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Infrared and Raman spectroscopic study of Zn12xMn xSe materials
grown by molecular-beam epitaxy
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Molecular beam epitaxy and optical investigation of Zn12xMnxSe epilayers over a large composition range
(x50 – 0.78), grown on GaAs~001! substrates, are reported. The far-infrared~FIR! reflectance and Raman
scattering were performed to characterize the film quality and study their optical and electrical properties. FIR
and Raman data provide experimental evidence on the intermediate-mode phonon behavior for Zn12xMnxSe
with x up to 0.78. Theoretical modeling fits of FIR spectra lead to the determination of optical parameters such
as mode frequency, strength, damping constant, and electrical properties of dielectric constant, carrier concen-
tration, mobility, conductivity, and effect mass, and their dependence on the Mn composition. Values of force
constants ofFMnSe517.13104 dyn cm1 andFZnSe514.73104 dyn cm21, and the high-frequency limit dielec-
tric constant of MnSe,e`55.4, are obtained.@S0163-1829~99!07147-7#
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I. INTRODUCTION

Zn12xMnxSe is a wide band-gap ternary material, belon
ing to the II-Mn-VI group of semimagnetic or diluted mag
netic semiconductors~DMS!.1 Because of their importan
semiconducting, optical, and magnetic properties for ba
investigation and application prospects, DMS, includi
Zn12xMnxSe, and related structures have been the subje
extensive studies in the past two decades.1–4 Zn12xMnxSe
has its energy gap tunable between 2.7–3.4 eV, depen
on the Mn composition and the applied magnetic fiel1

Magnetic ions, Mn21, are random substituted with the Zn21

in the cation positions, leading to interesting magneto-opt
properties, such as a giant Zeeman splitting of the b
edges.5 This has been utilized to obtain spin-dependent qu
tum confinement in tailored structures.6,7 ZnSe/Zn12xMnxSe
quantum well ~QW! and superlattice~SL! structures are
promising for next generation electro-optical and photo
devices.8–10

Bulk Zn12xMnxSe has been prepared previously by t
Bridgman method with a zinc-blende structure forx,0.35
and a wurtzite structure for 0.35,x,0.57.11 Efforts have
been made on the growth of epitaxial Zn12xMnxSe films by
various techniques, such as molecular beam epitaxy~MBE!,
metalorganic chemical vapor deposition~MOCVD!, pulsed
laser evaporation and epitaxy~PLEE!, atomic layer epitaxy
~ALE! and radio frequency sputtering.12 Using the MBE
technique, thick~1–3mm! Zn12xMnxSe epilayers with zinc-
blende structure over the 0<x<0.66 composition range,13

ZnSe/Zn12xMnxSe QW and SL structures,6–10 and ZnSe/
MnSe superlattices14 with both zinc-blende ZnSe and MnS
have also been successfully grown. Based on the fact tha
atomic radius of Mn~1.79 Å! is larger than that of Zn~1.53
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Å!, it would be difficult to dope a large concentration of M
atoms into the lattice of as-deposited Zn12xMnxSe layers.12

More epitaxial Zn12xMnxSe films and microstructures re
ported in recent years~after 1990! were focused in the low
Mn concentrations.5,6,7,9,10,12,15,16Efforts in growing high Mn
composition and high quality Zn12xMnxSe materials and
structures are needed for the further development of th
promising materials and microstructures.

Infrared~IR! and Raman spectroscopy are sensitive, n
destructive and useful tools for the characterization of se
conductor materials and structures.17,18 They can provide in-
formation on lattice properties, crystalline perfectio
impurities, defects, strain, phase transition and alloy com
sitions. It has been reported for the Raman scattering of h
pressure phase transition in bulk Zn12xMnxSe (0<x
<0.30),19 the resonant Raman scattering of longitudin
optical ~LO! phonons in bulk cubic single
cyrstal Zn12xMnxSe (x50,0.03,0.1) near theE0 gap,20

Raman spectra of RF sputtered Zn12xMnxSe (x
50.04,0.15,0.19,0.27,0.32) thin films,12 and a far-infrared
reflection and transmission study on long-wavelength opt
phonons in bulk Zn12xMnxSe (x50.18,0.31).21 The results
demonstrated that Zn12xMnxSe exhibits an intermediat
mode behavior for the optical phonons, which is similar
the case of Zn12xMnxTe,22 and in contrast with
Cd12xMnxTe,22 that exhibits a two-mode behavior for th
optical phonons. But the experimental evidence was ba
upon a relatively small range of Mn compositions,x<0.33
for bulk Zn12xMnxSe,19 and x<0.32 for RF sputtered film
Zn12xMnxSe.12

In this paper, we report on the growth and optical char
terization of epitaxial Zn12xMnxSe with Mn composition
variation from 0% up to 78% by a molecular beam epita
16 058 ©1999 The American Physical Society
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FIG. 1. The FIR reflectance spectra of Zn12xMnxSe/GaAs for Mn compositionsx50 to 0.78 at 300 K.
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technique. Far-infrared and Raman scattering spectra of e
MBE-grown Zn12xMnxSe over a large range Mn compos
tion of 0<x<0.78 were investigated. The optical phon
behavior, conductivity, dielectric constant, and other opti
parameters are analyzed by a dielectric response mode
series of optical and electrical parameters are deduced
Zn12xMnxSe dependent on the Mn composition. Results
presented and discussed.

