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Lattice dynamics and elastic properties of zinc-blende MgS
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Magnesium sulphidéMgS) normally crystallizes in the rocksalt structure; using a recent development in
molecular beam epitaxy, it is now possible to obtain MgS in the zinc-blende structure grown on GaAs. A
Raman microscope system with ultraviolet excitation at 244 nm has been used to obtain the Raman spectra of
this material, revealing strong signals due to overtones of the LO and TO phonons in the backscattering
geometry at room temperature. The strength of the signals implies that the excitation @n@8gs\j is close
to resonance with the MgS band gap. Calculations of the frequency of the zone-center TO and LO phonons of
this structure viab initio methods are in excellent agreement with the experimental observations. The calcu-
lated and measured phonon frequencies were 433 and 423 @&®) and 335 and 327 cnt (TO), respec-
tively. Values for the lattice parameter and the elastic constantand ¢y, of zinc-blende MgS were also
obtained.
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I. INTRODUCTION The Raman spectra were acquired in a Renishaw UV Ra-
man microscope system using 244 108 e\j excitation
MgS is a wide-band-gap semiconduct@he band gap from a cw frequency-doubled argon ion laser with powers of
certainly exceeds 4.5 eV at room temperafured it is one less than 0.1 mW focused via1l5 or X 40 objectives to spot
of the least studied members of this family. Bulk MgS crys-diameters of, typically, 10um. Acquisition times were of
tallizes in the rocksaltNaCl) structure, in which form itis a the order of a few minutes and the illuminated region was
proposed component of interstellar dust, this identificatiorinspected for damage after spectra were acquired. Experi-
being based on identification of its lattice vibrations in astro-ments on similar samples using visible excitati@20 nm,
nomical IR spectroscopySeveral groups have succeeded in2.95 eV} with conventional macroscopic sampling did not
producing MgS in the zinc-blend€ZB) structure (often  show detectable phonon Raman spectra from the MgS layers.
within MgS/ZnSe superlatticesby means of epitaxial
growth on GaAs either by metallo-organic vapor phase epi-
taxy (MOVPE) (Refs. 2—4 or by molecular beam epitaxy
(MBE).>® The use of ZB MgS as an extremely-wide-gap  Figure 1 shows a typical spectrum recorded from a
barrier material giving effectively complete confinement incapped zinc-blende MgS layer at room temperature. Promi-
-Vl quantum well structures has recently beennent peaks at Raman shifts of 850 and 1260 trand a
demonstratefl. However, many fundamental properties of |[ess-well-defined band with a maximum at around
ZB MgS remain to be determined precisely, including its1680 cm* are observed on a broad background. Also
lattice parameter, band gap, and band structure parameteghown (lower trace is a spectrum of a thick ZnSe epilayer
Here, we address the question of its lattice vibrations anén GaAs recorded under the same conditions; no signals are
elastic properties. observed from this sample. The sharp decrease in the back-
ground signal at 500 cnt and below in the case of the
MgS sample is a result of the cutoff of the bandpass filter
used within the spectrometer to reject the stray laser light. As
Zinc-blende MgS layers of thickness up to 67 nm werethe inset in Fig. 1 shows, a further Raman band is observed
grown on 5—-10 nm thick ZnSe buffer layers (001 GaAs at around 425 cm', within the wavelength range blocked
substrates using a method in which a ZnS source was usday the filter. The fact that this band is observable despite the
together with an elemental Mg source; this yields the thickesattenuation of the filter suggests that this band is in reality
ZB MgS obtained to date and the level of Zn incorporation isextremely strondaround 18 times more intense than it ap-
low, being in the range 0.5%—-2%. The MgS epilayers wergears here Several further, much weaker features are also
capped with a 50-nm layer of ZnSe in order to protect thenpbserved in this spectrum, including a shoulder on the domi-
from oxidation in air. Further details of the growth of the nant peak, at 752 cnt (determined by fitting after subtrac-
samples are given elsewh®nehere, in particular, double- tion of the wing of the 2LO peak
crystal x-ray rocking curves of typical structures are pre- The two dominant bands in the spectrum have Raman
sented. The lattice parameter of ZB MgS deduced in thashifts which are in the ratio 1.48:1 or, approximately, 3:2,
work was 5.622-0.002 A; no evidence of conversion to the and are thus assigned to 3LO and 2LO overtones of first-
NaCl structure was seen. order LO phonon scattering. The shape of the 3LO signal is

IIl. EXPERIMENTAL RESULTS

II. EXPERIMENT

0163-1829/2001/641)/1132034)/$20.00 64 113203-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 64 113203

4000 On this basis, the predicted frequencies of 3TO, 2T,
and 2LO+TO overtones would be 981 cm, 1079 cm?,
2l0 1 .
850 cm”! and 1177 cm-, respectively, close to the other, weaker

o bands observed in the spectrum.
1173 cm’™”

