
Quantum confinement effects above the fundamental band gap in HgTe/Hg0.3Cd0.7Te
heterostructures studied by resonant Raman scattering near theE1 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/Hg0.3Cd0.7Te heterostructures with~001!, ~110!, and ~111! orien-
tations at theE1 band gap. In addition, interface modes and localized defect modes have been observed.
Quantum confinement effects could be detected at theE1 transition in this system and a second~excited!
electronic subband was verified. For the~110! and~111! orientations, the electronic degeneracy at theE1 gap
is lifted and two resonance maxima appear, in accordance with the transverse effective mass~0.145m0) derived
for a ~001! grown sample. Selection rules for Raman backscattering from zinc-blende heterostructures in the
vicinity of the E1 gap have been derived for deformation-potential and Fro¨hlich intraband coupling and are
compared with experimental results.@S0163-1829~96!04848-5#

I. INTRODUCTION

Quantum confinement effects of charge carriers in low-
dimensional systems based on III-V and II-VI semiconduc-
tors are of central importance both in fundamental research
and with respect to applications in sophisticated devices.
Whereas most structures rely on carriers confined at the fun-
damental (E0) band gap at or near the center (G) of the
Brillouin zone ~BZ!, only in a few cases the possibility of
lateral quantization has been investigated in other regions of
the BZ.1–4 IV-VI lead chalcogenides have their narrowest
direct band gap at theL points of the BZ (E1) with an
eightfold degeneracy in the bulk~many valley semiconduc-
tor!, and confinement effects have been verified in this case
~Refs. 3 and 4, and references therein!. In II-VI materials, on
the other hand, quantum-size related shifts in optical transi-
tions at theE1 gap have been observed in CdTe glass filters,
containing semiconducting crystallites of diameter size
around 5 to 15 nm isolated in a glass matrix.2 In the group of
IV-IV materials, Ge/Si quantum wells and superlattices have
been studied in this respect.5,6 Resonant Raman scattering in
hexagonal quasi-two-dimensional InSe near theM1 critical
point has also been observed and interpreted.7 Similar results
have been obtained in III-V GaAs/InAs and GaAs/AlAs
superlattices.8,9

Heterostructures~HS’s! of HgTe and Hg0.3Cd0.7Te as well
as superlattices~SL!, which are important materials for op-
toelectronic devices in the far infrared, also offer this possi-
bility at and near theL points of the BZ. They display, dif-
ferent from the lead chalcogenides, their narrowest band gap
at G. HgTe is a semimetal with an inverted band structure
(G6 is below theG8 band, opposite the situation in CdTe! at
the G point. However, near the intersections of the BZ
boundary and the@111# directions, HgTe displays the same
type of band structure as CdTe with the conduction band of
L6 symmetry, the valence bandL4,5, and the split-offL6

band with an energy differenceD1.
10 TheE1 gap displays a

many valley behavior for excited electronic carriers. Its size
is, however, markedly different for the two materials:

E152.25 eV for HgTe and 3.34 eV for CdTe atT 5 4.2 K
~2.90 eV for Hg0.3Cd0.7Te), with an almost linear10 depen-
dence onx for the intermediate concentrations of the alloy
Hg12xCdxTe. At theL points the conduction bands display a
minimum relative to neighboringL states as well as to the
X ~@100# directions! andK ~@110# directions! critical points
~electronlike effective mass!, whereas the valence bands at
L4,5 show a relative maximum~holelike effective masses!, at
least along the BZ boundary.10 Together with the valence
band offset@EHgTe

VB (G8)2ECdTe
VB (G8)'350 meV# in the center

of the BZ ~Ref. 11! the conditions for confinement of the
carriers in theL valleys ~in a type I quantum well! are thus
well met, provided the relaxation~loss! of crystal momentum
of the carriers which have been transferred to the effective-
mass ellipsoids atL by resonant optical excitation is slow
enough to prevent their quick return to the lower lying well
at G. The situation is more favorable here than in the IV-IV
case, since the valence band~VB! and conduction band~CB!
are nearly parallel along half of theG2L (L) line.12,13 The
gaps and offsets provide a barrier height in the CB of 0.95
eV at a HgTe/Hg0.3Cd0.7Te interface and a barrier height of
0.26 eV for the heavy-hole VB and 0.13 eV for the light-hole
VB, with an uncertainty in all values of6 0.1 eV.13

