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Quantum confinement effects above the fundamental band gap in HgTe/HgCd, ;Te
heterostructures studied by resonant Raman scattering near th&,; edge
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We have investigated the resonance enhancement of the Raman scattering efficiency of the TO, LO, and
2LO phonon processes in a series of HgTe/kif, ;Te heterostructures witt001), (110, and (111 orien-
tations at theE; band gap. In addition, interface modes and localized defect modes have been observed.
Quantum confinement effects could be detected atBheransition in this system and a secofekcited
electronic subband was verified. For 110 and(111) orientations, the electronic degeneracy atEegap
is lifted and two resonance maxima appear, in accordance with the transverse effective. kg, derived
for a (001) grown sample. Selection rules for Raman backscattering from zinc-blende heterostructures in the
vicinity of the E; gap have been derived for deformation-potential anchifeb intraband coupling and are
compared with experimental resul{§0163-182@06)04848-3

I. INTRODUCTION E;=2.25 eV for HgTe and 3.34 eV for CdTe &t= 4.2 K
(2.90 eV for Hg sCdy ;Te), with an almost lined? depen-
Quantum confinement effects of charge carriers in low-dence onx for the intermediate concentrations of the alloy
dimensional systems based on IlI-V and Il-VI semiconduc-Hg, _,Cd,Te. At theL points the conduction bands display a
tors are of central importance both in fundamental researchinimum relative to neighboring\ states as well as to the
and with respect to applications in sophisticated devicesX ([100] directions andK ([110] directions critical points
Whereas most structures rely on carriers confined at the furfelectronlike effective magswhereas the valence bands at
damental Eo) band gap at or near the centdr)(of the A, gshow a relative maximurtholelike effective massgsat
Brillouin zone (BZ), only in a few cases the possibility of least along the BZ boundaly.Together with the valence
lateral quantization has been investigated in other regions dfand offsef EigrdI's) — E&Grd I's) ~350 meV] in the center
the BZ'~* IV-VI lead chalcogenides have their narrowest of the BZ (Ref. 11 the conditions for confinement of the
direct band gap at thé points of the BZ E;) with an  carriers in theL valleys(in a type | quantum wellare thus
eightfold degeneracy in the bulknany valley semiconduc- ell met, provided the relaxatiafioss of crystal momentum
tor), and confinement effects have been verified in this casgf the carriers which have been transferred to the effective-
(Refs. 3 and 4, and references thejyeln 1I-VI materials, on  mass ellipsoids ak by resonant optical excitation is slow
the other hand, quantum-size related shifts in optical transienough to prevent their quick return to the lower lying well
tions at theE; gap have been observed in CdTe glass filtersat I". The situation is more favorable here than in the IV-IV
containing semiconducting crystallites of diameter sizecase, since the valence bafuB) and conduction bantCB)
around 5 to 15 nm isolated in a glass mafrix. the group of  are nearly parallel along half of tHe—L (A) line>*3The
IV-IV materials, Ge/Si quantum wells and superlattices haveyaps and offsets provide a barrier height in the CB of 0.95
been studied in this respett.Resonant Raman scattering in eV at a HgTe/HgsCd,-Te interface and a barrier height of
hexagonal quasi-two-dimensional InSe near e critical  0.26 eV for the heavy-hole VB and 0.13 eV for the light-hole
point has also been observed and interpré®imilar results VB, with an uncertainty in all values of 0.1 eV13
have been obtained in Ill-V GaAs/InAs and GaAs/AlAs  We have studied the efficiency of TO, LO, and 2LO Ra-
superlattice$:’ man scattering near thE; gap in HgTe epitaxial layers
HeterostructureHS’s) of HgTe and Hg.Cdy;Te aswell  (EL's) and HgTe/Hg{Cdy;Te single quantum wells
as superlattice¢SL), which are important materials for op- (SQW's) as well as multiple quantum well®1QW’s) with
toelectronic devices in the far infrared, also offer this possiHgTe layer widthd, where 4.8 nm<d< 2000 nm. It has
bility at and near thé- points of the BZ. They display, dif- been verified that the optical phonon modes of HgTe and
ferent from the lead chalcogenides, their narrowest band gafg, .Cd, ;Te do not overlap, as is well knowf,i.e., the
atI'. HgTe is a semimetal with an inverted band structurephonon modes are confined to the well or to the barrier,
(T's is below thel's band, opposite the situation in CJT&  respectively, with almost vanishing amplitudes at the inter-
the I' point. However, near the intersections of the BZfaces. Consequently, by concentrating on the Raman reso-
boundary and th¢111] directions, HgTe displays the same nances of the HgTe well we probe the electronic states in the
type of band structure as CdTe with the conduction band ofjuantum well only. Since th&; conduction band states
Ag symmetry, the valence bantl, 5, and the split-offAg  serve as intermediate states in the Raman scattering process,
band with an energy differenck;.!° The E; gap displays a the Raman resonance energies display the energetic position
many valley behavior for excited electronic carriers. Its sizeof the band edge states subjected to confinement in the well
is, however, markedly different for the two materials: and should be blueshifted in this case followingla? de-
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TABLE I. Data of the investigated samples of HgTe{H8d, ;Te quantum well structuresl. (D) is the
well (barriep width in nm, (d/D), is estimated from the growth parameters adtY), is determined from
from x-ray data. A single quantum well is denoted by SQW and an epitaxial layer by EL. For multiple
guantum well(MQW) structures the number of periods is given.

