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Molecular beam epitaxy and optical investigation of, ZfMn,Se epilayers over a large composition range
(x=0-0.78), grown on GaA§001) substrates, are reported. The far-infraf€tR) 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 behavigr fvmZ8e
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 of y,se=17.1x 10* dyn cnt and F ;5= 14.7< 10 dyn cmi %, and the high-frequency limit dielec-
tric constant of MnSee¢,.=5.4, are obtained.S0163-182809)07147-1

[. INTRODUCTION A), it would be difficult to dope a large concentration of Mn
atoms into the lattice of as-deposited,ZgMn,Se layers?
Zn,_,Mn,Se is a wide band-gap ternary material, belong-More epitaxial Zn_,Mn,Se films and microstructures re-
ing to the II-Mn-VI group of semimagnetic or diluted mag- ported in recent yearg@fter 1990 were focused in the low
netic semiconductor$DMS).! Because of their important Mn concentrations:®7:%1912.151Efforts in growing high Mn
semiconducting, optical, and magnetic properties for basicomposition and high quality Zn,Mn,Se materials and
investigation and application prospects, DMS, includingstructures are needed for the further development of these
Zn,_,Mn,Se, and related structures have been the subject giromising materials and microstructures.
extensive studies in the past two decatiészn,_,Mn,Se Infrared (IR) and Raman spectroscopy are sensitive, non-
has its energy gap tunable between 2.7-3.4 eV, dependirdestructive and useful tools for the characterization of semi-
on the Mn composition and the applied magnetic fleld. conductor materials and structuré$® They can provide in-
Magnetic ions, MA*, are random substituted with theZn  formation on lattice properties, crystalline perfection,
in the cation positions, leading to interesting magneto-opticaimpurities, defects, strain, phase transition and alloy compo-
properties, such as a giant Zeeman splitting of the banditions. It has been reported for the Raman scattering of high-
edges. This has been utilized to obtain spin-dependent quanpressure phase transition in bulk ZgMn,Se (0<x
tum confinement in tailored structuré$zZnSe/zn_,Mn,Se  <0.30)° the resonant Raman scattering of longitudinal
quantum well (QW) and superlattice(SL) structures are optical (LO) phonons in  bulk cubic single
promising for next generation electro-optical and photoniccyrstal Zn_,Mn,Se (x=0,0.03,0.1) near theE, gap?®
device 10 Raman spectra of RF sputtered ;ZgMn,Se (
Bulk Zn,_,Mn,Se has been prepared previously by the=0.04,0.15,0.19,0.27,0.32) thin film%,and a far-infrared
Bridgman method with a zinc-blende structure #6£0.35  reflection and transmission study on long-wavelength optical
and a wurtzite structure for 0.35<0.57!! Efforts have  phonons in bulk Zp_,Mn,Se (x=0.18,0.31)? The results
been made on the growth of epitaxial ZpMn,Se films by  demonstrated that 4n,Mn,Se exhibits an intermediate
various techniques, such as molecular beam epitsgE), mode behavior for the optical phonons, which is similar to
metalorganic chemical vapor depositi®OCVD), pulsed the case of Zp ,Mn,Te?? and in contrast with
laser evaporation and epitaxPLEE), atomic layer epitaxy Cd,_,Mn,Te,?? that exhibits a two-mode behavior for the
(ALE) and radio frequency sputterif§.Using the MBE  optical phonons. But the experimental evidence was based
technique, thick1-3 um) Zn, _,Mn,Se epilayers with zinc- upon a relatively small range of Mn compositionss 0.33
blende structure over the<Ox<0.66 composition rang¥,  for bulk Zn,_,Mn,Se!® andx<0.32 for RF sputtered film
ZnSe/zn_,Mn,Se QW and SL structurésX® and znSe/ Zn,_,Mn,Sel?
MnSe superlatticé8 with both zinc-blende ZnSe and MnSe  In this paper, we report on the growth and optical charac-
have also been successfully grown. Based on the fact that therization of epitaxial Zp_,Mn,Se with Mn composition
atomic radius of Mn(1.79 A) is larger than that of Zit1.53  variation from 0% up to 78% by a molecular beam epitaxy
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FIG. 1. The FIR reflectance spectra of,ZgMn,Se/GaAs for Mn compositions=0 to 0.78 at 300 K.

