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Optical phonons in mixed nonpolar-polar heterostructures
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A recently proposed continuum phenomenological model for long-wavelength optical modes in semicon-
ductor heterostructures is employed to study mixed nonpolar-polar heterosystems. Results are presented for
two systems of current interest, namely, the wide phonon band gap Si/ZnS quantum well and narrow phonon
band gap Ge/GaAs quantum well.

[. INTRODUCTION To describe long-wave modes, we employ a continuum
phenomenological modélwhich has proved useful in both
Traditionally, nonpolar and polar structures have beerpola® and nonpolar structurésThe general case of me-
considered separatelg.g., Si/Ge, and GaAs/AlAs respec- chanical coupling between adjacent layers is considered in
tively). Recently mixed nonpolar-polar systems have beerhe calculations. In the Si/ZnS system a continuum model for
developed to improve some desired physical propertiesoptical modes considering totally confined mechanical oscil-
Metastable alloys of the formA("'BY),_,C%: have been lation was previously usetf. Ge/GaAs was intensively stud-
studied both theoretically and experimentally. It is well ied (see Ref. 11 and references theyebut to the best of our
known that this alloy has a specific feature in which theknowledge no phonon calculations have been reported,
direct energy-band gap exhibits a much larger bowing thathough the phonons properties are more interesting than in
that of the conventional IlI-V alloy system. This is very the Si/ZnSe system.
promising for “band-gap engineering” of optoelectronic de-  In the two systems considered here, the nonpolar material
vices in the near-infrared wavelength range. has a phonon band gap larger than the polar one. In principle
The Si/ZnS heterosystem has received a great deal of athe reverse situation could be considered. After the study of
tention as current advances in epitaxy techniques have albe physics of the structures presented, we can predict what
lowed the growth of heterostructures consisting of polar andappens in the nonpolar/polar/nonpolar case.
nonpolar material? These researches were motivated by In Sec. I, we describe the phenomenological model and
the integrability of silicon with advanced silicon microelec- present the main analytical results. In Sec. lll, numerical
tronic. Also, the lattice mismatch of cubic ZnS with respectresults for different quantum wells are discussed. Finally
to Si is only 0.3%. Molecular-beam-epitaxy growth of ZnS some conclusions and general remarks are given.
upon Si, and Si upon ZnS, can be easily obtaied.
Although a GeéghaAs system was also considered for Il. ANALYTICAL SETUP
more than a decadetheoretical investigation of this system I . .
has been slower. A close lattice matchgbetween Ge a¥1d GaAs Ve study th_e vector vibration amplitude which repre-
and the other above-mentioned features are also present $fnts the relatlve_d|splacement of the two atom_s in the unit
these materials. ceII_. Other physical parameters of tme medium agre
Phonons in semiconductor heterostructures have beenM/v., the reduced mass density, whévleis the reduced
widely studied due to their importance for many physicalmass of the atoms ang, the unit-cell volume;wr and o,
properties of the considered systetria. polar materials, the ~ are the limiting longitudinall) and transversalT) bulk fre-
normal modes involve coupled electrical and mechanical osquencies3r and g, are two parameters describing the dis-
cillations, and the associated long-range electric field sufficeBersion of the oscillations, i.e., for bulk materials thandT
to couple different domains. In nonpolar materials the norbranches have a parabolic forwa(k)=wa—,BE’Tk2 in
mal modes consist simply of mechanical vibrations, and onlythe neighborhood of th& point of the Brillouin zone. In
if their bulk bands overlap can modes of different domaingdayered structures all these quantities are piecewise depen-
be coupled. In this work we consider a hybrid type of het-dent on the coordinates.
erostructure involving polar materials outside and nonpolar In the harmonic approximation the following coupled
materials inside. We specifically consider the above-equations of motion are obtained from the Lagrangian den-
mentioned Si/ZnS and Ge/GaAs heterosystem. The reasaity for polar materials(see Ref. &
for this selection is that different phonon properties are in- . 2 5
volved. The phonon dispersions of Ge and GaAs bulk mate- plo = opu(r)=aVe(r)+pBVV-u(r)
rials overlap over a large frequency range. On the other hand,

2
in Si/ZnS structures the mechanical vibrations characteristic ~PBTVXVXU(N), @)
of each constituent material would practically not penetrate
the adjoining slabs. Strain effects are not important in both V2(r)= 4an-u(r), )
systems. This simplifies the calculations. €
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where a= \Jw2p(ey— €,,)/4m is the coupling constant be- TABLE I. Input parameters.