Sample Orientation Substrate (Well/barriep width Number of
number ¢/D), (d/D), periods
Q162 (001 Cdy.oeZNgosT€ 4/4 4.8+ 0.4/— 100
Q165 (001 Cdy gZNg oaTE 6/4 7.0/3.6 100
Q148 (001 Cdy gZNo oaTE 6 SQW
Q147 (001 Cdy gZNo oaTE 8 SQW
Q146 (001 Cdy geZNo oaTE 16 SQW
Q82 (001 Cdy.9eZNg paT€ 16.3/6.5 120
Q65 (001 Cdy.geZNg paT€ ~2000 EL
Q346 (110 GaAs 5/15.5 20
Q342 (110 CdTe ~2000 EL
Q303 (111 CdTe 12 SQW
Q343 (113 CdTe 7.5127 ~6/21 20

pendence, where the slope is determined by the effectivare described. The quantum well structures and the substrates
mass of the carriers. In the bulk material an eightfold degenare separated by a CdTe buffer of 50 nm width. The correct
eracy occurs at, where the gaps along opposite valleys areorientation of the samples was controlled by Laue x-ray
Kramers degenerate. This fourfold degeneracy is not lifted irbackscattering. It has been demonstrated recérhat the
HS grown alond 001] or equivalent. However, it is partially interfaces separating wells and barriers have an average
raised by lowering the symmetry when growi(fl0) and  width of three to four monolayers, which must have conse-
(111) oriented HS's* The new subband systems each dis-quences on the position of the subband energies, leading to
play two resonance energies characterized by the corren increase with respect to an atomically abrupt interface,
sponding combinations of the longitudinal and transverse efwhich is dependent on the well widtd, especially for
fective masses due to the different intersections of the&l<3 nm. An additional increase, independent of the width,
ellipsoidal valleys by the new BZ"light” and “heavy” is caused by a low concentration of Cd found in the well
subband systey**® Special interface phonons should also (~3—4 %), which is due to sublimation of Cd from the hot
exist with frequencies intermediate between the bulk TO anghutter of the CdTe source when closed during growth of the
LO values. HgTe well. Nonlinear diffusion could also be responsible for
Resonant Raman scattering at thgoint in HS’s grown  the low concentration of Cd in HgTe. However, a recent
in other than th€001) direction has not been studied before. investigatiod® of the diffusion process based on an analysis
We have derived selection rules for ti{@01), (110, and of the optical absorption coefficient of HgTe/ligd, ;Te
(111 orientations assuming the deformation-potentiaP) SL as a function of the annealing time can only be explained

and the Fralich intraband F) scattering mechanism. by linear diffusion.
A satisfactory description is obtained if the spectra of the
differently oriented samples can be interpreted quantitatively IIl. THEORY
using the same effective-mass tensor and the same set of '
relative scattering amplitudess,p andar. To achieve this For a quantitative interpretation of the Raman resonances

and to eliminate wavelength dependent effects on the meaat theE; gap in the three sample orientations under investi-
sured count rates due to the wavelength dependence of tigation, the theoretical analysis has to proceed stepwise. First
detector sensitivity and the instrument transmission, the Rahe effects of different orientations of the constant energy
man intensity ratios for all samples were determined quantiellipsoids with respect to the growth directions of the
tatively by normalizing the spectra to a scattering standardamples have to be studied. Next the influence of the HS's
(LO Raman line of Si, 522 cm?!, at T=1.5 K). with its smaller BZ of lower symmetry than the bulk crystal
The contributions of both scattering mechanisms andn the electronic and phonon systems will be discussed. Fi-
those of minor importance have been studied previously imally, new Raman selection rules are derived, which will be
detail for bulk HgTe, i.e., thick epitaxial layers, at tBgand  compared with well known bulk result§.
E;+ A, band gap$® In addition, the physical background of
the scattering processes has been discussed there. A. Confined states at theE, gap in HS's

The eight ellipsoidal valleys at tHe points are intersected
by the new BZ along different directions and the correspond-

The experimental setup and procedure is identical to thaing effective masses have been derived. In F{g) lve have
described in Ref. 16. The HgTe/blgCd, ,Te samples were displayed a single constant-energy ellipsoid in the CB at the
grown by molecular-beam epitaxMBE) and are nominally L point of the bulk with its symmetry-adapted coordinate
undoped:’*8 In Table | the various structures under study system &’,y’, z’), wherez' is along the axis of rotation. Its

Il. EXPERIMENT
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(a) System Yy - for the [111] gap (singlet-gap and the triplet gaps along
[111], [111], and[111]. For z parallel to[110] two groups
arise:[111] and[111], and on the other handi111] and
[111]. Thus for both[110] and[111] oriented growth two
new subband systems with different energies will appear.
These new subband systems display two Raman resonance
energies for phonon scattering characterized by the various
combinations of then, and m; effective masses. The prob-
lem of transforming the effective-mass tensor into the vari-
ous new systems has been solved by Stern and Hdfhamnd

we cite Table Il from this work.

