating spacers, which are ~0.1 mm larger
than the sample thickness. The sample is placed in between
two capacitor plates such that no direct contact with the front
surface of the sample would be made. The probe beam is
incident through the front wire grid. Electric field modu-
lation is achieved by applying an ac voltage (~1kV peak to
peak at 200 Hz) across the electrodes. A 150 W xenon arc
lamp filtered by a 0.35m monochromator provided the
monochromatic light. The reflected light was detected by a
UV-enhanced silicon photodiode and the dc output of silicon
photodiode was maintained constant by a servo mechanism
of variable neutral density filter (VNDF). A dual-phase lock-
in amplifier was used to measure the detected signals. For
temperature dependent measurements, a closed-cycle cryo-
genic refrigerator equipped with a digital thermometer
controller was used for the low-temperature measurements.
For the high-temperature experiments, each sample was
mounted on one side of a copper finger of an electrical
heater, which enabled one to control and stabilize the sample
temperature. The temperature dependent measurements were
made between 15 and 450K with a temperature stability of
0.5K or better. PzZR measurements were achieved by
sticking each sample with glue on a 0.15cm thick lead-
zirconate-titanate (PZT) piezoelectric transducer driven by a
200 Vs sinusoidal wave at 200Hz. The alternating ex-
pansion and contraction of the transducer subjects the
sample to an alternating strain with a typical rms Al/l value
of ~1073.

3. Results and Discussion

Figures 2(a) and 2(b) illustrate the CER and PzR spectra
of three (Zng33Cdg.¢2)1—Be,Se samples at 15K and 300K,
respectively. The experimental data for CER and PzR are
shown, respectively, as square and circle curves in Figs. 2(a)
and 2(b). These spectra exhibit doublet features near the
band edge of (Zng33Cdpe)i—Be,Se. These features are
quite similar to those of the excitonic transitions in ZnTe/
SLSs/GaAs examined by Tu et al.'>' The appearance of
the doublets has been shown to be an indication of the
heavy-hole (hh) and light-hole (lh) related excitonic tran-
sitions.!>!® The transition features for beryllium containing
samples B and C present an energy blue-shift behavior and a
broadened line-shape character with respect to the beryl-
lium-free sample A. The broader line-shape for the samples
B and C can be attributed in part, to the alloy scattering
effects and most likely, in a larger proportion due to the
poorer crystalline quality in the beryllium-incorporated
samples. The experimental spectra in Fig. 2 was fitted to
first derivative Lorentzian line shape (FDLL) function of the
form 416

2
Aje'(E — E;j+il)™" @)

AR

— =Re

R

j=1

where A; and @; are the amplitude and phase of the line
shape, E; and I'; are the energy and broadening parameter of
the transitions, and the value of n depends on the origin of
the transitions. For the first derivative functional form, n = 2
is appropriate for the bound states such as excitons.'> The
FDLL fits for both CER and PzR spectra clearly show two
structures (indicate with arrows) near the band edge of
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Fig. 2. CER and PzR spectra for three different compositions of
ZnCdBeSe samples in spectral range between 1.9 and 2.4eV at (a)
15K and (b) 300K.

(Zng 33Cdg 62)1—xBe,Se. To identify the physical origin of the
doublets, we make a spectral comparison of the CER and
PzR measurements.

For the PzR measurement under [001]-symmetry coplanar
stress, the ratio between the light-hole to electron and heavy-
hole to electron transitions under the coplanar piezomodu-
lation has been shown to obey the relation'®!”

_ (dEn/dS) a2—2)+b(1+ 1)
" (dEwm/dS) a2 —2)—b(1+ 1)’

The variable S refers to the modulating stress applied to the
sample. The parameters a and b represent the hydrostatic and
the shear deformation potentials, respectively and A =
—2812/(S11 + S12), where Sy, i,j=1 or 2, is the elastic
compliance constant. For Zng3gCdygSe, the numerical
values S;; =2.33 x 10 3kbar™!, S, =—0.884 x 1073
kbar~', a = —4.19eV and b = —0.95¢V, are deduced.'"!®
These values are assumed for the present Be-incorporated
samples as the concentration of Be is small. The ratio of
Kp,r is then evaluated to be about 4.6 from eq. (3). This
result indicates that the transition of light hole is more
sensitive than that of heavy hole under the [001]-symmetry
coplanar piezomodulation. The CER spectrum of the same
sample, in which the relative intensity of the lh and hh
transitions is insensitive to strain, has been used as a
reference. The ratio (dEy,/dS)/(dEw/dS) is relative to
(In/Inn)p,r in the PzR spectra and (/i /Ihn)cer in the CER