II. EXPERIMENT

Zn12xMnxSe epilayers used in this study were grown
GaAs~001! substrates by an EPI 620 MBE system. Hig
energy electron diffraction~RHEED! was used to monitor
the structure of the layers during growth. The Mn compo
tion was determined by the energy dispersive x ray~EDX!
for each sample. Energy gaps were measured from pho
minescence~PL! and photoreflectance~PR! experiments.23

The IR reflectance spectra at near normal incidence
far-infrared range, 60–700 cm21, were measured by way of
Bruker IFS 120 HR Fourier transform infrared~FTIR! spec-
trometer with resolution better than 1 cm21, and in the tem-
perature range of 80–300 K. Raman measurements were
formed in the back-scattering geometry between 10–30
by using a Dilor X-Y 800 modular laser Raman spectrome
with CCD photon-counting electronics. Raman spectra w
excited by the Ar1 laser 514.5-nm line and with laser pow
less than 25 mW to avoid the heating effect.

III. EXPERIMENTAL RESULTS

A. Infrared reflectance

Figure 1 shows the FTIR reflection spectra of eig
Zn12xMnxSe/GaAs withx50 to 0.78, measured at 300 K
while Fig. 2 exhibits the FTIR spectra of a typic
Zn0.48Mn0.52Se/GaAs at a temperature of 80–300 K. F
mixed crystal, there are twox-dependent transverse mode
denoted TO1 and TO2, with oscillator strengthsS1 and S2 ,
ht

l
A
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e
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K
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and frequenciesvT1 and vT2 , respectively. To these trans
verse modes, there are associated longitudinal modes
noted LO1 and LO2 with frequencies vL1 and vL2 ,
respectively.17,24 The vibration mode occurring in 204 cm21

for x50 at 300 K is referred to as the ZnSe-like mo
(TO2). We can also assign the MnSe-like mode (TO1) to
215 cm21 for x50.78. We observed that the ZnSe-like T
mode is around 195–205 cm21 for different Mn concentra-
tion samples at 300 K, while the MnSe-like TO vibratio
mode is clearly around 215–225 cm21 for x.0.17. There is
a small mode appearing in 215 cm21 for x50.07 that is not
clear atx50.04. Obviously, all the resonance frequenc
show temperature dependence. The vibration frequen
have 3–4 cm21 blueshift for the ZnSe-like TO mode and;5
cm21 blueshift for the MnSe-like TO mode when temper
ture is controlled from room temperature down to liquid n
trogen temperature, as seen from Fig. 2.

B. Raman scattering

Figure 3 shows Raman spectra from five of these DMS
300 K for x50 to 0.78. The Raman peak at 291 cm21 is

TABLE I. The TO phonon mode parametes derived by diele
tric function fitting.

ZnSe-like mode MnSe-like mode
x S vTO (cm21) g ~cm21! S vTO (cm21) g ~cm21!

0 1.48 204.3 3.07
0.04 1.99 203.4 3.52
0.07 1.48 203.3 3.64
0.17 1.79 200.7 6.44 0.08 225.0 8.26
0.21 1.79 200.7 6.72 0.08 223.9 8.26
0.4 1.37 197.8 7.93 0.36 219.7 5.92
0.52 1.13 196.5 9.64 0.46 218.0 5.65
0.78 0.81 195.7 11.03 0.95 215.7 4.76
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FIG. 2. The Zn0.48Mn0.52Se/
GaAs FIR spectrum for differen
temperature. The ZnSe-like an
MnSe-like TO phonon mode hav
3–4 cm21 blueshift when tem-
perature decreases from 300
down to 80 K.
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identified as the longitudinal optical~LO! phonon from the
GaAs substrate. The Raman shift of ZnSe LO vibrat
mode occurs at 252 cm21, which can be assigned as the LO1
mode atx50. With increasingx value fromx50 to 0.52, the
LO1 vibration mode has a 3-cm21 blueshift, and the mode
intensity weakens. Forx50.78, the LO1 mode is too weak to
be recognized. The LO1 mode also shows the temperatu
dependence that all Zn12xMnxSe epilayers with different Mn
concentrations have a blueshift of 3–4-cm21 when tempera-
ture varies from 300 K down to 10 K. This can been se
from Fig. 4 on a Zn12xMnxSe/GaAs withx50.21.