The confined electronic motion parallel to the growth di-
rectionz at theE; band gap in HgTe/HgCd, ;Te hetero-
structures can be approximately described assuming an infi-
nite  barrier height by the envelope functions
& (2)=\/2[dcosqmzid) for n>0, odd and & (2)
= \2/[dsin(h=z/d) for n even, wherex (n) is the bandsub-
band index. The electron motion perpendicular to the
z growth direction is expressed by Bloch functions containing
5 the wave vectok. In this approximation, the energies of the

3
4

confined states are

E,= m?%°n?%/2m,d2, (1)

_f L with the effective masses, taken from Table II. Thus, in
HgTe Hg0,3Cd0.7Te directions other thaf001] two groups of energy levels are
formed, the “light” and “heavy” subband systems.
(©) Considering the transition dipole matrix elements from
the electron-photon interaction operator between the HS
=1 states, the conservation of the subband indes=0 (for
' infinite barrier height, is valid in the usual way* The sub-
band index conservation rule is relaxed if the barrier height
is finite, however, the strongest transition obéys=0. In
addition, the intensities of Raman transitions wih>0 at
higher energies are suppressed by an increase in the optical
absorption at thé&; edge.
The optical phonon modes in a HgTe/li§d, ;Te HS's
are completely confined, as already discussed. There exists
no overlap between either the bulk TO and LO phonon bands
of both compounds. As a consequence, the phonon-envelope
FIG. 1. Coordinate systems used in this woft®) Primed: functions are standing waves with the interfaces as nodal
Symmetry-adapted system to a single constant-energy ellipgdid. planes. Accordingly, only discrete phonon wave vectors
Unprimed: System oriented a[ong the heterostructure growth direcqp(z) =e,pm/d, peN, will exist, and the phonon-envelope
tion z. (c) Relative orientationg of the constant-energy ellipsoids functions #M(z) will have the approximate form
| to the unprimed coordinate system fo(G®1) grown heterostruc- #"(2) =amc0?5€n7rz/d) for m>0, odd and &"(2)
ture: &=3""41, 1, 1; =371, 1, 1); §=3""41, 1, 1; d d ’ d
&=3""(1 1, 1).

=2 [100]

=ag‘sin(mwz/d) for m even?? Here,aan is a constant ampli-
tude factor, and the coordinateruns from the center of the
o ) o o ) layer to the next interface. The modes have to be grouped
long principal axis, giving the longitudinal effective mass jno odd and even modes according to the parity of the en-

my, is alongz’, and the transverse effective massg®f the  \gjgpe functiongy'(z) with respect to the center of the well
bulk arem,, andm,, respectively. In the HS's of various  ihe barrier.

orientations, coordinate systems have been selected awith
along the actual growth directioffig. 1(b)]. For these co-
ordinate systems new effective masses are derinedher-
pendicular to the interfaces), andm, parallel to the inter- The electronic quantization at tlig gap in HS’s modifies
faces. Whereas for B001] grown HS all constant energy the Raman selection rules and resonance behavior with re-
surfaces at thé points are oriented symmetrically with re- spect to bulk HgTe. From our experiments we have obtained
spect to the growth directiofFig. 1(c)], and identical effec- the resonance enhancement of the normalized count rate
tive masses are derivédegeneracy, = 4), this situationis C/Cg;, whereC (Cg) is the scattering rate of the sample
different for the other orientations. For growth alofidl1] (reference This quantity is essentially determinédy the

the fourfold degeneracy is raised and different masses resukaman scattering efficienty

B. Raman selection rules at theE; gap in HS's
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TABLE Il. Effective masses for three HS growth directions which are derived from the principal effective
masses in the corresponding ellipsoidg (m,) in the direction parallelrfy,) and perpendicular to the growth
(my, my; Fig. 1. n, is the degeneracy of each set of ellipsoids without considering Kramers degeneracy,
m, is the confinement mass derived fram using the approximatiom;>m,, my is the approximate value
for the density-of-states masg;= (m, X my)l’2 for m>m, | refers to the ellipsoids in Fig.(@) (from Ref.

14).
Surface my m, m, me n, my |
(001 m; (m+2m)/3  (3mm)/(m¢+2m) (3/12)m, 4 vy@2mm)/3 1..--4
(110 my (m+2my)/3  (3mm)/(m;+2my) 3m, 2 V(mm,)/3 1,4
(110 my m, my my 2 ymm 2,3
(111 my my m m 1 Jmem, 1
(111 m; (m+8m)/9  (9mim,)/(m;+8m,) (9/8)m, 3 V(8m;m,)/9 2,3,4
dS wiw, 2 whereuy= (£ V/2VM* Q;)"2is the zero-point amplitude of

PR Vv |es R- &|’[n(Q))+1]. (20  the optical phonon, which contains the scattering volume
dQ c* 2V,M*Q; n ” 12
V. In Eq. (3), Ayg=(%/2n{ (g w (5Veo) " is a prefactor
The scattering efficiency is dealt with as a funcAtion of thedue to the quantization of the vector potential, whegeis
incident (scatteredl photon polarization vectorg (es) and  the vacuum permittivity, an#t, (kg) denotes the wave vec-
frequenciesy; (wg), the corresponding indices of refraction, tor of the incidentscatterefiphoton. The momentum opera-
n_ andng, the phonon frequencg; of branchj, and the  tor p enters Eq(3) via the absorption and emission terms of

phonon occupation factar(};). |1—|ere Vc=al/4 is the vol-  the electron-photon interaction, whereas the matrix elements
ume andM* = (1M, +1/MT9 the reduced mass of the of h,, describe the electron-phonon coupling.
primitive unit ceILwnh lattice constardy, andc the speed of The two electron-phonon scattering mechanisms which