tween mechanical oscillations and the electrostatic figld - -

The dispersive character of the optical phonons has been Material Si Ge GaAs ZnS

considered in the above expressions. € 11.7 16 13.2 8.3
On Fourier transforming in two dimensions, thelepen-

dence of all amplitudes involved acquires the form of a func- € €0 €0 10.9 5.2

tion of ztimes exg(«x,X+ kyy). For isotropic models one can wLo(T) (cm™Y) 518 303 292 351

choosex,=0 andk,= « without loss of generality. Follow-
ing the methods used in Ref. 6, one obtains the solution  wo(I') (cm™ 1) w o) o) 269 279
space spanned by column matrices with elementsu,,

2 — 1
u,, and ¢. One transverse amplitude is always decoupled Blo (1071 763 28 291 131
from the rest. With the geometry here chosen, this,isThe B2o (10719 9.5 508 312 —10.67
remaining vibration amplitude is then sagittal.
The matching boundary conditions are straightforwardlymismatchto Si or Ge (%) 0 0 01 0.4

derived from the original equations. They are the continuity
of the mechanicali(z) and electrostatie(z) fields, and the

normal component of the “stress” tenserand the displace- relation of three wells of the same material with thicknesses

ment vectoD at the interfacé. 10, 20, and 40 A. We label the modes LO or TO according

For a nonpolar material the general framework is the!© their behavior aw=0. Here and in the following we
same, butx vanishes in Eqs(1) and (2), as well as in the denote the eveodd QW modes as L&,y (LOzy) and

linearly independent solutiorisif this is matched to a polar 1Czm (TOzm-1), M=1,23 . ... Although the modes are
medium, then in the nonpolar medium there is still a |Ong_someyvhat more d'SPerS'_Ve than for Ge barrieee Ref. 8
range electric field originating in the polar medium but de-t€ Q'SP(EES'O” is still fairly weak up to large values wof
coupled from the mechanical vibraction in the nonpolar me-=10"¢m . Infact, the gap is smaller than in the Si/Ge case.
dium. Electrostatic continuity is also still required, bat A comparison with the total confined phonon case studied

. 10 . .
vanishes for the nonpolar side of the matching interface. ThEréviously by Sunetal.™ is also presented. In Fig. 1 we
transverse decoupled modes are of no interest for the preseftoW the LO(solid up trianglg and TO(open down triangle
analysis. phonon modes at=0. The symbols are shifted to the right

The solutions for the weliw) (width 1) and barrier(b) can for thg sake of clarity. We see that only the topmost modes in
be found in Ref. 6. In order to compare with the case of ghe widest vyells show r_easonable agreement. In most of the
nonpolar heterostructure of Ref. 9, we properly transform th&2Ses the discrepancy is very large. _
mathematical expressions. In the nonpolar material well the FOr @ smaller gap heterostructure we note some interest-
electrostatic field is decoupled from the atomic oscillations!Nd €ffects. For the GaAs/Ge/GaAs welFig. 2), some
Using electrostatic boundary conditions, it is straightforward

to write the amplitude of the part of the solution space cor- ZnS/SilZnS QW
responding to the external electrostatic field as a function of (8) ZnS-Si,ZnS QW (o) ZnSSi,,-ZnS QW () ZnS-Si,,-ZnS QW
the amplitudes of thé& and T solutions(compare the results 10 A 20 A 40 A
presented in Refs. 6 and.9n this way the formulas are o
similar to those obtained in Ref. 9. In fact, only the solution '?‘23?;3 ‘ { 520 520%
space for the barrier material has been changed. *500 500 = 500

The implications are more complicated than the simple TO,
changes in the penetration of modes in the barrier material.: 480-:LO 480F 1 480E
The secular equation for the eigenfrequencies has also beeig S g *
consequently modified. The influence of the magnitude of 3 #60[T% 1 #60F ] 460F
the transverse wave vectaris of great importance. g 440k LO, ] aa0l 1 a40F

Looking at the solution spaéeis it easy to see that the g o -
longitudinal and transverse solutions are decouplec=ad. " a0 { 420f————— 420
The eigenvalues are independent of the electrostatic field, s
and we have the same secular equation as for nonpolar ma 400f 704 1 400F 1 400
terials atk =0 (see Ref. 9 Only the longitudinal amplitudes asol 1 380l 1 380 i
are coupled to the electric field in a simple way. ko#0 Lo,
the electrostatic field is coupled to the mechanical oscilla- ssof 1 360} { 360l }
tions, and this effect increases for larger values of 4 1x107 © ix107 O L 1x107

K [em™] K [em™] K [em™]
IIl. NUMERICAL RESULTS AND DISCUSSION FIG. 1. Calculated phonon-dispersion curves for wide-phonon-