We have studied the efficiency of TO, LO, and 2LO Ra-
man scattering near theE1 gap in HgTe epitaxial layers
~EL’s! and HgTe/Hg0.3Cd0.7Te single quantum wells
~SQW’s! as well as multiple quantum wells~MQW’s! with
HgTe layer widthd, where 4.8 nm,d, 2000 nm. It has
been verified that the optical phonon modes of HgTe and
Hg0.3Cd0.7Te do not overlap, as is well known,10 i.e., the
phonon modes are confined to the well or to the barrier,
respectively, with almost vanishing amplitudes at the inter-
faces. Consequently, by concentrating on the Raman reso-
nances of the HgTe well we probe the electronic states in the
quantum well only. Since theE1 conduction band states
serve as intermediate states in the Raman scattering process,
the Raman resonance energies display the energetic position
of the band edge states subjected to confinement in the well
and should be blueshifted in this case following ad22 de-
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pendence, where the slope is determined by the effective
mass of the carriers. In the bulk material an eightfold degen-
eracy occurs atL, where the gaps along opposite valleys are
Kramers degenerate. This fourfold degeneracy is not lifted in
HS grown along@001# or equivalent. However, it is partially
raised by lowering the symmetry when growing~110! and
~111! oriented HS’s.14 The new subband systems each dis-
play two resonance energies characterized by the corre-
sponding combinations of the longitudinal and transverse ef-
fective masses due to the different intersections of the
ellipsoidal valleys by the new BZ~‘‘light’’ and ‘‘heavy’’
subband system!.14,15 Special interface phonons should also
exist with frequencies intermediate between the bulk TO and
LO values.

Resonant Raman scattering at theL point in HS’s grown
in other than the~001! direction has not been studied before.
We have derived selection rules for the~001!, ~110!, and
~111! orientations assuming the deformation-potential~DP!
and the Fro¨hlich intraband (F) scattering mechanism.

A satisfactory description is obtained if the spectra of the
differently oriented samples can be interpreted quantitatively
using the same effective-mass tensor and the same set of
relative scattering amplitudesaDP and aF . To achieve this
and to eliminate wavelength dependent effects on the mea-
sured count rates due to the wavelength dependence of the
detector sensitivity and the instrument transmission, the Ra-
man intensity ratios for all samples were determined quanti-
tatively by normalizing the spectra to a scattering standard
~LO Raman line of Si, 522 cm21, at T51.5 K!.

The contributions of both scattering mechanisms and
those of minor importance have been studied previously in
detail for bulk HgTe, i.e., thick epitaxial layers, at theE1 and
E11D1 band gaps.

16 In addition, the physical background of
the scattering processes has been discussed there.

II. EXPERIMENT

The experimental setup and procedure is identical to that
described in Ref. 16. The HgTe/Hg0.3Cd0.7Te samples were
grown by molecular-beam epitaxy~MBE! and are nominally
undoped.17,18 In Table I the various structures under study

are described. The quantum well structures and the substrates
are separated by a CdTe buffer of 50 nm width. The correct
orientation of the samples was controlled by Laue x-ray
backscattering. It has been demonstrated recently19 that the
interfaces separating wells and barriers have an average
width of three to four monolayers, which must have conse-
quences on the position of the subband energies, leading to
an increase with respect to an atomically abrupt interface,
which is dependent on the well widthd, especially for
d,3 nm. An additional increase, independent of the width,
is caused by a low concentration of Cd found in the well
('324 %), which is due to sublimation of Cd from the hot
shutter of the CdTe source when closed during growth of the
HgTe well. Nonlinear diffusion could also be responsible for
the low concentration of Cd in HgTe. However, a recent
investigation20 of the diffusion process based on an analysis
of the optical absorption coefficient of HgTe/Hg0.3Cd0.7Te
SL as a function of the annealing time can only be explained
by linear diffusion.

III. THEORY

For a quantitative interpretation of the Raman resonances
at theE1 gap in the three sample orientations under investi-
gation, the theoretical analysis has to proceed stepwise. First
the effects of different orientations of the constant energy
ellipsoids with respect to the growth directions of the
samples have to be studied. Next the influence of the HS’s
with its smaller BZ of lower symmetry than the bulk crystal
on the electronic and phonon systems will be discussed. Fi-
nally, new Raman selection rules are derived, which will be
compared with well known bulk results.16

A. Confined states at theE1 gap in HS’s

The eight ellipsoidal valleys at theL points are intersected
by the new BZ along different directions and the correspond-
ing effective masses have been derived. In Fig. 1~a! we have
displayed a single constant-energy ellipsoid in the CB at the
L point of the bulk with its symmetry-adapted coordinate
system (x8, y8, z8), wherez8 is along the axis of rotation. Its

TABLE I. Data of the investigated samples of HgTe/Hg0.3Cd0.7Te quantum well structures.d (D) is the
well ~barrier! width in nm, (d/D)1 is estimated from the growth parameters and (d/D)2 is determined from
from x-ray data. A single quantum well is denoted by SQW and an epitaxial layer by EL. For multiple
quantum well~MQW! structures the number of periods is given.