light in vacuum.R is the second rank Raman tensor with its obviously provide the essential part of the observed Raman
nine independent componerswhich comprises the predic- intensities in our sampl&%are the dipole-allowed scattering
tions of Raman selection rules and relative scattering ampliby TO and LO phonons, which arises from the DP interac-

tudes. - tion, and dipole-forbidden scattering by LO phonons due to
For the4gr51e-phonon process, the Raman teRsoan be  F coupling. There exists no evidence in our experiments that
written as* other possible processes, such as the impurity-induced scat-
2 CB VB tering mechanisnisee, e.g., Ref. 26 play an appreciable
- nngV, 1 [ e o 16
RS~ —| A ASBZ E S ~ke.q role. ,
™ Up | Mo v g For DP scattering, hy, is given by Vjh(r’)

A =[dVei/oul(r')]ae,2” which expresses the change in the
x{&(a)(c, [hellc,)[{v,lple, )@ (c,/plv,)] electron effective potentiaV, induced by the phonon per-
X E(v' i) 8, — (A o Ne|v,1) turbationul(r’) corresponding to the brangh whereas in
the case of interactionh,, =q. For Raman scattering at the
X[{vlple,y®(c,Iplv )1 (vin' ,1)d,,}, (3)  E;gapinaHS the prefactd has the forrf®?3

¢q( z)
d N*x
NDpfd Zg)"k(z)[
B={ c (4)
i ;: fdz§ (Z)[¢?(Z)]§;Z’k+q(z)5n,n' for F interaction,

Uo

gx, P CAT Y for DP interaction,

wheres,, ,/ takes care of the conservation of the subband indices(), Cr is the Frdnlich coupling constarf andNpp and
Ng are normalization constants suitably selected. In the case of DP interaction, the pair&;bﬂ‘(d)/az must be everfor
An=0) for the integral in Eq(4) to be finite, i.e. ¢m(z) must be odd. For th& coupling, a finite value of this integral
requires thah‘)q (z) has to be even. The evaluation of the integrals in (Bpshows that their contributions decrease strongly
with mcreasmgm ® Accordingly, it is sufficient to consider only the lowest-order contributionsnef1,2.
In Eq. (3), &(q) denotes the unit vector of the relative sublattice displacemként), which is parallel(perpendicularto
the wave vectoq for LO (TO) phonons. The summations extend over the conduction subbands CB and the valence subbands
VB, the ¢ andv states are indexed by, v’, u, andu’. The resonance denominatdsandé&, are given by
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1
E(v .v;u):=; [E, (k—q)—E,(k—k)—fws][E,(k)—E,(k—k_)—fiw.]’

1
Lovin ’M)::; [E,(k)—E,/(k—kg)—fiwg][E,(K) —E,(k—k )~ o]

(5

whereE,,y andE /) are subband energies of the conduc- The Raman tensdﬁp of F scattering at thd&, gap in a
tion and valence states, respectively, involved in the matriHS can be written as

elements of the operatotg,, andp occurring in Eq.(3). A
comprehensive review of the evaluation of Raman tensors at,
the E; gap in semiconductors has been given by Rickter Rg=
al.*° The general problem of Raman scattering by optical
phonons in HS's has been treated in detail by Huengl**

2 a3 1 1
V¥ o (0L w9k (10]5)

1(z) 1
I16’77'2 47reg

e
Mg

The Raman tensdRpp of DP scattering can be calculated X P'?Cg (InB—Ina)AM&°(q)- CIZZZ T, (79
from Egs.(3)—(5). Its diagonal elements, taken between the
states ofAg and A4 s symmetry in the CB and the VB, re- \yhere
spectively, are the two-band terms, the off-diagonal elements
are due to phonon mediated mixing of the valence bands 92
(three-band termsIn the following we restrict ourselves to AM:= a—qz{[M(qZ)]n/—[M(qz)]n}qzzo, (7b)
z

an evaluation of the two-band processes, which provide the
essential part to the allowed Raman transition amplitude i

nd

the vicinity of theE,; gap of HgTe'® The contributions of the
eight valleys have to be added coherently only for the
degenerate gap<() including the spin degeneracy:

Jaf 1

%= B e

2 a2 1 1

a*3 v (009 (HO])

e
My

>

><P’2d§'0(|n3—|na)22 d(q)-aT,, (6a)
L ﬁwL—Eg’n, L 1 6b
a=——am Bi=a—1. (6b)

Here,d?, =d;,(c) —d;o(v), where the optical deformation
potential d;o(c) [dro(v)] describes the phonon-induced
modulation of the CBVB) at theE; band gag’>!In Eq.
(6a), we have defined*: = (#/2u, Q"2 whereu, is the
reduced effective mass of the electron-hole pair atEhe
gap, andf is the fraction of theA line in the BZ where the
CB and the VB are nearly parallgf~1/2 in HgTe (Ref.
12)]. The transition energy &, between the subband states

n andn’ in the VB and the CB, respectively, is denoted by

Erl"”', whereas thenth confined phonon frequency of branch
j is indicated by Qf". Furthermore, P':=i(X'|py/|S)
=i(Y'|p,/|S) is the Kane matrix elemerit;*® and theT,
matrices, which are projection operators [g)(g| onto the
=1, 2, 3, 4 valleygFig. 1(c)], where theg vectors are unit
vectors pointing in the direction of tHeh valley, are taken

[M(a)]n:= Jddz Ek(@expiaz) & (2). (79

In Egs. (7a—(70), q,=ma/d and|(z):= fd(a*k,). Equa-
tion (7) indicates that in a HS thié scattering may be dipole
forbidden if the envelope functions for the electrons and
holes are identical, which is, however, not generally
obeyed®* The resulting selection rules from the summations
over then, degenerate gaps in the different growth direc-
tions are comprised in Table IlII.