Lo 3L0

3000 f 1260 cm’ | IV. CALCULATIONS

300 400/ 500 600 40 Calculations based on density functional the¢BFT)

1680 cm’” were performed using the plane-wave, pseudopotential code
cAsTER® Ultrasoft pseudopotentidisvere used for both Mg
and S atoms; for Mg, 2 as well as 3 electrons were in-
cluded as valence electrons. A plane-wave cutoff energy of

380 eV was used. The Brillouin zone of the conventional

2000 -

Intensity (counts per second)

?Tg*;% cubic cell was sampled with a>d4x4 Monkhorst-Pack
grid and equivalenk-point sets were used for the other
1000 | a0 1 structures considered. Exchange-correlation effects were in-
1025 cm’! cluded via the local density approximationDA). The the-

oretical lattice parametex, bulk modulusB, and elastic con-
stantsc,; andc,, were obtained from third-order polynomial

b fits of the variation of the total energy with dilatio,, €)
0 a SRR e and a tetragonal, volume-preserving distortione(—2e).
400 600 800 1000 1200 1400 1600 1800 Results are given in Table |, together with previous esti-

mates. The calculated lattice parameter is in excellent agree-
ment with experiment and the elastic constants are plausible,
FIG. 1. (@) The Raman spectrum of epitaxial zinc-blende Mgs having magnitudes similar to those of ZnS and ZASur
with 5.08 eV excitation at room temperature. The inset shows théesults differ significantly from the only other published
region of the spectrum below the filter cutoff on an expanded verfesults® (Table ) but the agreement of our calculated LO
tical scale(b) The spectrum obtained under similar conditions fromand TO phonon frequencigsee below gives confidence
an epitaxial layer of ZnSe on GaAs, demonstrating that none of thalso in the elastic constants presented here.
features observed ifa) originate from the ZnSe capping layer. The TO phonon frequencies were obtained by applying
[111] displacements appropriate for a zone-center mode to
strongly asymmetric, consistent with the fact that momentumhe sulphur sublattice and obtaining an effective force con-
conservation can be satisfied in multiple-phonon scatteringtant which, together with the reduced mass of the Mg and S
by many possible combinations of non-zone-center phononstoms, allows one to calculate the vibrational frequéfcy.
The peak of the band near 1700 ctincan likewise be as- Forces were obtained for displacements ranging from
signed to the 4LO overtone. Taking the position of the rela-0.01 A to 0.1 A and, by fitting these to a quadratic, we
tively sharp 2LO signal as the best indication of the zone-extracted the harmonic contribution. The TO phonon fre-
center LO phonon frequency, one obtains a value ofjuency was found to be 336 crh which agrees well with
425 cm. This is very close to the Raman shift of the the experimentally observed value of 327 ¢
strongly attenuated signal discussed above and we therefore A supercell approach was used to calculate the zone-
conclude that the zone-center LO phonon frequency of zinceenter LO phonon frequenéy.The supercell consisted of a
blende MgS is 4251 cm . primitive cell in the(001) basal plane and 32 atomic layers
The shoulder at 752 cnt lies quite close in frequency to (16 Mg and 16 $in the [001] direction. To ensure that
a mode of MgO (718 cm?),” and this possible assignment phonons of LO symmetry were calculated, we displaced Mg
is considered further below. However, a more likely assign-or S planes separated by half of the length of the supercell by
ment of this band is to combined LOTO scattering. If we equal and opposite amounts; the displacement pattern used is
assume that it is a zone-center TQ(phonon that is in- shown in Fig. 2. The displacements were 0.045 A and the

volved, we can infer a TAY) frequency of 326 cm 1. forces generated on the other Mg and S layers in the super-

Raman shift (cm™)

TABLE I. Phonon frequencies and elastic constants of zinc-blende MgS.

B? e C1p? w0 (cm™h) wro (cm™h) a (A)
DFT calculation 6.12 7.40 5.47 428 336 5.615
Measured - - - 4251 327+6 -
Previous work - 5.68 579 - - 5.62%

@Units (10" dyn cmi ?).
bFrom Ref. 11.
°From Ref. 6.
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0 n S 16-n 16 tion is indeed the zinc-blende MgS layer.
A A A The question of the mismatch between ZB MgS and the
Y DO UE GaAs substrate is discussed more fully elsewférte lat-