IV. ANALYSIS AND DISCUSSION

A. Theoretical fits of FIR reflectance

From a classical model, the FIR dielectric response fu
tion can be expressed as17,24
n

n

-

«~v!5«`1
SjvT j

2

~vT j
2 2v22 ig jv!

2
vp

2

vS v1 i

t D , ~1!

where«` is the high frequency dielectric constant,vT j , Sj ,
andg j are the frequency, strength, and damping constan
the j th TO mode, respectively. The last term in the equat
represents the free carrier contribution with a carrier scat
ing time t and a plasma frequency

vp5S 4pne2

m* D 1/2

, ~2!

wheren is the carrier concentration andm* is the effective
mass. Computer fittings were performed for all the FIR sp
tra in Fig. 1. The frequencies and other parameters of
optical modes at 300 K obtained from these theoretical
-
FIG. 3. Raman scattering spec
tra of Zn12xMnxSe for differentx
values at 300 K. LO1 phonon
mode was revealed at 258 cm21

for ZnSe thin film, and has 3
cm21 blueshift when Mn concen-
tration increased to 0.52.
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FIG. 4. Temperature depen
dent Raman spectra of
Zn12xMnxSe/GaAs withx521%
from 10 to 300 K.
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are collected in Table I. With increasing Mn concentrati
from x50 to 0.78, the ZnSe-like TO mode has a 9-cm21 red
shift. MnSe-like TO mode has a 10-cm21 red shift fromx
50.17 to 0.78. The ZnSe-like TO, MnSe-like TO and LO1
vibration modes versusx values are shown in Fig. 5. Th
values of mode frequency, strength, and phonon relaxa
factor or damping constantg of each band depend on th
detailed composition of samples. The Mn concentration
pendence of the strength of ZnSe-like and MnSe-like
phonon modes is illustrated in Fig. 6. This shows that
strength of ZnSe-like mode is decreasing and the strengt
MnSe-like mode is increasing with increasing Mn compo
tion.

B. Discussion on phonon mode parameters

From the dielectric function« for a system with two os-
cillators, the strength of TO1 and TO2 can be expressed as24
n

-

e
of
-

S1vT1
2 5«`

~vL1
2 2vT1

2 !~vL2
2 2vT1

2 !

vT2
2 2vT1

2 , ~3!

S2vT2
2 5«`

~vL1
2 2vT2

2 !~vL2
2 2vT2

2 !

vT1
2 2vT2

2 . ~4!

From Fig. 5,vT1
2 2vT2

2 varies between two ending value
i.e., about 1800 to 2700~1/cm2!, and vL1

2 2vT1
2 and vL1

2

2vT2
2 are far away from zero. From Fig. 6, it is seen that

x approaches zero,S1 approaches zero. Therefore,vT1
2

2vL2
2 should approach zero whenx is close to zero from Eq.

~3!. On the contrary,vL2
2 2vT2

2 cannot vanish from Eq.~4!
becauseS2 is not small, as shown in Fig. 6. Asx is larger,
sayx50.78, the situation is reversed. Therefore, we can p
dict that the associated LO2 mode frequency will approach
d

-

FIG. 5. Relationships of opti-
cal mode frequency versusx from
epitaxial Zn12xMnxSe. The dotted
line is the guide to the eye, an
the dash line is the predicted LO2.
This plot shows the Zn12xMnxSe
mixed crystal has an intermediate
mode behavior for optical
phonons.
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FIG. 6. The relationship of the
mode strength of TO1 and TO2

versus the Mn compositionx.
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the frequency of TO1 at x;0 and will approach to the TO2
frequency asx;1. The predicted LO2 mode is shown in Fig.
5 with the dashed line.

The mode behavior of Zn12xMnxSe thin film shown in
Fig. 5 is a typical intermediate-mode behavior. It shows t
the Mn impurity mode in ZnSe lies between the LO and T
frequencies of ZnSe, displaying as a gap mode, while the
impurity mode in the MnSe lattice lies below the LO-T
range for MnSe-like phonons, as a local mode. It also sh
that with increasing thex(Mn), the ZnSe:Mn gap mode
splits into two branches of TO1 and LO2. The LO2 and TO2
modes, whenx(Mn) approaches 1, emerge into the ZnSe:M
local mode.12,19,22,24As a complementary work for previou
results on bulk and film Zn12xMnxSe withx,0.33,12,19 our
new FIR and Raman data from MBE-grown Zn12xMnxSe
provide the further experimental evidence on t
intermediate-mode behavior of optical phonons for this
lute magnetic semiconductor material system withx up to
0.78.