(€)

PzR
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spectra. In the strain-insensitive CER spectra the modulation
coefficient is the same for all transitions, so that the ratio
(hn/Ihn)p,r/(In/Inn)cer gives that ratio of the piezomodula-
tion coefficients of the lh and hh transitions. From the PzZR
measurements for the beryllium free sample A, the enlarged
lh feature appeared at the higher energy side with respect to
the hh feature indicating the presence of a compressive-type
stress in the sample. The Kp,r is determined to be 1.5 and
2.6 at 15 and 300K, respectively. However, in samples B
and C, the enlarged lh feature appeared at the lower energy
side, the Kp,g is determined to be 1.8 (2.1) and 1.2 (1.5),
respectively, for samples B and C at 15 K (300 K). The lower
energy value of the lh transition for ZnCdBeSe sample
provides an evidence that tensile-type stress exists in the
ZnCdBeSe epitaxial layers of samples B and C. The
identified transition features are denoted as Ej, and Epp
and indicated with arrows in Fig. 2. The difference between
the experimentally deduced values of Kp,r and that of the
theoretical calculation might be attributed to the partial
relaxation of the samples. Further evident points to the
partial relaxation of the samples can be derived form the
evaluation of the strain induced splitting of the heavy hole
and light hole transitions defined as AE = Ep, — Ejp. A
calculation for the fully strained sample led to AE =
—28meV, 20 meV and 29 meV, respectively, for samples A,
B and C at 300 K. Our experimental values for AE at 300K
were determined to be —17 £4meV, 16 £4meV and
20 £ 4 meV respectively, for the three samples. The smaller
measured AE values is an indication of partial relaxation of
the strained layers. Further evidence of partial relaxation
also showed up in the low temperature measurement at 15 K,
which yielded AE = —15+£2meV, 18 £2meV and 22 +
2meV respectively for samples A, B and C. The similarity
of AE at 300K and 15K is contrary to what one generally
expects for a strained layer. The thermal expansion
coefficients at room temperature for InP,' ZnSe,') wurtzite
CdSe! and BeSe'? are found to be 4.75 x 107 K~', 7.7 x
107°K™!, 73 x 107°K~!, 8.7 x 107°K™~!, respectively.
The thermal expansion coefficients for Zng33CdoeSe,
(Zng 33Cdo.62)0.93Beo.075¢e and (Zng33Cdo.62)0.80Beo.11Se are
determined to be 7.45 x 107°K~!, 7.54 x 107 °K~! and
7.59 x 10" K~!, respectively, by linear interpolation of
values of the end-point materials. At 15K, since we can not
find any data of expansion coefficient for CdSe and BeSe,
we tentatively take the ZnSe value of this parameter for the
ZnCdBeSe samples. The values of the expansion coefficients
for InP'® and ZnSe!" at 15K are —0.1 x 107°K~! and
—0.3 x 107°K~!, respectively. In view of the differences in
the linear expansion coefficients at 300K and 15K, we
should expect to observe some variations of AE at the two
temperatures due to the additional induced strain. The fact
that no appreciable difference in the measured AE can be
observed may indicate the state of partial relaxation of the
strained layer. We have also estimated the critical thick-
nesses of the samples from the elastic constants. The
estimated critical thicknesses are about an order smaller than
the sample thickness of ~1.0um. This means that the
samples should relax completely. However, our experimen-
tal results seem to indicate the existence of residual strain
even for sample thickness much larger than the critical
thickness. Similar existence of residual stain is also found
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Fig. 3. Experimental CER spectra of (a) Zng33CdgeSe (Sample A), (b)

(Zng 33Cdo 62)0.93Beo.o7Se (Sample B), and (c) (Zng33Cdo.62)0.89Beo.11Se
(Sample C) at several temperatures between 15 and 450 K. The dashed
lines are the experimental curves and the solid lines are least-squares fits
to eq. (2).

for InGaAs films grown on GaAs substrate.?” The physical
origin of this residual strain is not clear and more
investigative works should be performed to clarify this
point. In addition, a broad feature located at the lower energy
side of the low-temperature spectra of samples B and C was
observed. This feature is most probably related to some
structural defects at the I[I-VI/III-V interface in samples B
and C.