Sample Orientation Substrate ~Well/barrier! width Number of
number (d/D)1 (d/D)2 periods

Q162 ~001! Cd0.96Zn0.04Te 4/4 4.86 0.4/2 100
Q165 ~001! Cd0.96Zn0.04Te 6/4 7.0/3.6 100
Q148 ~001! Cd0.96Zn0.04Te 6 SQW
Q147 ~001! Cd0.96Zn0.04Te 8 SQW
Q146 ~001! Cd0.96Zn0.04Te 16 SQW
Q82 ~001! Cd0.96Zn0.04Te 16.3/6.5 120
Q65 ~001! Cd0.96Zn0.04Te '2000 EL
Q346 ~110! GaAs 5/15.5 20
Q342 ~110! CdTe '2000 EL
Q303 ~111! CdTe 12 SQW
Q343 ~111! CdTe 7.5/27 '6/21 20
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long principal axis, giving the longitudinal effective mass
ml , is alongz8, and the transverse effective massesmt of the
bulk aremx8 andmy8, respectively. In the HS’s of various
orientations, coordinate systems have been selected withz
along the actual growth directions@Fig. 1~b!#. For these co-
ordinate systems new effective masses are derived:mz per-
pendicular to the interfaces,mx andmy parallel to the inter-
faces. Whereas for a@001# grown HS all constant energy
surfaces at theL points are oriented symmetrically with re-
spect to the growth direction@Fig. 1~c!#, and identical effec-
tive masses are derived~degeneracynv5 4), this situation is
different for the other orientations. For growth along@111#
the fourfold degeneracy is raised and different masses result

for the @111# gap ~singlet-gap! and the triplet gaps along
@1̄ 1̄1#, @11̄1̄#, and@1̄11̄#. For z parallel to@110# two groups
arise: @111# and @1̄ 1̄1#, and on the other hand,@11̄1̄# and
@1̄11̄#. 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 themt andml effective masses. The prob-
lem of transforming the effective-mass tensor into the vari-
ous new systems has been solved by Stern and Howard14 and
we cite Table II from this work.

The confined electronic motion parallel to the growth di-
rection z at theE1 band gap in HgTe/Hg0.3Cd0.7Te hetero-
structures can be approximately described assuming an infi-
nite barrier height by the envelope functions
jl,k
n (z)5A2/dcos(npz/d) for n.0, odd and jl,k

n (z)
5A2/dsin(npz/d) for n even, wherel (n) is the band~sub-
band! index. The electron motion perpendicular to the
growth direction is expressed by Bloch functions containing
the wave vectork. In this approximation, the energies of the
confined states are

En5p2\2n2/2mzd
2, ~1!

with the effective massesmz taken from Table II. Thus, in
directions other than@001# 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
states, the conservation of the subband index,Dn50 ~for
infinite barrier height!, is valid in the usual way.21 The sub-
band index conservation rule is relaxed if the barrier height
is finite, however, the strongest transition obeysDn50. In
addition, the intensities of Raman transitions withDn.0 at
higher energies are suppressed by an increase in the optical
absorption at theE1 edge.

The optical phonon modes in a HgTe/Hg0.3Cd0.7Te 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
functions are standing waves with the interfaces as nodal
planes. Accordingly, only discrete phonon wave vectors
qp(z)5ezpp/d, pPN, will exist, and the phonon-envelope
functions fq

m(z) will have the approximate form
fq
m(z)5aq

mcos(mpz/d) for m.0, odd and fq
m(z)

5aq
msin(mpz/d) for m even.22 Here,aq

m is a constant ampli-
tude factor, and the coordinatez runs from the center of the
layer to the next interface. The modes have to be grouped
into odd and even modes according to the parity of the en-
velope functionfq

m(z) with respect to the center of the well
or the barrier.

B. Raman selection rules at theE1 gap in HS’s

The electronic quantization at theE1 gap in HS’s modifies
the Raman selection rules and resonance behavior with re-
spect to bulk HgTe. From our experiments we have obtained
the resonance enhancement of the normalized count rate
C/CSi , whereC (CSi) is the scattering rate of the sample
~reference!. This quantity is essentially determined16 by the
Raman scattering efficiency23

FIG. 1. Coordinate systems used in this work.~a! Primed:
Symmetry-adapted system to a single constant-energy ellipsoid.~b!
Unprimed: System oriented along the heterostructure growth direc-
tion z. ~c! Relative orientationsêl of the constant-energy ellipsoids
l to the unprimed coordinate system for a~001! grown heterostruc-
ture: ê15321/2(1, 1, 1!; ê25321/2(1, 1̄, 1̄); ê35321/2(1̄, 1, 1̄);
ê45321/2(1̄, 1̄, 1).
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The scattering efficiency is dealt with as a function of the
incident ~scattered! photon polarization vectorsêL (êS) and
frequenciesvL (vS), the corresponding indices of refraction,
nL and nS , the phonon frequencyV j of branch j , and the
phonon occupation factorn(V j ). Here,Vc5a0

3/4 is the vol-
ume andM*5(1/MHg11/MTe)

21 the reduced mass of the
primitive unit cell with lattice constanta0, andc the speed of
light in vacuum.RJ is the second rank Raman tensor with its
nine independent componentsa, which comprises the predic-
tions of Raman selection rules and relative scattering ampli-
tudes.