C. Force constants

Force constant between anion and cation can be ded
from the impurity mode frequency. The impurity frequen
at x50 is about 230 cm21 from the extended dotted line i
Fig. 5. There exists the following relationship:24

AFMnSe

mMn
5230 cm21, ~5!

wheremMn is the mass of an Mn atom. Thus, the force co
stantEMnSe517.13104 dyn cm21 between Mn and Se atom
is obtained.

At another end ofx51, the impurity frequency is abou
195 cm21. There is also a similar relationship:24

AFZnSe

mZn
5195 cm21, ~6!
t

n

s

-

ed

-

wheremZn is the mass of a Zn atom. Another force consta
FZnSe514.73104 dyn cm21 between Zn and Se atoms ca
also be obtained.

D. Electrical conductivity

Some electrical properties of Zn12xMnxSe thin films can
also be characterized by fitting the dielectric function. T
obtained parameter data for the high-frequency limit diel
tric constant, free carrier concentration, mobility, conduct
ity and effective mass are listed in Table II. With th
weighted summation of the Clausius-Mossotti expressi
for dielectric constant«`(MnSe) of pure MnSe crystal an
«`(ZnSe) of ZnSe, we have25

«`~x!21

«`~x!12
5~12x!nZnSe

«`~ZnSe!21

«~ZnSe!12

1xnMnSe

«`~MnSe!21

«`~MnSe!12
. ~7!

In Eq. ~7!, «`(x) is the high-frequency limit of the dielectric
constant of the Zn12xMnxSe epilayer, andnZnSe and nMnSe
denote the ratio between unit cell volume of pure ZnS

TABLE II. Electric properties of Zn12xMnxSe characterized by
dielectric function fitting.

x «`

Free carrier
concentration
(1018 cm23)

Mobility
~cm2/V S!

Conductivity
~V21 cm21! m* /me

0 6.06 0.998 4447 710.1 0.53
0.04 6.02 1.015 2216 359.9 0.53
0.07 5.97 0.895 1416 202.7 0.53
0.17 5.94 0.729 744 86.8 0.51
0.21 5.92 1.096 355 62.2 0.52
0.4 5.82 1.038 263 43.7 0.51
0.52 5.83 1.290 292 60.2 0.49
0.78 5.61 0.672 153 16.5 0.49
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FIG. 7. The dependence of th
conductivity of the Zn12xMnxSe
epilayer with the Mn composition
x.
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MnSe, andx-dependent unit cell volume of Zn12xMnxSe
material. We take bothnZnSeandnMnSe approaching 1 in our
calculation. By using our experimental values of dielect
constant for Zn12xMnxSe, listed in Table II, we can obtai
«`~MnSe!55.4.

We can also employ the linear approximation relation,26

«`~x!5x«`~MnSe!1~12x!«`~ZnSe! ~8!

to obtain the value of«`(MnSe). Both ways lead to the
same result. Our value is much higher than the previous
ported result,22 and it is more reliable.

The values of conductivity versusx are illustrated in Fig.
7. It shows that the conductivity will drop down dramatical
when Mn composition is increasing from 0 to;15%. For
x.0.17, the conductivity will slowly and almost linearl
goes down with increasing the Mn composition. The eff
mass of free carriers also drops linearly with the varied
concentration from the fitting results, listed in Table II.

V. CONCLUSIONS

In conclusion, we have grown a series of Zn12xMnxSe
epilayers, with a large range of Mn composition from 0 up
78%, on GaAs~001! substrates by MBE technology. The fa
infrared reflection spectra and Raman scattering show
good optical quality of these samples. FIR and Raman d
m

l.
e-

t
n

e
ta

show the interesting intermediate-mode phonon behavior
this dilute magnetic semiconductor material system. Theo
ical fits through a classical model with the FIR dielectr
response function were performed on FIR reflectivity spec
of all the samples. Composition dependent optical para
eters of transverse phonon mode frequency, strength, da
ing constant have been deduced. With an increase of
compositionx, the ZnSe-like TO phonon mode frequenc
and strength decrease, damping factor increases, while
MnSe-like TO phonon mode frequency and strength
crease, and damping factor decreases with increasingx. De-
tailed analyses of FIR reflectance and dielectric funct
have also led to the knowledge of electrical properties
Zn12xMnxSe (0<x<0.78), including the high-frequenc
limit dielectric constant, free carrier concentration, mobilit
conductivity and effective mass. With increasingx, «` and
m* decrease slightly, while mobility and conductivity de
crease greatly. This predicts a strong effect of Mn compo
tion on the film electrical properties of mobility and condu
tivity, which is useful for device application of this DMS
material. The force constants of two ending binary mater
are obtained withFMnSe517.13104 dyne cm21 and FZnSe

514.73104 dyne cm21. A value of the high-frequency limit
dielectric constant of MnSe,«`55.4, is obtained by way of
Clausius-Mossotti law and linear approximation.
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