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Fabrication and physical properties of radio frequency sputtered Cd,_,Mn ,S thin films
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Highly oriented Cd_,Mn,S thin films with a wurtzite structure were grown by the radio-frequency sput-
tering technique. The grain size of the £dMn, S thin films was found to decrease with an increase in the Mn
concentratiork. Moreover, the lattice softening effect due to the quantum size effect, the band-bowing phe-
nomena accounted for by the band-gap correction arising from the chemical disorder, and the exchange
interaction between the band carrier and thelectron of the magnetic Mn ions have been investigated.
[S0163-18296)01140-X

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

Cd;_,Mn,S thin films were fabricated in a rf sputtering

Advances in epitaxy growth have opened additional s .
ystem consisting mainly of a dual planar magnetron sputter

avenues for studies in semiconductor physics. A number ot

physical phenomena were discovered when the physic USN(U”S’MGﬂNI g’ulvé%%;l SU'%OO\J’ atrf getr_1ertato_r(US’ ;
dimensions of semiconductors were tailored from bulk » Vioae i} f, and an automatic tuning net-

to two-dimensional microstructurés, one-dimensional work (US” GUN 1. SU-600ATN). A rotary van pumpBalz-

microstructure$,or even to zero-dimensional quantum dbts. €S DUO 016Bwas used in conjunction with a turbomolecu-
Among the quantum structures which have been studied, dlaf pump (Balzers, TPH 19D to evacuate the growth
luted magnetic semiconductt®MS)-based structurdsave ~ chamber to a pressure of about I0torr. As the lowest
distinguished themselves from the others due to the inheriteBressure was reached, a high-purit99.999 argon gas
giant magnetic-field-induced band splitting and the interestwhich was controlled precisely and stabilized by a gas dos-
ing magnetism. The magnetic tuning of the band alignmening valve(Balzers UDV 03% was introduced to maintain the
in a quantum welf, a spin superlattic® the polaron in a chamber pressure at>510~2 torr throughout the entire
type-Il quantum welf, magnetic ordering in two dimen- whole growth process.
sions® and many other exciting physical phenomehave The CdS and MnS powders were pressed into a circular
been observed in DMS-based microstructures. To date, thoylate 2 in. in diameter as the sputtered targets for the dual
sands of papers on DM&ef. 9 have been published. How- sputter guns. Either Corning glass slices100) p-type sili-
ever, there remain several kinds of DMS’s which are notcon wafers were used as the substrate. The distance between
well explored. Among them, Cd ,Mn,S-based microstruc- the substrate and the target was 5 cm. To ensure a good
tures have been the least investigated. quality of Cd;_,Mn,S thin films, a 15-min presputtering