Displayed by dashed curves in Figs. 3(a), 3(b) and 3(c)
are, respectively, the experimental CER spectra of samples
A, B and C at several temperatures between 15 and 450 K.
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Fig. 4. The temperature variations of light-hole (lh) and heavy-hole (hh)
transition energies of (a) Zng3gCdpeSe (Sample A), (b) (Zngsg-
Cdo.62)0.03Beo.07Se (Sample B), and (¢) (Zng33Cdo.62)0.80Beo.115¢ (Sam-
ple C) with representative error bars. The solid curves are least-squares
fits to the Varshni-type semiempirical relationship and the dashed lines
are fitted to the Bose—FEinstein-type expression.

The solid lines are the fitted spectral data to eq. (2) with
n = 2, which yield transition energies indicated by arrows.
As the general property of most semiconductors, when the
temperature is increased, the lh and hh transitions in the
CER spectra exhibit an energy red-shift and lineshape
broadening characteristics. The broader lineshapes of the
transition features are due to the increase of lattice-phonon
scattering effects.

Plotted by the open circles and open squares in Figs. 4(a),
4(b) and 4(c) are the temperature variations of the
experimental values of Ej, and Ey,, respectively with the
representative error bars for ZnCdBeSe samples A, B and C.
The temperature shift of the transition energies contains
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Values of the Varshni-type fitting parameters, which describe the temperature dependence of transition energies of

Zng33Cdo62Se, (Zng33Cdo.62)0.93Beoo7Se, and (Zng33Cdye2)0.89Beo.11Se obtained from the CER experiments. The parameters for
ZnSe, Zn 56Cdg 44Se, CdSe, GaAs, InP, and Ing osGagosAs are included for comparison.

EI0 . / /
Material :© 4 b 4(1/ b
V) (104 eV/K) (K) (10~ eV/K) (K)
Zn,33Cdo.625¢”
Eun 2.138 +0.002 5.6+£0.2 195 + 20 45402 150 + 20
Ep 2.153 +0.002 57+£0.2 210 £ 20 45402 160 £ 20
(Zn33Cdo 62)0.93Beg075e?
En 2.203 +0.002 494+0.2 180 £ 35 39402 140 + 35
Ein 2.221 +0.002 51402 190 + 35 39402 130 £ 35
(Zn33Cdo.62)0.89Beq.11Se?
En 2.242 4+ 0.002 4.84+0.2 175 £ 35 3.74+0.2 125 £ 35
Eun 2.264 4+ 0.002 4.84+0.2 160 + 35 3.74+0.2 115+£35
ZnSe® 2.800 4 0.005 7.3+£04 295 £ 35 50+4 206 + 35
Zn.56Cdg.44Se? 2.272 +0.004 6.1 £0.5 206 + 35 45+0.5 153 +45
CdSe® 1.834 (3) 4.24 (20) 118 (40)
GaAs? 1.512 + 0.005 5.14+0.5 190 + 82
InP® 1.432 +0.007 414+0.3 136 £ 60
Ing 06Gag.os As” 1.420 4+ 0.005 48+04 200 £+ 50 254+04 140 + 40

a) Present work.
b) ref. 9.

c) ref. 22. The numbers in parentheses are error margins in units of the last significant digit.

d) ref. 23.
e) ref. 24.
f) ref. 8.

contributions from both thermal expansion and electron
(exciton)—phonon coupling effects. To obtain the parameters
directly related to the latter contribution, it is necessary to
eliminate the contribution of the former. The energy shift
AE(T) due to thermal expansion can be written as®®

T
AEW(T) = Sa/ a(T)dT’ “)
0

where a is the interband hydrostatic deformation potential
and «(T) is the temperature-dependent linear-expansion
coefficient. For the ZnSe binary compound, the value of a is
—5.4¢eV and «(T) can be deduced from Ref. 11. For
Zng33Cdg 62Se, a value of a = —4.2 eV can be obtained from
a linear interpolation between the hydrostatic pressure
coefficient of ZnSe and the lowest-lying exciton (A exciton)
of wurzite CdSe.'" Since we found no data for a(T) for
CdSe and BeSe, we tentatively take the ZnSe value of this
parameter for this II-VI ZnCdBeSe alloy system. The
energy terms, which are relevant to the electron (exciton)—
phonon scattering influence can be expressed as Ej, —
AEw(T) and En, — AEw(T), and illustrated in Figs. 4(a),
4(b) and 4(c) as solid circles and squares, respectively. The
transitions energies contain contributions from the thermal
expansion and electron—phonon interaction, and can be fitted

to the Varshni semiempirical relationship®"
BT = Ey0) — 20 (5a)
(T) = E(0) — — 97 a
! T B+