We summarize the influence of the interfaces in a HS on
resonant Raman scattering at the gaps as follows: The
electron-phonon interaction results An=0 Raman transi-
tions, but contributions wittAn=2, 4 will also occur with
their intensity decreasing with increasimy Odd phonon-
envelope modes will be activated by DP interaction with the
largest contribution fom=1, whereas even modes are ex-
cited byF scatteringm=2 being the largest. The calculated
scattering amplitudes differ by certain factors from the bulk
case, but most conspicuously the Raman selection rules will
be governed by raising the fourfold degeneracy of Ee
gaps for growth directions other th&001] (Table Il). The
three growth directions demonstrate different energy separa-
tions between the subbands. The calculated differences for
the Raman intensities between the various directions are
quite conspicuous in some cases as shown in Table IlI.

We shall discuss only a few, albeit characteristic differ-
ences for the various growth directions: No changes occur
for heterostructures grown in tj801] direction except for

from the Appendix. The selection rules for DP scattering ardrequency shifts due to quantum confinemésee below
determined by the sum in E¢6a), where the unit vectors and a possible change in the amplitudgsandaro o) by a
&(g) and§ have to be evaluated within the unprimed coor-reduction of the symmetr§cubic to tetragonal However, in
dinate system of the samglEigs. 1b) and(c)]. Final results the [110] direction, two pairs of degenerate valleys
for the three surface orientations under study have been sung-=1,4) and (=2,3) exhibit quite different Raman intensi-
marized in Table Il ties in polarized[z(x,x)z or z(y,y)z] and in depolarized
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TABLE Ill. Raman selection rules of deformation potenti@P) and Frdnlich intraband F) backscatter-
ing from (001), (110), and(111) surfaces of zinc-blende crystals in the vicinity of tiggap. The values for
heterostructures are compiled here together with previous bulk reféfs 16. ar is the LO scattering
amplitude due to th& mechanisma, o1 is the LO(TO) scattering amplitude due to the DP mechanism.
ar, a0, andagg are not specified in this work, the values in the bulk differ from the amplitudes in a HS.

(00D face:x=[100], y=[010], z=[001], x;= i[110], y1= i[IlO]
All gaps degenerate in heterostructures V2 V2
Selection rules

Scattering geometry Bulk Heterostructure
2(x,x)z, 2(y.y)z |a|? |a|?
2y, x)z, z(x,y)z |acol? |acol®
2(X1,%,)Z lag+ayof? lag+ayof?
2(y1,y1)Z lag—ayof? lap—ayof?

] 1 — 1
(110 face:x= E[llO], y=[001], z= \/—5[110]

“Heavy” gaps|=1,4 and “light” gapsl=2,3 in heterostructures
Selection rules

Scattering geometry Bulk Heterostructure
T 9 124 9
z(x,x)z a2 2 I1=1,4: ag2e > 2
16|aF| +|aTOy| 64|aF| +4|aTOy|
1=2,3: S aza Lo 2
64|aF| +4|aTOy|
i 2 _ . 1
z(y,y)z |ag| I=1,4: l_6|aF|2+|aTOy|2
_953- 9
=23 Telarllaro,
2y Xz, 2(xy)z |aro,|” 1=14: 0
|:2,3: |a'|'ox|2
(11 f 1 [112] ! [110] ! [111]
ace: x=— Y= — , 2= —
N i

“Heavy” gap |=1 and “light” gaps|=2,3,4 in heterostructures
Selection rules

Scattering geometry Bulk Heterostructure
_ _ 2
z2(x,X)z, z(y,y)z 5 1 2 l=1: 27 2
(x,x)z, z(y.y) gaF_ﬁaLo +§|aTOX|2 16|a|_o|
1-234: 5 5 2+3|a 2
e 43 Lo| T3laro,
Sh S 2 _1.
z(y,X)z, z(x,y)z §|aTOy|2 I=1: 0
_ 2
1=2,3,4 §|aTOy|2

[z(x,y)z or z(y,x)z] spectra. The contributions of the four generate gapd €2, 3, 4. On the other hand, TO scattering
valleys to the spectra derived from the light and heavyis not influenced by the presence of HS interfaces in this
masses are pronouncedly different. As an example, the Dpase.