In this study, the radio-frequendyf) sputtering technique cleaning was performed. During the sputtering the substrates
is used to grow C¢g_,Mn,S thin films with a thickness of were heated by two independent cumulative processes, one
approximately 400 nm. The purpose is to investigate the latbeing the inherent heating from the plasma on the sample,
tice softening of the longitudinal opticfLO) phonon in the the other being performed by the extra heating from the
Cd;_,Mn,S thin films. As was reported recently by the sample holder using a tungsten halogen lamp. A chrome-
present researchetd]attice softening in a LO phonon ob- alemmal thermocouple was attached to the surface of an ad-
served in CdS thin films grown by pulsed laser evaporatiorditional dump substrate to monitor the substrate temperature.
is attributed to the size quantization of the grain size and td-or every run, the substrate was heated to 300 Q2 fo so
low-dimensional thin-film structures. It is, therefore, sus-that the thermal cleaning could be accomplished before the
pected that the lattice vibration of the rf-sputtereddeposition of the C¢_,Mn,S thin films. The substrate tem-
Cd;_4Mn,S thin films will be quite different from that of perature was then lowered down to 200 °C to begin the sput-
the bulk Cd, _,Mn,S crystals due to the quantum size effect.tering process, with the output power to the rf sputtering
In addition to phonon Raman work, the present researcheiguns varying from 40 to 120 W for different Mn concentra-
have implemented the transmission experiments to measutm®ns. A rapid thermal annealing process with a ramping rate
the band gap of Cd ,Mn,S thin films for a study of the of 100 °C/s and an annealing temperature of 400—700 °C for
band-bowing effects. It was found that the band-bowing ef-15 to 120 s was implemented after the deposition of the
fects of Cd,_,Mn,S thin films can be explained by band- films. To cool the sample to room temperature, rates of 100—
gap corrections caused by the chemical disorder and the e250 °C/s were tried. After many trials it was found that the
change interaction between the carrier and the magnetic Maptimum annealing temperature is 600 °C for a time period
ions. of 60 s. To study the crystallinity and surface morphology,
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obtained using the equations d&né=n\A and
d=c/{h%(a/c)?+k?(a/c)?+1%}*2, where fkl)=(002). In
Fig. 2 the lattice constart measured by the XRD for the
Cd;_,Mn,S thin films is plotted versus the Mn concentra-
tion determined by the EDAX results. A linear behavior
which follows Vegard’s law was found. The lattice constant
decreases as the Mn concentration is increased due to the
x-ray diffraction (XRD) and scanning electron microscopy smaller atomic size of Mn than that of Cd. Note that for
(SEM) with a resolution of 15 A were used. The thickness Ofstrained thin films, one might expect lattice distortion due to
the highly oriented films was measured by an ellipsometethe stress between the substrate and the thin film. Therefore,
with a resolution of 10 A The molar concentration of thEa s“ght deviation from the line which describes the depen_
constituent elements of the ¢d,Mn,S thin fims was de-  dence of the lattice constant on the Mn concentration of the
termined by an energy-dispersive analysis of Xx4{B{AX)  pulk crystals might be observed. However, Fig. 2 shows that
measurement. Lattice vibration by Raman spectroscopy Wase linear dependence of the lattice constant on Mn concen-
also studied. An argon 4880 A line with a power of aboutiration for the experimental film is consistent with that of the
100 mW was used as the excitation for the Raman spectrgy|k crystal within the experimental error. Since the thick-
The spectra were recorded in 45° reflection geometry Withhesses of the experimental €4Mn,S thin fims were all
sam_ples being placed under the micrqmeter stage Qf a triplegthout 400 nm, the results indicated that the strain between
grating spectrograptSPEX 1877¢ equipped with a liquid-  the substrates and thin films was released for the films hav-
nitrogen-cooled charge coupled devi€CD) detector array g a thickness 0f-400 nm. Hence, for all Cd_,Mn, S thin
(Photometrics CCD2Q0For the absorption experiments the fiims used in this study, the dependence of the lattice con-
samples were placed on the cold finger of a closed cyclgtant and Mn concentration follows that of the bulk crystals.
refrigerator with the temperature varying from 10 Kto room  The surface morphology of the Gd,Mn,S thin films
temperature for the study of the band-gap dependence on thgestigated by SEM is shown in Fig. 3 for Mn concentra-
temperature. tions ofx=0.01, 0.098, 0.278, and 0.378. As shown in Fig.
3, the grain size of the Cd ,Mn,S thin films decreases as
IIl. RESULTS AND DISCUSSIONS X increases. This r.esu_lt i_s corroborated py the_XRD work. As
the Mn concentration is increased, the diffraction peak of the
The structure and crystallinity of the ¢d,Mn,S thin  XRD spectra becomes broader due to a reduction in the grain
films were analyzed by the XRD with a CKa source size. Itis recalled that the perfect infinite crystal should have
(wavelength 1.54 A In Fig. 1 the XRD spectrum from the an XRD peak with as-function shape. Note that the other
Cd;_,Mn,S thin films grown on a-type silicon wafer with  reason for broadening in the XRD spectra might be the in-
a Mn concentratiox=0.139 is shown. On the upper right- crease in the chemical disorderass increased. The reason
hand side of Fig. 1, the results from the CdS powder are¢hat the grain size decreasesxascreases can be understood
shown for comparison. X-ray diffraction from th€00), as follows. A stable crystal structure of Cd®urtzite) dif-
(002, (101), and (102 surfaces was observed for the CdS fers from that of MnSrocksal}. As the compositiorx of the
powder. While in the case of the €d,Mn,S thin films only  (Cd9;_,(MnS), solid solution increases, internal strain
sharp diffraction from th€002 surface was observed, this arises, and the crystal structure of the CdMnS solid solution
result indicates that the Gd,Mn,S thin films oriented becomes unstable. In order to stabilize the crystal structure,
highly in the (002) direction exhibit a favorable crystalline the grain size is reduced to release the strain as the Mn con-
structure. Furthermore, an increase in the Bragg angle wasentration becomes larger.
found for the Cd_,Mn,S thin films. The lattice constant In this study, band-bowing phenomena were investigated
c along thec axis of the Cd_,Mn,S thin films was by transmission spectroscopy. In Figa@variation in en-

20 (degree)

FIG. 1. The XRD spectrum of Cd ,Mn,S films on ap-type
(200 silicon wafer withx=0.139. The upper right side of the figure
is the XRD pattern of CdS powder.