Here, E;(0) is the energy at 0K; «; and B; are constants, and j
refers to Ih or hh. The constant «; is related to the electron
(exciton)—phonon interaction and g; is closely related to the
Debye temperature.”! If we remove the thermal expansion
contribution from Eé(T), the Varshni-type relation can be

written as®?

E/(T) — AEw(T) = EL(0) — o
. S N )
where the primed parameters are defined similarly to the
unprimed counterparts in eq. (5a). The temperature depend-
ent energy values of Ey, — AEw(T) and Ej, — AEwW(T) are
least-square fits to the eq. (5b) and indicated as solid curves
in Fig. 4. The values obtained for E;(0), o;, o}, B; and B; are
listed in Table I together with the fitted parameters for the
direct gaps of ZnSe,” Zngs5cCdo44Se,” CdSe,,”” GaAs,>®
InP,?» and IngosGagosAs® given for comparison purpose.
The nearly equal value of ; and that of ; for samples A, B,
and C, respectively, in Table I indicates that the transitions
of 1h and hh have almost identical temperature dependence
as illustrated in the Fig. 4.
The temperature dependence of excitonic transitions of
the ZnCdBeSe II-VI compounds can also be analyzed by a

(5b)

Bose-Einstein type expression of the form®?
2ij
Ey(T) = Ej(0) — O , (6a)
(7))

2dy

E{(T) — AEW(T) = E;(0) — - (6b)
exp —B)_q
T

where E;(0) is the energy value at 0K, a;p represents the
strength of average electron—phonon interaction, and ®;
corresponds to the average phonon temperature and the
index j refers to lh or hh interaction. The primed parameters
in eq. (6b) are defined similarly to the unprimed terms in eq.
(6a) with the contribution from thermal expansion effect
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Table II.
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Values of the Bose—Einstein-type fitting parameters, which describe the temperature dependence of the transition energies of

Zng33Cdo62Se, (Zng33Cdo.62)0.93Bep.07Se, and (Zng33Cdo 62)0.39Beo.11Se obtained from CER experiments. The parameters for ZnSe,
Zng 56Cdo 44Se, CdSe, GaAs, InP, and Ing0cGaposAs are included for comparison.

Material E;(0) CF ap O
V) (meV) (K) (meV) (K)
Zn 33Cd 62Se”
Ein 2.138 +0.002 48 +4 195 + 20 36 £4 175 £ 20
En 2.153 +0.002 50+4 205 £ 20 38+4 185 £ 20
(Zny33Cdo.62)0.93Beo.075¢?
En 2.203 4+ 0.002 46 + 4 205 £ 30 34+4 185 £ 30
Enn 2.221 +0.002 45+ 4 200 + 30 334+4 175 + 30
(Zny33Cdo.62)0.89Beo.11Se?
En 2.242 4+ 0.002 45+ 4 205 + 30 33+4 185 + 30
Enn 2.264 4+ 0.002 44+ 4 200 %+ 30 32+4 175 £ 30
ZnSe? 2.800 4 0.005 73+4 260 £ 10 47+ 4 220 £ 10
Zng.56Cdo.44Se” 2.267 +0.004 62+4 236+ 10 43+ 4 201 £10
CdSe® 1.830(5) 36(5) 179(40)
GaAs? 1.512 + 0.005 57 +£29 240 £+ 102
InP® 1.423 +0.01 514+2 259+ 10
Ing 06Gag.os As? 1.420 4+ 0.005 4 +9 203 £ 45 3347 280 £ 45

a) Present work.
b) ref. 9.