For the one-phonon process, the Raman tensorRJ can be
written as24,25

RJ5
nLnS
2p

Vc

u0

1

\vL
S e

m0
D 2ALASB(

n,n8

CB

(
m,m8

VB

dkL2kS ,q

3$êj~q!^cn8uheLucn&@^vm8upucn8& ^ ^cnupuvm&#

3Ec~n8,n;m!dm,m82êj~q!^vmuheLuvm8&

3@^vm8upucn8& ^ ^cnupuvm&#Ev~n;m8,m!dn,n8%, ~3!

whereu05(\Vc/2VM*V j )
1/2 is the zero-point amplitude of

the optical phonon, which contains the scattering volume
V. In Eq. ~3!, AL(S)5(\/2nL(S)

2 vL(S)V«0)
1/2 is a prefactor

due to the quantization of the vector potential, where«0 is
the vacuum permittivity, andkL (kS) denotes the wave vec-
tor of the incident~scattered! photon. The momentum opera-
tor p enters Eq.~3! via the absorption and emission terms of
the electron-photon interaction, whereas the matrix elements
of heL describe the electron-phonon coupling.

The two electron-phonon scattering mechanisms which
obviously provide the essential part of the observed Raman
intensities in our samples16 are the dipole-allowed scattering
by TO and LO phonons, which arises from the DP interac-
tion, and dipole-forbidden scattering by LO phonons due to
F coupling. There exists no evidence in our experiments that
other possible processes, such as the impurity-induced scat-
tering mechanism~see, e.g., Ref. 26!, play an appreciable
role.16

For DP scattering, heL is given by VDP
j (r 8)

5@]Veff /]u
j (r 8)#a0,

27 which expresses the change in the
electron effective potentialVeff induced by the phonon per-
turbationuj (r 8) corresponding to the branchj , whereas in
the case ofF interactionheL5q̂. For Raman scattering at the
E1 gap in a HS the prefactorB has the form22,28

B55 S u0a0D 1

ANDP
E
d
dz jl,k

n* ~z!F2
]fq

m~z!

]z Gjl8,k1q
n8 ~z!dn,n8 for DP interaction,

S 2 iCF

qAV D 1

ANF
E
d
dz jl,k

n* ~z!@fq
m~z!#jl8,k1q

n8 ~z!dn,n8 for F interaction,

~4!

wheredn,n8 takes care of the conservation of the subband indices (n5n8), CF is the Fröhlich coupling constant,
23 andNDP and

NF are normalization constants suitably selected. In the case of DP interaction, the parity of]fq
m(z)/]z must be even~for

Dn50) for the integral in Eq.~4! to be finite, i.e.,fq
m(z) must be odd. For theF coupling, a finite value of this integral

requires thatfq
m(z) has to be even. The evaluation of the integrals in Eq.~4! shows that their contributions decrease strongly

with increasingm.29 Accordingly, it is sufficient to consider only the lowest-order contributions ofm51,2.
In Eq. ~3!, êj (q) denotes the unit vector of the relative sublattice displacementuj (r 8), which is parallel~perpendicular! to

the wave vectorq for LO ~TO! phonons. The summations extend over the conduction subbands CB and the valence subbands
VB, the c andv states are indexed byn, n8, m, andm8. The resonance denominatorsEc andEv are given by

TABLE II. Effective masses for three HS growth directions which are derived from the principal effective
masses in the corresponding ellipsoids (ml ,mt) in the direction parallel (mz) and perpendicular to the growth
(mx , my ; Fig. 1!. nv is the degeneracy of each set of ellipsoids without considering Kramers degeneracy,
mc is the confinement mass derived frommz using the approximationml@mt , md is the approximate value
for the density-of-states massmd5(mx3my)

1/2 for ml@mt l refers to the ellipsoids in Fig. 1~c! ~from Ref.
14!.

Surface mx my mz mc nv md l

~001! mt (mt12ml)/3 (3mtml)/(mt12ml) (3/2)mt 4 A(2mtml)/3 1 ••• 4

~110! mt (ml12mt)/3 (3mtml)/(ml12mt) 3mt 2 A(mtml)/3 1, 4

~110! mt ml mt mt 2 Amtml 2, 3

~111! mt mt ml ml 1 Amtml 1

~111! mt (mt18ml)/9 (9mtml)/(mt18ml) (9/8)mt 3 A(8mtml)/9 2, 3, 4
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Ec~n8,n;m!:5(
k

1

@En8~k2q!2Em~k2kL!2\vS#@En~k!2Em~k2kL!2\vL#
,

Ev~n;m8,m!:5(
k

1

@En~k!2Em8~k2kS!2\vS#@En~k!2Em~k2kL!2\vL#
, ~5!

whereEn(n8) andEm(m8) are subband energies of the conduc-
tion and valence states, respectively, involved in the matrix
elements of the operatorsheL andp occurring in Eq.~3!. A
comprehensive review of the evaluation of Raman tensors at
theE1 gap in semiconductors has been given by Richteret
al.30 The general problem of Raman scattering by optical
phonons in HS’s has been treated in detail by Huanget al.22

The Raman tensorRJDP of DP scattering can be calculated
from Eqs.~3!–~5!. Its diagonal elements, taken between the
states ofL6 andL4,5 symmetry in the CB and the VB, re-
spectively, are the two-band terms, the off-diagonal elements
are due to phonon mediated mixing of the valence bands
~three-band terms!. In the following we restrict ourselves to
an evaluation of the two-band processes, which provide the
essential part to the allowed Raman transition amplitude in
the vicinity of theE1 gap of HgTe.