scattering in the depolarized spectra is concentrated only in

the spectra of the Iight mass, pecause the1,4'('heav.y IV. EXPERIMENTAL RESULTS
mas$ gaps do not provide projections of the transition dipole _ o
moments in the directions considered here. In the same man- A. Samples grown in(001) direction

ner the dipole-forbidde®r scattering is distributed with dif- A typical Raman spectrum of a(001) grown
ferent weights over the two pairs of gaps. In the case of théigTe/Hg, «Cd, -Te HS in the spectral range of the LO and
[111] direction, F scattering occurs solely in the triply de- 2LO phonon scattering is shown in Fig. 2. Near 118 ¢m
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T T T T d (nm)
- (007) SQW
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¥ - Ocdre S
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FIG. 2. Raman spectrum of a HgTe/fi€d, ;Te SQW (001, 1d? (rm®)
sample Q148Table ), close to resonance with tHe, gap (laser
energy: 18 106 cm?). The inset displays the fine structure in the  FIG. 3. Quantum confinement effects of several SQW’s and
range around the HgTe-like LO phonon of the similar sample Q82MQW'’s of varying well widthd grown in the(001) direction (see
where the total scattering intensity increases with the laser freTable ). The effective gap energig$aser energies of maximum
quency, i.e., the resonance of the 131 ¢mmode occurs at lower Raman scattering intensiti€,,,) are plotted against™2 [Eq. (1)].
energy. The subband energies of second and higher ondlens have been

calculated using the effective masses derived frormtimé =1 re-

the TOyg4re is found as a weak shoulder, which should notsults.
occur in this geometry according to the selection ryles-
ble 1ll). Its appearance is either due to a nonideal backattice dynamical calculation of Talwar and VandevyVer
scattering geometrifinite angle of incidenceor due to the that a Te ion on a Hg sit€Te antisit¢ gives rise to a local
presence of crystal defects. However, the low intensity ofnode of the correct frequency 131 crh
this “forbidden” mode indicates the good quality of the  The general appearance of the Raman resonance profile of
samples used and the correct optical alignment of the expera HgTe epitaxial layer at th&,; gap has been published
mental setup. At 136 cm! the LO phonon of HgTe is ob- previously*® In order to examine confinement effects on the
served, the 2LO process at 274 thhas comparable inten- electronic states at tHe, gap in heterostructures, the Raman
sity near resonance and is a further indication for the goodesonance enhancement of the . and the 2L Q4 pho-
quality of the MBE sample® because at high defect con- non scattering has been investigated for an epitaxial layer as
centrations the intensity of the LO process increases withvell as quantum wells with different well widtlts The laser
respect to higher-order LO lines due to a relaxation of theenergies displaying the maximum scattering cross section for
wave vector conservation for the 1LO scattering proéss. LO and 2LO processes are plotted as a function df 1n

In contrast to the bulk materidlwe observe two other Fig. 3. A definite blueshift for decreasing well widths is
modes below 200 cm® (IF at 158 cm * and LOq4reat 165  clearly observed, resulting in a linear dependence dA. 1/
cm™ ). The CdTe-like LO mode is very weak and rarely The confinement masses, have been derived from the
exceeds the noise level. No resonance behavior is displayediopes of the solid lines in Fig. 4 assuming infinitely high
in the energy region of the laser used for our experimentdarriers. We have obtained,=0.209m, from the LO reso-
because th&,; gap in the HgCd, ;Te alloy has a different nance andn.=0.233n, for the 2LO resonance. Taking the
energy. The IF mode can be interpreted as due to an interfacelationship betweem, and the transverse mass given in
mode. Interfac€lF) modes with this wave number are to be Table Il into account ifi.~3/2m,), an experimental value
expected®?’ It displays a weak Raman resonance, similar tofor the transverse masm, at the E; gap is obtained:
the LOyg4re mode, because it couples to the LO phonons inm,=0.14m, (from LO) andm,=0.15m, (from 2LO). Effec-
the well. Another weak Raman signédlO+IF) could be tive masses fronk-p theory have been derived in conjunc-
detected at 295 cm!, whose energy equals the sum of thetion with reflection measurements at HgTe epilayers:
LO and IF phonon frequencies. Consequently, this excitatiomntCE‘z 0.09m, and m'th:o_21gn0, resulting in
can be attributed to a second-order process in which thmf~p:(1/thB+ 1/m{h)‘1=0.07m0.16 Other values for the

electron-hole pair is scattered twice, once by an LO phonoRffective masses &; have been obtained from tight-binding
and once by an IF phonon. calculation$®#° resulting inm®=0.22m,. Our experimental

The inset in Fig. 2 demonstrates the existence of WQy,jye m® is thus intermediate between the two calculated
mode components between 130 thmand 140 cmil. In results

addition to the signal at 136 cnt (LO HgTe)» there exists a
peak at 131 cm?, whose relative intensity depends on the MK P< meP< mtb

frequency of the incident laser. This fact was thought to be ! ‘ t

due to a surplus flux of Hg during the growth process, pro-which is very satisfying. The results presented in Fig. 3 in-
ducing Te-3Hg-Cd cluster$. However, our investigations, dicate the existence of confined charge carriers with crystal
especially the observation of the 131 chmode in nomi- momenta near the points of the BZ, localized in the HgTe
nally pure epitaxial HgTe layers, support the results of awells (type | HS. This is clear evidence for confinement in
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4 f ° d=7nm 1 FIG. 5. Calculated effective gap energies {601, (110), and
-Tz=(>1<'5x§z 1 (111) grown samples as a function of the well widlh The calcu-
s 3F L ] lations are based on the experimental valuenjf’=0.145n, and
S ] on the “light” and “heavy” effective masses of Table II,
N 5 b m;>m, has been assumed.
11 ] In Fig. 6 the z(x,x)z Raman resonances for @10
] sample with well widthd=5 nm, and a111) sample with
“500° ., d=12 nm, have been compiled for the LO and the TO pho-