¢) ref. 22. The numbers in parentheses are error margins in units of the last significant digit.

d) ref. 25.
e) ref. 24.
f) ref. 8.

eliminated. The dashed lines shown in Figs. 4(a)-4(c) are the
least-squares fits of the relevant energy terms to eq. (5a) or
(5b). The obtained values of the fitting parameters are listed
in Table II. For comparison, the parameters for the direct
gaps of ZnSe,” Zngs6Cdg44Se,” CdSe,”” GaAs,> InP,*¥
and IngosGagosAs® are also included. The temperature
variations of the excitonic transition energies are dominated
by lattice constant variations and the interactions with
relevant acoustic and optical phonons. The parameters aJ’B
and O in eq. (6b) are related to o; of eq. (5b) by taking the
high temperature limit of both expressions. This yields
relationship of o} ~ 2ajp /®/y. Comparison of Table I and II
shows that within error limits this relationship is satisfied.
The experimental values of the temperature dependence
of the linewidth I'V(T) [half width at half maximum
(HWHM)] of the excitonic features for the three ZnCdBeSe
Samples, as obtained from the line-shape fits, are displayed
in Figs. 5(a), 5(b) and 5(c), respectively. The open and solid
circles are the data points of lh and hh transitions and the
solid lines are least-square fits to an expression responsible
for the temperature dependence of the linewidth of the direct

gap for zinc-blende-type semiconductors of the form?®
4 , , Iy
(1) = T70) + yacT + = ()
LO
expl —— | —1
P T

In eq. (7), the index j refers to either lh or hh interactions.
The first term of eq. (7) is due to intrinsic effects (electron-
electron interaction, impurity, dislocation, and alloy scatter-
ing) at T = 0K, while the second term corresponds to
lifetime broadening due to the electron (exciton)—acoustical
phonon interaction, where y,. is the acoustical phonon

coupling constant. The third term is caused by the electron
(exciton)-LO phonon (Frohlich) interaction. The quantity
I'{ ; represents the strength of the electron (exciton)-LO
phonon coupling while ©/  is the LO phonon temperature.
As shown in Figs. 5(a)-5(c), as the temperature is raised, the
linewidth first increases from its zero-temperature value
because of acoustical phonon scattering. Above about 50 K
the LO phonon contribution becomes important and even-
tually dominates the linewidth broadening. In this article, we
treat the four terms IV(0), yic, o and ©f, as fitting
parameters. Least-squares fits to eq. (6) yields the solid lines
as illustrated in Figs. 5(a)-5(c) and the obtained values of
I'/(0) and I}, as well as the numbers for y4 and O/, are
listed in Table III. For comparison, the values of I' g (in
terms of HWHM) for ZnSe,>*02” Zn 5Cdy.44Se,” CdSe (A
exciton),?? GaAs,?® IngosGagosAs,Y InP,?” and GaN303D
from other works are also included in Table III. The values
of TV(0) for the beryllium containing samples are much
larger than those of beryllium free sample due mainly to the
poorer crystalline quality of the Be-incorporated samples. In
fact it is not easy to grow high-quality Be-related II-VI
quaternaries.

In general, temperature variations of the energy gap are
due to both lattice constant variations and interactions with
relevant acoustic and optical phonons. According with
existing theory®**2% this leads to a value of ©p(Of)
significantly small than ©{ . From Tables I and I, it can be
seen that our observations agree well with this theoretical
consideration. Figures 4(a), 4(b), and 4(c) show linearizing
of the energy gap as the temperature is raised above ~200 K.
Least-square fits by a straight line in this region yields
temperature coefficient of the energy shift for either l1h or hh
interactions (with thermal expansion eliminated) to be
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50 Table III.  Values of the parameters that describe the temperature depend-
s Sample A S(a) ence of I' (HWHM) for the energy gaps of ZngssCdoeaSe,
2 Zn, Cd, Se (Zng 33Cdo 62)0.93Beo.07Se, and (Zng33Cdo.62)0.89Beo.11Se obtained from
5 40 - CER the CER experiments. The relevant parameters for ZnSe, Zng 56Cdp 44Se,
5 CdSe, GaAs, InP, IngpsGapgsAs and GaN are also included for
N .
2 L comparison.
g o T, Expt. :
& o T, Expt. Material I7(0) I'Lo OLo YAC
S o2l Fit to eq. (7) (meV)  (meV) (K)  (ueV/K)
=
‘E Zno33Cdo.62Se”
E 10 | Epn 342 33+£8 3204100 241
& En 442 35+£8 310+100 241
0 ) ) ) ) (Zng.33Cdg.62)0.93Beg 07Se?
0 100 200 300 400 500 Ep 1742 2548 330+100 241
Temperature (K) Enn 18+2 3248 3354100 241
60 (Zng.33Cdo.62)0.89Beo. 11 Se”)
_ Sample B 5(b) En 1942  26+8 345+100 241
% s (Zn,,,Cd, ), 5;Be, ,,Se Enn 2042 3148 3504100 2+1
:E: CER ZnSe 65125 248 36070 2,00
< 30+79
g 40 o T, Expt 309
e e T, Expt
g_ 30 Fit to eq. (7) ZH0A56Cd0‘44Seb) 6.0+2.0 17+6 334C) 1.19
a0 R
£ Cdse? 2.3(3) 23(1) 300
=
-§ 2 GaAs? 23+1.5 4179
§ Ing.06Gag o4 As™ 75405 23+6 3704122
InP) 15405 31+£3.0 4969
10 A 1 A 1 A 1 A 1 A
0 100 200 300 400 500 GaN 100 3750 1065¢ 15
Temperature (K) 248 3900 10659 16
60 a) Present work.
Sample C 5(c) b) ref. 9.
% 50 (Zno.saCdo.sz)o.syB eo.use ccl) Pz}ra;n;ter fixed.
E %0r CER ) ref. 26.
- e) ref. 27.
g f) ref. 22. The numbers in parentheses are error margins in units of last
§ 4a0r o Iy Expt. significant digit.
Z e Dy Expt. g) ref. 28.
; sl Fit to eq. (7) h) ref. 8.
E i) ref. 29. Excitonic transition.
Z j) ref. 30.
S 20 k) ref. 31.
k=
]
10 " 1 " 1 " 1 " 1 "
(1] 100 200 300 400 500