16 The contributions of the
eight valleys have to be added coherently only for thenn

degenerate gaps (( l) including the spin degeneracy:

RJDP52
A3 f
64p

1

4p«0
S e

m0
D 2 a02a* 3

1

vL~vLvS!
1/2

1

~\V j
m!2

3P82d1,o
5 ~ lnb2 lna!2(

l
êj~q!•êlTJ l , ~6a!

a:5
\vL2E1

n,n8

\V j
m , b:5a21. ~6b!

Here,d1,o
5 5d1,o

5 (c)2d1,o
5 (v), where the optical deformation

potential d1,o
5 (c) @d1,o

5 (v)# describes the phonon-induced
modulation of the CB~VB! at theE1 band gap.27,31 In Eq.
~6a!, we have defineda* :5(\/2m'V j

m)1/2, wherem' is the
reduced effective mass of the electron-hole pair at theE1
gap, andf is the fraction of theL line in the BZ where the
CB and the VB are nearly parallel@ f'1/2 in HgTe ~Ref.
12!#. The transition energy atE1 between the subband states
n andn8 in the VB and the CB, respectively, is denoted by

E1
n,n8, whereas themth confined phonon frequency of branch

j is indicated by V j
m . Furthermore, P8:5 i ^X8upx8uS&

5 i ^Y8upy8uS& is the Kane matrix element,32,33 and theTJ l
matrices, which are projection operators 12uêl&^êl u onto the
l51, 2, 3, 4 valleys@Fig. 1~c!#, where theêl vectors are unit
vectors pointing in the direction of thel th valley, are taken
from the Appendix. The selection rules for DP scattering are
determined by the sum in Eq.~6a!, where the unit vectors
êj (q) and êl have to be evaluated within the unprimed coor-
dinate system of the sample@Figs. 1~b! and~c!#. Final results
for the three surface orientations under study have been sum-
marized in Table III.

The Raman tensorRJF of F scattering at theE1 gap in a
HS can be written as

RJF52 i
I ~z!

16p2

1

4p«0
S e

m0
D 2 a0

2

V1/2u0

1

vL~vLvS!k
1/2

1

~\VLO
m !2

3P82CF ~ lnb2 lna!DM êLO~q!•qz2(
l
TJ l , ~7a!

where

DM :5
]2

]qz
2 $@M ~qz!#n82@M ~qz!#n%qz50 , ~7b!

and

@M ~qz!#n :5E
d
dz jl,k

n* ~z!exp~ iqzz!jl,k
n ~z!. ~7c!

In Eqs. ~7a!–~7c!, qz5mp/d and I (z):5*d(a* kz). Equa-
tion ~7! indicates that in a HS theF scattering may be dipole
forbidden if the envelope functions for the electrons and
holes are identical, which is, however, not generally
obeyed.34 The resulting selection rules from the summations
over thenn degenerate gaps in the different growth direc-
tions are comprised in Table III.

We summarize the influence of the interfaces in a HS on
resonant Raman scattering at theE1 gaps as follows: The
electron-phonon interaction results inDn50 Raman transi-
tions, but contributions withDn52, 4 will also occur with
their intensity decreasing with increasingn. Odd phonon-
envelope modes will be activated by DP interaction with the
largest contribution form51, whereas even modes are ex-
cited byF scattering,m52 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 theE1
gaps for growth directions other than@001# ~Table II!. 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 III.

We shall discuss only a few, albeit characteristic differ-
ences for the various growth directions: No changes occur
for heterostructures grown in the@001# direction except for
frequency shifts due to quantum confinement~see below!
and a possible change in the amplitudesaF andaTO(LO) by a
reduction of the symmetry~cubic to tetragonal!. However, in
the @110# direction, two pairs of degenerate valleys
( l51,4! and (l52,3! exhibit quite different Raman intensi-
ties in polarized@ z̄(x,x)z or z̄(y,y)z# and in depolarized
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@ z̄(x,y)z or z̄(y,x)z# spectra. The contributions of the four
valleys to the spectra derived from the light and heavy
masses are pronouncedly different. As an example, the DP
scattering in the depolarized spectra is concentrated only in
the spectra of the light mass, because thel51,4 ~heavy
mass! gaps do not provide projections of the transition dipole
moments in the directions considered here. In the same man-
ner the dipole-forbiddenF scattering is distributed with dif-
ferent weights over the two pairs of gaps. In the case of the
@111# direction,F scattering occurs solely in the triply de-

generate gaps (l52, 3, 4!. On the other hand, TO scattering
is not influenced by the presence of HS interfaces in this
case.