) o gap heterostructure$a) a ZnS/Sj/ZnS QW, (b) a ZnS/Sjs/ZnS
The growth direction in all cases [§01]. In Table | we  Qw, and(c) a ZnS/Si,/ZnS QW. Phonon frequencies are in chn
report the values of the input parameters used in the calcurhe phonon modes are labeled according to their character at
lations. =0. The phonon branches are practically nondispersive(ddiid
We first study a wide phonon gap heterostructure: theup trianglé and TO(open down triangletotally confined phonon
system ZnS/Si/ZnS. In Fig. 1 we compare the dispersiomodes atk=0 are also presented. See the text for details.
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GaAs/Ge/GaAs QW not coupled to the electrostatic potential. But they are
(8) GaAs-Ge -GaAs (b) hypothetical  (c) . () 10 A coupled through the interface to the atomic vibrations in the
10 A GaAs-Ge,-GaAs 204 polar semiconductor, which in turn are coupled to their own
04— 04— 804 EON] s A inherent electric field. In this way the electrostatic field has
! . Lo, LO, some influence on the mechanical oscillations of the nonpo-
TO TO 10, . : b
302p ] 300 { 302 { 302F . lar atoms in a mixed nonpolar-polar heterostructure. The
: TO, wider nonpolar wells are less sensitive to the influence of the
500 500 200 LO, s00k L0 polar material on the other side of the interface. For this
= [ 1577 1 7o, 171 ] reason the phonon branches are less dispersive for wider
5 o LO, wells (see Fig. 2 On the other hand, the electrostatic field
g 298 298 —= 298flo0, { 298(T0. 4 has a transverse character. &0 it is not coupled to the
2 L0, atomic oscillations. Its influence begins far#0 (see the
b 96| | 206l ] 296l ] 296l | discussion at the end of Sec),land increases as the value of
LO . ..
2 Lo 0 x grows, while the mode has a sufficiently long wavelength
: (k=2m/\) to extend farther than a single layer. For this
2941 129470, 1 29 1294 reason the dispersive character is only appreciable in Fig. 2
TO 1
TO, : Lo, for k<10°cm L.
292 292 292 292 :
0 1x10° 0 1x10° 0 1x10°  9-05.0x10° IV. CONCLUSIONS
K [em™) « [em™] k[em™] K em’]

We have studied the optical long-wavelength phonon

FIG. 2. Calculated phonon-dispersion curves for short-phononM0des in mixed nonpolar-polar heterostructures, employing

gap heterostructure&) a GaAs/Ge/GaAs QW,(b) a hypothetical @ Phenomenological model. The analytical results are cast in
nonpolar GaAs/Gg/GaAs QW, (c) a GaAs/Ge;/GaAs QW, and  €Xpressions similar to the ones of nonpolar matetialor-

(d) a GaAs/Gg,/GaAs QW. Phonon frequencies are incinThe ~ der to compare both results from mathematical and physical
phonon modes are labeled according to their character-&. The  points of view. We focused our attention on ZnS/Si/ZnS and
phonon branches are notably influenced by the electrostatic potetsaAs/Ge/GaAs wells due to their importance in practical and
tial. basic research.

We have shown that an external electrostatic potential
modes are very dispersive while others are practically nongives a polar character to the phonon modes of nonpolar Ge
dispersive. Also, anticrossings are present in the three wellsmbedded in polar GaAs. The effect of the electric field in-
shown in the figure. These features are characteristic of thereases fronk =0 until it reaches values of order 1®times
polar structure$e.g., GaAs and AlAs quantum well@W's)  the value ofx corresponding to the Brillouin-zone boundary,
reported by Comast al® and Peez-Alvarezet al.’], and are  and it is not appreciable for larger values of the wave vector.
associated with the electric field involved. Conesal. ex-  This effect is more important in the thinnest wells, but for
plained how for totally confined mechanical modes the long-sufficiently high barriers the influence of the external field is
range electric field is related to this characteristic dispersiomower. This is the case for the ZnS/Si/ZnS structure, where
of the mode$. Thus this significantly changes the behavior we also show the importance of employing correct boundary
of these modes, so they are similar to the polar ones. Theonditions for the right description of all phonon modes.
longest wavelength modes are the most greatly influenced. In Of course a structure of the nonpolar/polar/nonpolar type
fact, for k>10°cm ! the dispersion is practically unappre- could also be considered. The polar character of the well
ciable. material will then be predominant in the heterostructure pho-

Figure 2b) shows thew vs k curves for a well with a non spectra, as previous physical analysis has sHbwn.
hypothetical nonpolar barrier material, with the parameters In this work we always considered ideal interfaces. Strain
of the GaAs[a=0,0, o(I')=w7o(I")]. The dispersion is due to a large lattice mismatch, nonideal interfaces, and
characteristic of a nonpolar structure, i.e., the electric fieldstrange atomic planes at the interface could also be studied in
and not the small phonon gap is responsible for the behaviahe frame of the continuum long-wave model used Héfe.
of the phonon modes in the mixed nonpolar-polar heteroThis describes a real situation found experimentally, e.g.,
structure. when growing the Si/ZnS heterosystem an As monolayer is

In the nonpolar material the mechanical oscillations areintercalated to satisfy the local bonding requireménts.
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