Temperature (K)

Fig. 5. Experimental variation of the broadening parameter (HWHM) for
the direct excitonic transitions of (a) Zng33Cde,Se (Sample A), (b)
(Zng 33Cdo.62)0.93Beg.07Se (Sample B), and (c) (Zng33Cdo.62)0.89Beo.115e
(Sample C) with representative error bars. The open and solid circles are
respectively the experimental values of 1h and hh transitions, respectively,
and the solid lines are least-square fits to eq. (7).

—3.9 x 107*eV/K for sample A, —3.3 x 10~*eV/K for
sample B and —3.1 x 10~*eV/K for sample C. By taking
high temperature limits of either eqs. (5b) or (6b), we can
correlate these values to that of o or o/ as given in Tables I
and II, respectively. These numbers also indicate that the
addition of Be reduces the rate of change of the energy gap
with temperature for the Be-containing ZnCdSe compounds.
This is a desirable feature for the device applications of these
compounds. Our fitted values for I't o are comparable to that
of ZnSe,>2027 CdSe?? and most of the III-V semiconduc-
tors®2829) with the exception of GaN.3%3D It has been shown
theoretically that Frohlich interaction is stronger in the more

ionic crystals of II-VI semiconductors than the II-V
semiconductors.?® Our results show no clear trend to that
effect and seem to indicate that other factor may contribute
to the electron (exciton)-LO phonon coupling constant, I'ro.
In the case of GaN, it may be possible that a larger
deformation potential interaction may contribute a signifi-
cant proportion to I'ro in addition to the Frohlich inter-
action.®3D The ionicity dependence of Frohlich interaction
requires further consideration and more work needs to be
done in this area.

4. Summary

In summary, the temperature dependence of band-edge
transitions of ZnCdBeSe II-VI compounds with different Be
concentration was studied using contactless electroreflec-
tance (CER) in the temperature range of 15 to 450 K. The
experimental results of CER spectra for beryllium contain-
ing samples demonstrate an energy blue-shift behavior and a
broadened lineshape character with respect to the ZnCdSe
specimen. Strain modulated piezoreflectance (PzR) meas-
urements were utilized to facilitate the identification of the
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light-hole (Ih) and heavy-hole (hh) excitonic transitions of
the ZnCdBeSe samples. The enhanced lh feature with lower
energy in the PzR spectrum provides conclusive evidence
that tensile-type stress existed in the ZnCdBeSe epilaxial
layers. The temperature variations of transition energies are
analyzed by both the Varshni- and Bose-Einstein-type
expressions, which take into consideration the contribution
of thermal expansion. The parameters extracted from both
expressions are found to agree reasonably well by extending
into the high temperature regime. In addition, our analysis
shows evidence of a reduced energy shift due to temperature
variations by incorporating beryllium into the ZnCdSe
compound.
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