IV. EXPERIMENTAL RESULTS

A. Samples grown in„001… direction

A typical Raman spectrum of a~001! grown
HgTe/Hg0.3Cd0.7Te HS in the spectral range of the LO and
2LO phonon scattering is shown in Fig. 2. Near 118 cm21

TABLE III. Raman selection rules of deformation potential~DP! and Fröhlich intraband (F) backscatter-
ing from ~001!, ~110!, and~111! surfaces of zinc-blende crystals in the vicinity of theE1 gap. The values for
heterostructures are compiled here together with previous bulk results~Ref. 16!. aF is the LO scattering
amplitude due to theF mechanism,aLO(TO) is the LO~TO! scattering amplitude due to the DP mechanism.
aF , aLO , andaTO are not specified in this work, the values in the bulk differ from the amplitudes in a HS.

~001! face:x5@100#, y5@010#, z5@001#, x15
1

A2
@110#, y15

1

A2
@110#

All gaps degenerate in heterostructures
Selection rules

Scattering geometry Bulk Heterostructure
z̄(x,x)z, z̄(y,y)z uaFu2 uaFu2

z̄(y,x)z, z̄(x,y)z uaLOu2 uaLOu2

z̄(x1 ,x1)z uaF1aLOu2 uaF1aLOu2

z̄(y1 ,y1)z uaF2aLOu2 uaF2aLOu2

~110! face:x5
1

A2
@110#, y5@001#, z5

1

A2
@110#

‘‘Heavy’’ gaps l51,4 and ‘‘light’’ gaps l52,3 in heterostructures
Selection rules

Scattering geometry Bulk Heterostructure

z̄(x,x)z 9
16

uaFu21uaTOyu
2 l51,4: 9

64
uaFu21

9
4

uaTOyu
2

l52,3: 9
64

uaFu21
1
4

uaTOyu
2

z̄(y,y)z uaFu2 l51,4: 1
16

uaFu21uaTOyu
2

l52,3: 9
16

uaFu21uaTOyu
2

z̄(y,x)z, z̄(x,y)z uaTOxu
2 l51,4: 0

l52,3: uaTOxu
2

~111! face:x5
1

A6
@112#, y5

1

A2
@110#, z5

1

A3
@111#

‘‘Heavy’’ gap l51 and ‘‘light’’ gaps l52,3,4 in heterostructures
Selection rules

Scattering geometry Bulk Heterostructure

z̄(x,x)z, z̄(y,y)z U56aF2
1

A3
aLOU212

3
uaTOxu

2 l51: 27
16

uaLOu2

l52,3,4: U56aF1
5

4A3
aLOU212

3
uaTOxu

2

z̄(y,x)z, z̄(x,y)z 2
3

uaTOyu
2 l51: 0

l52,3,4: 2
3

uaTOyu
2
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the TOHgTe is found as a weak shoulder, which should not
occur in this geometry according to the selection rules~Ta-
ble III!. Its appearance is either due to a nonideal back-
scattering geometry~finite angle of incidence! or due to the
presence of crystal defects. However, the low intensity of
this ‘‘forbidden’’ mode indicates the good quality of the
samples used and the correct optical alignment of the experi-
mental setup. At 136 cm21 the LO phonon of HgTe is ob-
served, the 2LO process at 274 cm21 has comparable inten-
sity near resonance and is a further indication for the good
quality of the MBE samples,35 because at high defect con-
centrations the intensity of the LO process increases with
respect to higher-order LO lines due to a relaxation of the
wave vector conservation for the 1LO scattering process.16

In contrast to the bulk material16 we observe two other
modes below 200 cm21 ~IF at 158 cm21 and LOCdTeat 165
cm21). The CdTe-like LO mode is very weak and rarely
exceeds the noise level. No resonance behavior is displayed
in the energy region of the laser used for our experiments
because theE1 gap in the Hg0.3Cd0.7Te alloy has a different
energy. The IF mode can be interpreted as due to an interface
mode. Interface~IF! modes with this wave number are to be
expected.36,37It displays a weak Raman resonance, similar to
the LOHgTe mode, because it couples to the LO phonons in
the well. Another weak Raman signal~LO1IF! could be
detected at 295 cm21, whose energy equals the sum of the
LO and IF phonon frequencies. Consequently, this excitation
can be attributed to a second-order process in which the
electron-hole pair is scattered twice, once by an LO phonon
and once by an IF phonon.

The inset in Fig. 2 demonstrates the existence of two
mode components between 130 cm21 and 140 cm21. In
addition to the signal at 136 cm21 ~LOHgTe), there exists a
peak at 131 cm21, whose relative intensity depends on the
frequency of the incident laser. This fact was thought to be
due to a surplus flux of Hg during the growth process, pro-
ducing Te-3Hg-Cd clusters.38 However, our investigations,
especially the observation of the 131 cm21 mode in nomi-
nally pure epitaxial HgTe layers, support the results of a

lattice dynamical calculation of Talwar and Vandevyver39

that a Te ion on a Hg site~Te antisite! gives rise to a local
mode of the correct frequency 131 cm21.