18000 18500 19000 19500 20000 non scattering. The predicted splitting into two resonances is
clearly obvious for the TO phonon in th&10 sample[Fig.
6(a)] but could not be resolved in tH&11) sample with the
o larger well width[Fig. 6(b)]. The calculated confinement ef-
FIG. 4. Raman resonances of the LO phonon scattering in thacs a5 displayed in Fig. 5 predict the experimental results,
MQW Q165 (Table | for two different geometries defined in Ta- ; o 1 gjtion of maxima and size of splitting, very well. The

ble 1ll. The experimental count rat€s have been normalized with . - - . .
respect to a Si standar€§;). The arrows indicate the positions of gtensny relationship between the light and heavy resonances

Laser energy (cm'1)

the calculated interband transitions using the observed effectiv or LO an(.j TO phonons as predICteq by the selection rules in
masses and the well widths determined by x-ray scattering. Th able Il is also met, at least qualitatively. It can be con-
solid lines are drawn to serve as a guide to the eye. cluded that thd= mechanism, whose Raman |nte_nS|ty is of
equal strength for both resonances, is responsible for LO
) ) ] scattering in(110. The scattering amplitude of the TO pho-
Hg based II-VI matenalsgutsmlé and at energies above the o, js three times stronger for the heavy resonance than for
lowest gap. Tejedoet al.™ have previously presented evi- he |ight one, in fair agreement with theory. The lower inten-
dence for a similar confinement in the 1ll-V material GaSb'sity of the light LO resonance as compared to the heavy one
AISb [(00D) SL] atL by observing the Raman resonance atjs "t east partially, due to an increase of absorption above
the E, edge. . the heavyE; energy gap. Absorption corrections, which are
Using the average effective masg**~0.145n, as deter- proportional to the density-of-states mas§Eable 1), have
mined above, the energies of higher subband transitiongot been performed, nor have the envelope functions, which
(n=2—n"=2) can be easily determined from Ed) and  determine the transition matrix elemeftd (q,)], [Eq. (7)],
compared with the Raman resonance above the lowest sugeen calculated and considered. Consequently, the scattering
band transition(Fig. 4). A weak resonance which peaks amplitudesar , a,o, andarg (Table Ill) are different from
within 50 cm™* of the calculated position has been observedheir bulk values in a HS. These differences have not been
both inz(x,x)z and inz(x;,X;)z geometry(Table ). Thus  calculated here.
the existence of this secondary maximum has been verified. |n Fig. 7 the LO and TO resonances of(&10 bulk
sample are shown in parallel and crossed polarizations, to-
gether with thez(y,x)z resonance for the MQW of Fig.(#).

In the z(y,x)z geometry only the TO phonon is active both
Taking the effective mass;™ for the[001] direction and  in the bulk and in the HS, as predicted in Table Il and in
assumingm;>m;, the effective gaps for thel10] and[111]  Ref. 16. The TO resonances in the bulk peak near 18 350

grown samples have been plotted in Fig. 5 as a functiommithe difference of about 100 cm betweenz(x,x)z,

1/d? using the data from Table II. Splitting of the gap ener-andz(y,x)z geometry has been discussed in Ref. 16 but has
gies in directions other thdi®01] becomes evident. The en- not yet been satisfactorily interpreted. A comparison of Fig.
ergies from this plot have been used in the following figures/(a) with Fig. 6(&), and Fig. Tb) with Fig. 7(c) clearly dem-

to indicate the calculated positions of the “light” and onstrates the existence of confinement effects aEthgap.
“heavy” resonances with arrows. Between the bulk and a quantum well with=5 nm there

B. Samples grown in[110] and [111] directions
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FIG. 6. Confinement effects in(@10 sample[(a), Q346 and a (110) MQW (©)
(112) sample[(b), Q303 for the LO and TO modes. The arrows 060 [ d=5nm 1
indicate the calculated resonance energies taken from Fig. 5. ’ T=15K
-Z{yx)z ]
5 045 | ]
exists a frequency shift of more than 1000 Chifor the TO © ; ]
resonance iz(y,x)z geometry, which is the combined result © 030 f ]
of light-heavy mass splitting and confinement. The fre- ; 1
quency shift is larger than expected 5 nmwell width as 015 | ]
shown in Fig. 5. This is most probably due to the fact that,
for low d and an interface width of about four monolayers, sl - .
the shape of the potential well is roughly parabolic rather 18000 18500 19000 19500 20000
than rectangular as assumed in the calculation of Fig. 5, with Laser energy (cm'1)

a larger effective band gap for the parabolic case.

Figure 8 together with Fig. () shows effects of both
confinement and selection rul€Bable IlI) for the two(111)
grown samples. The arrows again indicate the calculated p
sitions (Fig. 5 of the resonances, in Fig(a for thed=12
nm sample, in Fig. @) and Fig. &) for the d~6 nm
sample. For the latter, as for Fig. 7, we have to assume
nonrectangular well shape, corresponding to a square well g;
d~4.5 nm. As expectedTable Ill), only TO phonons are
active at the light gap in crossed polarization, whereas LQstronger intensity observed for the polarized geometry indi-

phonons are more intense than TO in the parallel geometryyates that the Fidich mechanism is most effective for the
in agreement with the selection rules. Both the DP &d 2| O scattering.

mechanisms contribute to the intensity. The observed reso-
nances are rather asymmetfiig. 8b)], perhaps due to un- V. CONCLUSIONS
usually strong fluctuations of the well width.