technique. Far-infrared and Raman scattering spectra of eighind frequenciest; and wt,, respectively. To these trans-
MBE-grown Zn,_,Mn,Se over a large range Mn composi- verse modes, there are associated longitudinal modes de-
tion of 0=x=<0.78 were investigated. The optical phononnoted LQ and LO, with frequencies w ; and o,
behavior, conductivity, dielectric constant, and other opticarespectively*’-** The vibration mode occurring in 204 crh
parameters are analyzed by a dielectric response model. #r x=0 at 300 K is referred to as the ZnSe-like mode
series of optical and electrical parameters are deduced fgTO,). We can also assign the MnSe-like mode (J@o

Zn, _,Mn,Se dependent on the Mn composition. Results ar@15 cm ! for x=0.78. We observed that the ZnSe-like TO

presented and discussed. mode is around 195-205 crhfor different Mn concentra-
tion samples at 300 K, while the MnSe-like TO vibration
Il. EXPERIMENT mode is clearly around 215—225 cinfor x>0.17. There is

i o a small mode appearing in 215 cifor x=0.07 that is not

Zn,_xMn,Se epilayers used in this study were grown Onglear atx=0.04. Obviously, all the resonance frequencies
GaAd001) substrates by an EPI 620 MBE system. High-spow temperature dependence. The vibration frequencies
energy electron diffractiofRHEED) was used to monitor pave 3—4 criil blueshift for the ZnSe-like TO mode anes
the structure of the layers during growth. The Mn composi-cm=1 pjyeshift for the MnSe-like TO mode when tempera-
tion was determined by the energy dispersive x @PX) (e is controlled from room temperature down to liquid ni-
for each sample. Energy gaps were measured from photolqrogen temperature, as seen from Fig. 2.
minescencéPL) and photoreflectancéR) experiment£3

The IR reflectance spectra at near normal incidence in _
far-infrared range, 60—700 crh, were measured by way of a B. Raman scattering
Bruker IFS 120 HR Fourier transform infraréBTIR) spec- Figure 3 shows Raman spectra from five of these DMS at
trometer with resolution better than 1 ¢hand in the tem- 300 K for x=0 to 0.78. The Raman peak at 291 chis
perature range of 80—300 K. Raman measurements were per-
formed in the back-scattering geometry between 10—300 K TABLE I. The TO phonon mode parametes derived by dielec-
by using a Dilor X-Y 800 modular laser Raman spectrometetric function fitting.
with CCD photon-counting electronics. Raman spectra were

excited by the Af laser 514.5-nm line and with laser power ZnSe-like mode MnSe-like mode
less than 25 mW to avoid the heating effect. X S wmplem?) yem?YH S wrplem?) yem?Y
0 148 204.3 3.07
ll. EXPERIMENTAL RESULTS 004 199 2034 352
A. Infrared reflectance 0.07 1.48 203.3 3.64
0.17 1.79 200.7 6.44 0.08 225.0 8.26

Figure 1 shows the FTIR reflection spectra of eight

Zn; _,Mn,Se/GaAs withx=0 to 0.78, measured at 300 K, 00'241 i;? igg'; ?';s g'gg ig? 2'52
while Fig. 2 exhibits the FTIR spectra of a typical ' ' ' ' ' '

Zng.agMng 5.Se/GaAs at a temperature of 80—-300 K. For2-52 1.13 196.5 9.64 046 218.0 565
mixed crystal, there are twr-dependent transverse modes, 0.78 0.81 195.7 1103 0.95 215.7 4.76

denoted TQ and TQ, with oscillator strength$s; andS,,
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identified as the longitudinal opticdLO) phonon from the S w2 w2
GaAs substrate. The Raman shift of ZnSe LO vibration e(w)=e,+ — ]2 L -t 1)
mode occurs at 252 cm, which can be assigned as the L O (07— =iyj0) w( ot
mode atx=0. With increasing value fromx=0 to 0.52, the T

LO, vibration mode has a 3-cm blueshift, and the mode \yheres . is the high frequency dielectric constant;;, S,
intensity weakens. For=0.78, the LQ mode is too weak 10 54, are the frequency, strength, and damping constant of
be recognized. The LOmode also shows the temperature e jth TO mode, respectively. The last term in the equation

dependence that all Zn,Mn,Se epilayers with different Mn represents the free carrier contribution with a carrier scatter-
concentrations have a blueshift of 3—4-chwhen tempera- ing time 7 and a plasma frequency

ture varies from 300 K down to 10 K. This can been seen
from Fig. 4 on a Zp_,Mn,Se/GaAs withx=0.21. (477”62) 12
wp— y