The general appearance of the Raman resonance profile of
a HgTe epitaxial layer at theE1 gap has been published
previously.16 In order to examine confinement effects on the
electronic states at theE1 gap in heterostructures, the Raman
resonance enhancement of the LOHgTe and the 2LOHgTe pho-
non scattering has been investigated for an epitaxial layer as
well as quantum wells with different well widthsd. The laser
energies displaying the maximum scattering cross section for
LO and 2LO processes are plotted as a function of 1/d2 in
Fig. 3. A definite blueshift for decreasing well widths is
clearly observed, resulting in a linear dependence on 1/d2.

The confinement massesmc have been derived from the
slopes of the solid lines in Fig. 4 assuming infinitely high
barriers. We have obtainedmc50.209m0 from the LO reso-
nance andmc50.233m0 for the 2LO resonance. Taking the
relationship betweenmc and the transverse massmt given in
Table II into account (mc'3/2mt), an experimental value
for the transverse massmt at the E1 gap is obtained:
mt50.14m0 ~from LO! andmt50.15m0 ~from 2LO!. Effec-
tive masses fromk–p theory have been derived in conjunc-
tion with reflection measurements at HgTe epilayers:
mt
CB50.09m0 and mt

lh50.219m0, resulting in
mt
k–p5(1/mt

CB11/mt
lh)2150.07m0.

16 Other values for the
effective masses atE1 have been obtained from tight-binding
calculations15,40 resulting inmt

tb50.22m0. Our experimental
valuemt

exp is thus intermediate between the two calculated
results,

mt
k–p,mt

exp,mt
tb ,

which is very satisfying. The results presented in Fig. 3 in-
dicate the existence of confined charge carriers with crystal
momenta near theL points of the BZ, localized in the HgTe
wells ~type I HS!. This is clear evidence for confinement in

FIG. 2. Raman spectrum of a HgTe/Hg0.3Cd0.7Te SQW ~001!,
sample Q148~Table I!, close to resonance with theE1 gap ~laser
energy: 18 106 cm21). The inset displays the fine structure in the
range around the HgTe-like LO phonon of the similar sample Q82,
where the total scattering intensity increases with the laser fre-
quency, i.e., the resonance of the 131 cm21 mode occurs at lower
energy.

FIG. 3. Quantum confinement effects of several SQW’s and
MQW’s of varying well widthd grown in the~001! direction ~see
Table I!. The effective gap energies~laser energies of maximum
Raman scattering intensitiesCmax) are plotted againstd

22 @Eq. ~1!#.
The subband energies of second and higher ordersn, n8 have been
calculated using the effective masses derived from then,n851 re-
sults.
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Hg based II-VI materials outsideG and at energies above the
lowest gap. Tejedoret al.41 have previously presented evi-
dence for a similar confinement in the III-V material GaSb-
AlSb @~001! SL# at L by observing the Raman resonance at
theE1 edge.

Using the average effective massmt
exp'0.145m0 as deter-

mined above, the energies of higher subband transitions
(n52→n852) can be easily determined from Eq.~1! and
compared with the Raman resonance above the lowest sub-
band transition~Fig. 4!. A weak resonance which peaks
within 50 cm21 of the calculated position has been observed
both in z̄(x,x)z and inz̄(x1 ,x1)z geometry~Table III!. Thus
the existence of this secondary maximum has been verified.

B. Samples grown in†110‡ and †111‡ directions

Taking the effective massmt
exp for the @001# direction and

assumingml@mt , the effective gaps for the@110# and@111#
grown samples have been plotted in Fig. 5 as a function
1/d2 using the data from Table II. Splitting of the gap ener-
gies in directions other than@001# becomes evident. The en-
ergies from this plot have been used in the following figures
to indicate the calculated positions of the ‘‘light’’ and
‘‘heavy’’ resonances with arrows.

In Fig. 6 the z̄(x,x)z Raman resonances for a~110!
sample with well widthd55 nm, and a~111! sample with
d512 nm, have been compiled for the LO and the TO pho-
non scattering. The predicted splitting into two resonances is
clearly obvious for the TO phonon in the~110! sample@Fig.
6~a!# but could not be resolved in the~111! sample with the
larger well width@Fig. 6~b!#. The calculated confinement ef-
fects as displayed in Fig. 5 predict the experimental results,
i.e., position of maxima and size of splitting, very well. The
intensity relationship between the light and heavy resonances
for LO and TO phonons as predicted by the selection rules in
Table III is also met, at least qualitatively. It can be con-
cluded that theF mechanism, whose Raman intensity is of
equal strength for both resonances, is responsible for LO
scattering in~110!. The scattering amplitude of the TO pho-
non is three times stronger for the heavy resonance than for
the light one, in fair agreement with theory. The lower inten-
sity of the light LO resonance as compared to the heavy one
is, at least partially, due to an increase of absorption above
the heavyE1 energy gap. Absorption corrections, which are
proportional to the density-of-states masses~Table II!, have
not been performed, nor have the envelope functions, which
determine the transition matrix elements@M (qz)#n @Eq. ~7!#,
been calculated and considered. Consequently, the scattering
amplitudesaF , aLO , andaTO ~Table III! are different from
their bulk values in a HS. These differences have not been
calculated here.