FIG. 3. SEM photographs of Gd,Mn,S thin films with varia-
tions of Mn concentration weré¢a) x=0.01, (b) x=0.098, (¢
x=0.278, andd) x=0.378, respectively.

ergy gap versux at 297 K (black circlg, along with the
results obtained by lkeda, Itoh, and Sat@riangulars for
the bulk Cd,_,Mn,S crystals at 298 K is shown. The band
gap of the CdS thin film, having a small grain size of roughly

150-200 A, is larger than that of the bulk CdS crystal by

several meV due to the quantum size eff€dn Fig. 4(b) the
dependence of the energy gapomat 10 K is shown. One
can note from Figs. @ and 4b) that the band gap increases
as the temperature decreases. The band-bowing effect, t
band gap initially decreasing at a low valuexathen increas-
ing with an increase in the Mn concentratisncan be ob-
served for both the bulk Cd,Mn,S crystals and the
Cd;_,Mn,S thin films in Fig. 4a) and(b). However, the Mn
concentratiorx, where the minimum of the band gap occurs,
and the curvature of the band gap andelationship curve
are different for thin films and the bulk. For the bulk crystal
the minimum occurs ax=0.04; whereas, in the case of a
Cd;_,Mn,S thin film, the minimum is aroung=0.065. To

understand this discrepancy, the origin of the band bowing

effect for ternary compounds should be studied.

The band-bowing phenomena found in the DMS bulk
crystal were attributed to the correction in the exchange in
teraction with the conduction and valence bah@he band-
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bowing effect was also observed in the nonmagnetic

semiconductor$®~® However, in the case of nonmagnetic
semiconductors, chemical disorifewvas recognized as the

FIG. 4. (a) Variation of the energy gap of Gd,Mn,S with Mn
concentration by our samples at 297(Black circles and the re-

only source for the band bending, because there are no ma ults of Ikeda, Itoh, and Sato at 298(Kiangular$. (b) Variation of

netic ions like Mn, Fe, Co, or Cr existing in the nonmagnetic

semiconductors to cause the exchange interaction betweé

the carrier and the magnetic ions. Recenhflfthe present

researchers stated that the effect of both the exchange inte
action and the chemical disorder on the conduction and vay

lence bands should be considered explanations for the ban
bowing effect found in C¢_,Fe,S bulk crystals.

The variation in the energy gap onfor the ternary com-
poundsA; _,B,C can be written as

Eg(X, T)=Eo(T)+ax—bx(1—x)+En(X,T), (1)

whereEy(T) is the band gap of the binary compouA& at
temperaturel. The parametea, describing the linear varia-

e energy gap of Cd,Mn,S with Mn concentration by our
mples at 10 K. The solid line is the fitted curi®. Experimental
ata of the susceptibility varied with Mn concentration as obtained

r)_/ Ref. 17.

b

on of the band gap o, is the energy difference between
e band gaps oAC and BC. The parameteb is another
parameter representing the strength of the chemical disorder.
Eu(x,T) is a correction caused by the exchange interaction
[12,14. Without the last term, Eq(l) describes the band-
bowing phenomena of a nonmagnetic semiconductor arising
from the chemical disorder existing in the ternary compound
A;_,B,C. The values ob are 0.58 e\for the Z, , exciton
peaks at 80 K 0.18 eV, and 1.4 eV for Ag ,Cu,l,*®
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Ga;_,As,P* and ZnSgTe; _,,*° respectively. A largeb rection, the dependence of the susceptibility on the Mn con-
indicates a stronger deviation from the linear variation in thecentration explains the band-bowing effect. The band
band gap between the two binary compounds. For nonmadrowing-effect in the Cg_,Mn,S thin films is similar to the
netic semiconductors the maximum deviation from the lineacase of the Zg_,Mn,Se crystals. By using the results ob-
relation occurs neax=0.5. In order to describe the band- tained by Cheret al.*’ [Fig. 4(c)] for the dependence of the
bowing effect which happens at values xofmuch smaller ~Susceptibility orx which assumeg to be equal toy, , the
than 0.5, the last term in Eq1) must be included. The band gap versus data for the Cd_,Mn,S thin films can be
energy correctiorEy(x,T) for the band gap in cubic struc- fitted as shown by the solid lines in Fig(b} at 10 K. To
ture semiconductors due to the exchange interaction can ecommodate the data, a simplified equation is used:
obtained by the following perturbative calculatith:

keT Do Eg(X, T)=Eo(T)+ax—bx(1—x)+cxT. @)
Em(x,T)=— [Qo]zm h7x[3mea2+ (Mpy+ §my) 5]
® 2) In this way the complex form dE,,(x,T) can be represented
by the fitting parametec’ =cT and the experimental daja
as presented in Fig.(d). The fitting parametec’ is a func-
tion of all the parameters, like the effective mass, the crystal-
field parameter, and the exchange constant, in Es(6).
In Fig. 4(b) the smaller dashed lines were obtained by setting
% andc to zero, assuming the gap in the MnS is 3.5 eV. For
the longer dashed line in Fig(l®), a=0.9 eV,b=0.3 eV, and