= @
IV. ANALYSIS AND DISCUSSION

wheren is the carrier concentration amd* is the effective
mass. Computer fittings were performed for all the FIR spec-
From a classical model, the FIR dielectric response functra in Fig. 1. The frequencies and other parameters of the

tion can be expressed’as* optical modes at 300 K obtained from these theoretical fits

A. Theoretical fits of FIR reflectance

300 K Zn, _Mn Se/GaAs

<~—~3 c¢cm’' blue shift

FIG. 3. Raman scattering spec-
tra of Zn,_,Mn,Se for differentx
values at 300 K. L® phonon
mode was revealed at 258 ¢ch
for ZnSe thin film, and has 3
cm* blueshift when Mn concen-
tration increased to 0.52.
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are collected in Table I. With increasing Mn concentration (wfl—w$1)(wfz—w$1)
from x=0 to 0.78, the ZnSe-like TO mode has a 9-¢med Siw3 =¢. 77 , (3
shift. MnSe-like TO mode has a 10-Cthred shift fromx @T27 OT1
=0.17 to 0.78. The ZnSe-like TO, MnSe-like TO and LO
vibration modes versug values are shown in Fig. 5. The 2 2 2 2
; 2 (0f1— 0T) (@~ wT)

values of mode frequency, strength, and phonon relaxation S,w3,=¢, > > (4)
factor or damping constang of each band depend on the WT1— W72

detailed composition of samples. The Mn concentration de-

pendence of the strength of ZnSe-like and MnSe-like TOg,
phonon modes is illustrated in Fig. 6. This shows that thei
strength of ZnSe-like mode is decreasing and the strength o
MnSe-like mode is increasing with increasing Mn composi-

om Fig. 5,0%,— %, varies between two ending values,
., about 1800 to 27001/cn?), and w?;— w2, and w?,
— w3, are far away from zero. From Fig. 6, it is seen that as

tion.

B. Discussion on phonon mode parameters

From the dielectric functiorz for a system with two os-
cillators, the strength of TOand TQ can be expressed s

X approaches zeroS; approaches zero. Thereforeu%l

- wfz should approach zero whexris close to zero from Eq.
(3). On the contraryw?,— w2, cannot vanish from Eq(4)
becauses, is not small, as shown in Fig. 6. Asis larger,
sayx=0.78, the situation is reversed. Therefore, we can pre-
dict that the associated LOnode frequency will approach

i,E_E]— _______ -E-}-——E—-—*-'_"_"—"'B e = mt i L
250 4 LOI _
< 201 Zn. Mn Se o TO,(MnSe-like TO) |
£ i 1-x ' - ) . .
o . m TO, (ZnSe-like TO) [ FIG. 5. Relationships of opti-
~ 2304 - cal mode frequency versusfrom
o o o LO, : epitaxial Zn _,Mn,Se. The dotted
-g ] TO r line is the guide to the eye, and
S 220 5 - the dash line is the predicted LO
c ] : This plot shows the Zn ,Mn,Se
Q e o . - A
S ] 5 mixed crystal has an intermediate-
& 210 - . )
> ] L mode behavior for optical
[ S DD C phonons.
200 3 L S el -
] TO, Rl b S
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the frequency of TQatx~0 and will approach to the TO Wwheremg, is the mass of a Zn atom. Another force constant
frequency ax~ 1. The predicted L9mode is shown in Fig. Fznse=14.7<10°dyncmi* between Zn and Se atoms can

5 with the dashed line. also be obtained.
The mode behavior of Zn,Mn,Se thin film shown in
Fig. 5 is a typical intermediate-mode behavior. It shows that D. Electrical conductivity

E?:unennlcrilZULPansoge d'irs]ngjﬁ;i geé\gs%]otg: I;vcr)lilaent(:]ggn Some electrical properties of Zn,Mn,Se thin films can
impurity mode in the MnSe lattice lies below the LO-TO also be characterized by fitting the dielectric function. The

range for MnSe-like phonons, as a local mode. It also showobtained parameter dz_:\ta for the hig_h-frequer_wpy limit diel(_ec-

that with increasing thex(Mn’) the ZnSe'Mn.gap mode Tric constant, free carrier concentration, mobility, conductiv-
o ’ ) ity and effective mass are listed in Table Il. With the

splits into two branches of TCand LO. Thg LO, and TQ_ weighted summation of the Clausius-Mossotti expressions