Finally, Fig. 9 displays resonances observed for second- We have performed resonant Raman scattering experi-
order Raman process€sO+IF and 2LQ. The frequency ments in epitaxially grown HgTe/HgCd, ;Te heterostruc-
shift between polarized and depolarized scatte(iight and  tures. Using laser energies in the range of Ehegap of
heavy gap corresponds to the value found in Fig. 7, the HgTe, we have observed Raman signals from LO and TO

FIG. 7. Comparison of Raman resonances for TO and LO scat-
6§ring in (110 grown samples in an E[Q342,(a) and(b)] and in
a MQW [Q346, (c)]. The arrows in(a) and (b) indicate theE;
transition energies as obtained from a reflectivity st(ggf. 16.
The frequency difference between the maximdanand a), and
(b) and(c), are the result of quantum confinement of the heavy or
ht mass, respectively, at the, gap.
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0100 [ d=6nm 1 ized[z(y,x)z] geometry.
I T=16K
L -z(yX)z light 1 _ .
50075 ¢ l (d=45nm) 1 inverse square of the well widtth (4.8 nm<ds= 2000 nm
Q . heavy light R is linear(Fig. 3), as expected for a quantum well with a large
© 0050 | l l 1 potential drop in a HS of type I. This is direct proof of the
[ Al ] confinement of carriers at tHe, gap, i.e., near thé points
0025 | $ . of the BZ. The transverse effective mass is found to be
0000080°° ] m,=0.145n,, and the assumption thah>m,; was con-
aan®. 0,900, . ... .1 firmed by the good agreement with experiment. This result is
18000 18500 18000 19500 20000 supported by our observations usitiglO) and(111) grown
Laser energy (cm'1) samples. Th&€001) values are found to lie intermediate be-

tween those calculated witk-p and tight-binding models.
FIG. 8. Raman resonances(ihl1) grown samples Q30@) and ~ Our model correctly describes the observation of a Raman
Q343(b,0) for LO and TO excitations. As was the case previously, resonance with an excited subband. Differences between ep-
the arrows indicate the calculated resonance positions. The addiayers and multiple quantum wells have not been found,
tional arrows in(b) and (c) mark the calculated light gap energies which indicates that the envelope functions of the electronic
under the assumption of an effective well widthd#4.5 nm due  states are localized just as the phonons in the wells and are
to a nonrectangular well shape. heavily damped in the HgCd, ;Te barriers.

The degeneracy of tHe; gap is lifted for(110 and(111)
phonons within the wells with the frequencies of bulk HgTe grown samples due to a lowering of symmetry. Two clearly
(TO: 118 cm %, LO: 136 cm ). These modes are heavily separate resonance maxima occur. Their positions can be
damped in the HgCd,,Te barriers(“confined” modeg.  well predicted theoretically using the effective masses given
Thus their resonance behavior permits the investigation oibove. The Raman selection rules are completely different
the electronic states within the HgTe wells. In addition to thefor these orientations as compared to the bulk. They are cal-
LO and TO modes, two other phononlike modes are obeulated here for th&, gap in the HS using the well estab-
served in the spectra. One can be interpreted as an interfalished models for deformation potential and Rlioh intra-
mode, whereas the other excitatidftocal mode at 131 band scattering. There is at least a qualitative agreement
cm™1) probably has its origin in a substitutional deféte  between the calculated results and the experimental data. For
on a Hg site.® a quantitative comparison, values for the optical absorption

A plot of the LO and 2LO resonances as a function of thein the HS as well as the analytical form of the envelope
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functions are needed to calculate the transition matrix ele- [100] orientation®
mentsM(q,),. Such calculations are highly desirable.

The existence of quantum confinement effects atBhe 2 -1 -1
gap, i.e., above th&, gap, is based on the observations of 7 _1 1 2 -1 T
energy shifts of the electronic subbands, which are linearin "1™ 6 2T
d~2, and on the correct predictions of the energy gaps cor- -1 -1 2
responding to light and heavy masses in growth directions of (A1)
lower symmetry. Is there a chance that these effects are
feigned by a small residual concentration of Cd in the wells, 2 1 -1 2 -11
which increases slightly with decreasidgdue to nonlinear T :E 1 2 1 T _E -1
diffusion? An additional Cd concentration of about 4% in 76
the narrowest well would be required to fit the data. We
think that this question can be negated for the following ) .
reasons: No experimental evidence of nonlinear diffusion ex- [110] orientation:
ists for our sample&’ They did not experience an annealing
treatment which is found necessary to produce this 3
effect!®*? Since nonlinear diffusion is presumably mediated = 11,

- . - T14=
by defects such as vacancies or interstittdlsuch effects "6
should be more effective in layers grown[ibl0] and[111] 0
directions with higher defect concentrations due to the larger (A2)
lattice mismatch with the substrate. As has been shown 1 1\/5 0
above, the results on quantum confinement obtained in these - 1(
samples agree however very well with the calculated results T2,3:§ T2 2 of;
using effective masses obtained from high quali6pl) 0 0
samples with low defect concentration. The observed linear
dependence of the energy shift 6n? is clearly indicative of [111] orientation:
guantum confinement but difficult to be interpreted by non-
linear diffusion.

-1 1 2 1
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The'F, matrices for the growth directions defined in Table T4:€ 0 3 0
Il read -\J8/3 0 8/3
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