where(), is the unit-cell volumep, is a parameter charac-
terizing the range of the exchange interactionkirspace,
kg is the Boltzmann constang is the g factor, ug is the
Bohr magneton, angt is the susceptibility of the crystals
obtained by the magnetization measurement. The electro
heavy hole (hh), and light hol@h) effective masses are

represented by g1 my,, and my, respectively. The param- o/ _q yere used. Then both the chemical disorder and the
etersa and B are the exchange constants which correspon orrection due to the exchange interaction by usire).9
to the conduction and valence bands, respectively, while, foL\, y—03 eV andc’=—-0.02 eVg Tlemu, as shown. by

hexagonal structures, the correction for the band gap is Writge 5qjid line in Fig. 4b), were considered. The solid lines fit

ten as? the experimental data in a reasonable way. It was found that
—_(E _ the parameteb obtained for the C¢d_,Mn,S thin films is
Eux.T)==(E.~En. @ smaller than that of the nonmagnetic semiconductors. It
The correctiorE, for the conduction bandl;) is given by is noted that parametéfdlike the effective mass, exchange
T constant, and crystal-field parameter which were absorbed in
_ 2 "B ¢’ might vary withx. Moreover, it is realized that the grain
Ee=Mepo[ (o] (9 h,uB)Z(X”JFZXL) “ size of the C¢_,Mn,S thin films is at least several hundred
and the correction for the heavy-hole barit) is A_and also depends on the Mn concentration. The size of the
microstructure might have an effect on the exchange interac-
keT Mg tion constantS « and B in the equations; however, it is
Ea=mMapo[ Q0B ——— (x| +2(1-9)—x, undoubted that both the chemical disorder and the exchange
(ghue) Ma interaction should be used to account for the band-bowing
\/m Ap effect. In addition to the transmission experiment on thle thin
x(l— = arctay(—o films, the phonon Raman spectra on the;CgMin,S thin
fipo V2mg(Eg—En) films, as shown in Fig. 5 have been taken. The energy of the
) LO phonon of the CdS thin films is 300 cr and is smaller

V2me(Ec—Ea)

fipo

than that of the bulk CdS crystals. The decrease in the LO-
phonon energy was attributed to the lattice softetfing the
CdS thin films. As some of the Cd atoms are substituted for
fip, by Mn atoms, the LO-phonon energy exhibits a blueshift. At
xarctar(m : () x=0.159, a weak shoulder was developed at the higher-
cimC EA energy side of the LO-phonon peak. Aswas further in-
wherem,, mg, andmg are the hole-effective masses corre- creased to 0.378, two peaks were clearly observed. The LO-
sponding to theA, B, and C excitons. The Greek symbol phonon energies from the @d,Mn,S thin films were
x| (x.) represents the magnetic susceptibility for a magnetiglotted as a function of the Mn concentratianin Fig. 6,
field parallel (perpendicular to the crystal hexagonal axis. along with the results obtained by Sehal® (circles for
The parameteq? is the wave-function mixing coefficient for Cd,;_,Mn,S bulk crystals. The LO-phonon frequencies of
a hexagonal crystal, and is given'fy the bulk crystals seem to be insensitive to the Mn concentra-
tion x, while for thin films the LO phonon splits into two

m
+2q2m—:)(L 1

, 1 A=A, peaks (triangularg, which are assigned like the MnS-like
a =5+~ (A,—Ay7+8Al) ©®) phonons wherx is increased. As a result, the two-mode

model seems to describe the Raman shift vexspiet of the

A4, A,, andA; are the conventional crystal-field and spin- Cd,_,Mn,S thin films more appropriately than the interme-
orbit parameters. In the case of ZnMn,Sel? the effect of diate mode behavior used to explain the phonon Raman
the chemical disorder was neglected to account for the bangork for the Cd,_,Mn,S crystals by Suhetal. One
bowing. By considering only the exchange interaction cor-might attribute the splitting of the LO phonon of the
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with rapid thermal annealing. It was found that the grain size
decreased as the Mn concentration increased. In addition, it

Cd,_,Mn. S thin films as being due to the strain between theVas émphasized that physical properties, such as the band-
substrate and the thin film. However, the thickness of thdowing effects and the lattice vibration, of the thin films are
tested samples is approximately 400 nm. With such a thickvery different from those of the bulk crystals. A detailed
ness the strain between the substrate and the thin film iheoretical model is yet to be developed for the explanation
released; therefore, there is no need to consider the lattic¥ the discrepancy between the two types of;CgMn,S
strain in the substrate to interpret the observed Raman shifstructures.

To investigate the strain effect on the Raman shift, one needs

to grow thinner films; however, the thinner the film, the

worse the sample quality. ACKNOWLEDGMENTS
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