modes, Whe2r7§(gl\z/lzn2)4approaches 1, emerge into the ZnSe.Mnfor dielectric constant..(MnSe) of pure MnSe crystal and

local modet?192224As a complementary work for previous (ZnSe) of ZnSe, we have

results on bulk and film Zn Mn,Se withx<0.3312¥our = ’

new FIR and Raman data from MBE-grown ZpMn,Se e.(x)—1 e.(ZnSe—1

provide the further experimental evidence on the —

intermediate-mode behavior of optical phonons for this di-

etz LT Vanse ZreaT

lute magnetic semiconductor material system withip to e.,(MnSe —1
0.78. +XVMnSeW' @)
C. Force constants In Eq. (7), £.,(X) is the high-frequency limit of the dielectric

constant of the Zn ,Mn,Se epilayer, and/z,s. and vynse

Force constant between anion and cation can be deducgfnote the ratio between unit cell volume of pure ZnSe,
from the impurity mode frequency. The impurity frequency

atx=0 is about 230 cm' from the extended dotted line in  TABLE II. Electric properties of Zp_,Mn,Se characterized by

Fig. 5. There exists the following relationstip: dielectric function fitting.
= Free carrier
A/ MnSe_ 54 cml (5) concentration Mobility — Conductivity
Myin X e, (108%cm™®  (cmVS) Q7lcm™)  m*/m,
wherem,,, is the mass of an Mn atom. Thus, the force con- 0  6.06 0.998 4447 710.1 0.53
stantEypse= 17.1x 10* dyn cm ! between Mn and Se atoms 0.04  6.02 1.015 2216 359.9 0.53
is obtained. 0.07 5.97 0.895 1416 202.7 0.53
At another end ofk=1, the impurity frequency is about 0.17 5.94 0.729 744 86.8 0.51
195 cm . There is also a similar relationship: 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
N ;"592195%*1, (6) 0.78 5.61 0.672 153 16.5 0.49
Zn
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MnSe, andx-dependent unit cell volume of Zn,Mn,Se  show the interesting intermediate-mode phonon behavior for
material. We take bothry,s.and vy,se approaching 1 in our this dilute magnetic semiconductor material system. Theoret-
calculation. By using our experimental values of dielectricical fits through a classical model with the FIR dielectric
constant for Zp_,Mn,Se, listed in Table I, we can obtain response function were performed on FIR reflectivity spectra
£,(MnSg=5.4. of all the samples. Composition dependent optical param-

We can also employ the linear approximation relafibn, eters of transverse phonon mode frequency, strength, damp-

ing constant have been deduced. With an increase of Mn
2x(X) =Xe(MnS@+(1-X)e(ZnSe ®) cogmpositionx, the ZnSe-like TO phonon mode frequency
to obtain the value ok.(MnSe). Both ways lead to the and strength decrease, damping factor increases, while the
same result. Our value is much higher than the previous reMnSe-like TO phonon mode frequency and strength in-
ported result? and it is more reliable. crease, and damping factor decreases with increasibg-

The values of conductivity versusare illustrated in Fig. tailed analyses of FIR reflectance and dielectric function
7. It shows that the conductivity will drop down dramatically have also led to the knowledge of electrical properties of
when Mn compositior_1 _is inqreasing from O t015%. For  7n, _ Mn,Se (0<x=0.78), including the high-frequency
x>0.17, the conductivity will slowly and almost linearly |imjt dielectric constant, free carrier concentration, mobility,
goes down with increasing the Mn composition. The effec onductivity and effective mass. With increasinge.. and
mass of free carriers also drops linearly with the varied Mn .+ jocrease slightly, while mobility and conductivity de-

concentration from the fitting results, listed in Table II. crease greatly. This predicts a strong effect of Mn composi-
tion on the film electrical properties of mobility and conduc-
tivity, which is useful for device application of this DMS

In conclusion, we have grown a series of,ZpgMn,Se  Material. The force constants of two ending binary materials
epilayers, with a large range of Mn compossition from 0 up toare obtained withF,se=17.1x 10* dynecnm* and Fzse
78%, on GaA&01) substrates by MBE technology. The far- =14.7x 10" dyne cm *. A value of the high-frequency limit
infrared reflection spectra and Raman scattering show thdielectric constant of MnSe;..=5.4, is obtained by way of
good optical quality of these samples. FIR and Raman dat@lausius-Mossotti law and linear approximation.

V. CONCLUSIONS
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