Q ‘I CPO® wv O - O .‘ Q |. o ,’ Q tice mismatch strain between the two materials is of the order
Lo i i N A of 0.6%. The effect of the lattice mismatch on the Raman
> <+ ‘ R S spectra presented here is not known precisely, but the shift of

the LO phonon frequency in any zinc-blende semiconductor
FIG. 2. Schematic view of the displacement pattern of the sudue to a strain of this magnitude would typically be no more
percell used to calculate the LO phonon frequefsiyown by the  than one or two wave numbérsand would certainly not
arrows. Open and solid circles represent planes of Mg and S atomsaffect the identification of the Raman signals discussed here.
respectively. Similarly, the small level of Zn incorporation in the MgS
layers is not expected to modify the phonon frequencies sig-
cell provide estimates of the planar force constants. Thaificantly.
forces decay very rapidly away from the displaced atom, As a check of the consistency of the quantities calculated
becoming negligibly small at a separation of three Mg-Mghere, we can proceed as follows. The elastic constants can be
(or S-9 layer spacings. Anharmonic effects are reduced byised to estimate the LO phonon frequency following
averaging the forces on atomsand 16-n, as shown in Fig. Harrisort® since, in a simple model, bond stretching and
2, when calculating the planar force constants. The zonebond bending force constartty andC,, respectively, can be
center LO phonon frequency is found to be 428 ¢rwhich  defined as follows 4 is the lattice parametgr
is again in good agreement with the experimental value of
425 cm 1,
Co=(3a%/16)(cq1+2¢C1y), 1)

V. DISCUSSION

It is necessary to establish that the signals observed ex- C;=(a%32)(cy1—Cy)). )

perimentally are indeed due to the MgS layer; the presence, . | o phonon frequency is then given approximately by

of the capping layer raises several concerns. First, it may, following expression, in whicl is the reduced mass of

itself gi\(e rise to Raman .Sca‘Fe””g signals. Secondz since th§ MgS formula unit andl is the interatomic distance:

absorption of the excitation light in the ZnSe capping layer

(300 K band gap 2.7 eMs significant, it may attenuate the

excitation light or absorb the scattered light and, finally, it 2 _ 2

may even be heated by the laser to the point where damage ©io=(8/3ud?)(Cot8Cy). ©

to the epilayer occurs. This would presumably result in re-This procedure gives a value of 437 ¢ again in good

moval of the ZnSe capping layer and oxidation of the MgS.agreement with the observed value.

It was found that, even in experiments where excitation pow- The final observation is that the strength of the Raman

ers leading to damage were used deliberately, the Ramatattering and the presence and sharpness of the several

spectra were still dominated by the bands assigned to the ZBvertone bands strongly suggest that the excitation energy

MgS LO phonons. (5.08 eVj is close to the band gap energy and that the scat-
It should be noted that, if any oxidation producing MgO tering is resonantly enhanced. This is reinforced by the un-

were to occur, the Raman spectra would be expected to bgetectability of the MgS phonon Raman scattering when us-

relatively insensitive to this, since MgO possesses the rocking below-band-gap excitation (2.95 e\). Similar

salt structure and first-order phonon Raman scattering isbservations have been made in many other semiconductor

therefore forbidden? For the same reason, Raman spectrossystems’ The band gap of ZB MgsS is not well known, with

copy of the MgS layer itself is not expected to be very senvalues ranging from an indirect gap of 3.7 ¢Ref. 18 to a

sitive to any MgS regions possessing the rocksalt structurelirect gap of 5.9 eV(Ref. 19 being proposed. The most

We have carried out studies of bulk crystals of MgO usingrecent estimates, based generally either on extrapolation of

the same UV Raman system and have observed only muahe band gap of quaternary ZnMg,S, -,Sg, or on model-

weaker phonon Raman scattering in crystals highly dopeéhg of the optical spectra of heterostructures, are typically

with, for instance, titaniunithe doping leads to a reduction around 5.2—5.5 eVRef. 6 at low temperatures. Our obser-

of symmetry which causes the first-order Raman bands tQations do not provide a direct measurement of the band gap

become detectableThe zone-center LO phonon fregencies but do support a value of around 5.1 eV at room temperature

of GaAs, ZnSe, and MgO are 292 ¢y 252 cm't, and  and, assuming a shift with temperature similar to that of

718 cm ! respectively. Of these, the first two are outside znS? lead to an estimated value of 5.4 eV at 5 K.

the detection range of the equipment and the last is signifi-

cantly different from any of the bands detected here and VI. CONCLUSIONS

assigned to ZB MgS. As the spectrum for ZnSe sh@wig.

1), no signals arising from ZnSe can be detected. It is there- The zone-center LO phonon frequency of zinc-blende

fore clear that the only layer present in the sample that caMgS has been determined experimentally to be 425

give rise to such strong Raman scattering under UV excita=1 cm * (52.6 me\} and a tentative value of 327
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+6 cm ! (40.5 meV has been deduced for the zone-center ACKNOWLEDGMENTS
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