In Fig. 7 the LO and TO resonances of a~110! bulk
sample are shown in parallel and crossed polarizations, to-
gether with thez̄(y,x)z resonance for the MQW of Fig. 6~a!.
In the z̄(y,x)z geometry only the TO phonon is active both
in the bulk and in the HS, as predicted in Table III and in
Ref. 16. The TO resonances in the bulk peak near 18 350
cm21, the difference of about 100 cm21 betweenz̄(x,x)z,
and z̄(y,x)z geometry has been discussed in Ref. 16 but has
not yet been satisfactorily interpreted. A comparison of Fig.
7~a! with Fig. 6~a!, and Fig. 7~b! with Fig. 7~c! clearly dem-
onstrates the existence of confinement effects at theE1 gap.
Between the bulk and a quantum well withd55 nm there

FIG. 4. Raman resonances of the LO phonon scattering in the
MQW Q165 ~Table I! for two different geometries defined in Ta-
ble III. The experimental count ratesC have been normalized with
respect to a Si standard (CSi). The arrows indicate the positions of
the calculated interband transitions using the observed effective
masses and the well widths determined by x-ray scattering. The
solid lines are drawn to serve as a guide to the eye.

FIG. 5. Calculated effective gap energies for~001!, ~110!, and
~111! grown samples as a function of the well widthd. The calcu-
lations are based on the experimental value ofmt

exp50.145m0 and
on the ‘‘light’’ and ‘‘heavy’’ effective masses of Table II,
ml@mt has been assumed.
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exists a frequency shift of more than 1000 cm21 for the TO
resonance inz̄(y,x)z geometry, which is the combined result
of light-heavy mass splitting and confinement. The fre-
quency shift is larger than expected for a 5 nmwell width as
shown in Fig. 5. This is most probably due to the fact that,
for low d and an interface width of about four monolayers,
the shape of the potential well is roughly parabolic rather
than rectangular as assumed in the calculation of Fig. 5, with
a larger effective band gap for the parabolic case.

Figure 8 together with Fig. 6~b! shows effects of both
confinement and selection rules~Table III! for the two~111!
grown samples. The arrows again indicate the calculated po-
sitions ~Fig. 5! of the resonances, in Fig. 8~a! for the d512
nm sample, in Fig. 8~b! and Fig. 8~c! for the d'6 nm
sample. For the latter, as for Fig. 7, we have to assume a
nonrectangular well shape, corresponding to a square well of
d'4.5 nm. As expected~Table III!, only TO phonons are
active at the light gap in crossed polarization, whereas LO
phonons are more intense than TO in the parallel geometry,
in agreement with the selection rules. Both the DP andF
mechanisms contribute to the intensity. The observed reso-
nances are rather asymmetric@Fig. 8~b!#, perhaps due to un-
usually strong fluctuations of the well width.

Finally, Fig. 9 displays resonances observed for second-
order Raman processes~LO1IF and 2LO!. The frequency
shift between polarized and depolarized scattering~light and
heavy gap! corresponds to the value found in Fig. 7, the

stronger intensity observed for the polarized geometry indi-
cates that the Fro¨hlich mechanism is most effective for the
2LO scattering.

V. CONCLUSIONS

We have performed resonant Raman scattering experi-
ments in epitaxially grown HgTe/Hg0.3Cd0.7Te heterostruc-
tures. Using laser energies in the range of theE1 gap of
HgTe, we have observed Raman signals from LO and TO

FIG. 6. Confinement effects in a~110! sample@~a!, Q346# and a
~111! sample@~b!, Q303# for the LO and TO modes. The arrows
indicate the calculated resonance energies taken from Fig. 5.

FIG. 7. Comparison of Raman resonances for TO and LO scat-
tering in ~110! grown samples in an EL@Q342,~a! and ~b!# and in
a MQW @Q346, ~c!#. The arrows in~a! and ~b! indicate theE1

transition energies as obtained from a reflectivity study~Ref. 16!.
The frequency difference between the maxima in~a! and 6~a!, and
in ~b! and~c!, are the result of quantum confinement of the heavy or
light mass, respectively, at theE1 gap.
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phonons within the wells with the frequencies of bulk HgTe
~TO: 118 cm21, LO: 136 cm21). These modes are heavily
damped in the Hg0.3Cd0.7Te barriers~‘‘confined’’ modes!.
Thus their resonance behavior permits the investigation of
the electronic states within the HgTe wells. In addition to the
LO and TO modes, two other phononlike modes are ob-
served in the spectra. One can be interpreted as an interface
mode, whereas the other excitation~local mode at 131
cm21) probably has its origin in a substitutional defect~Te
on a Hg site!.39

A plot of the LO and 2LO resonances as a function of the

inverse square of the well widthd ~4.8 nm<d< 2000 nm!
is linear~Fig. 3!, as expected for a quantum well with a large
potential drop in a HS of type I. This is direct proof of the
confinement of carriers at theE1 gap, i.e., near theL points
of the BZ. The transverse effective massmt is found to be
mt50.145m0, and the assumption thatml@mt was con-
firmed by the good agreement with experiment. This result is
supported by our observations using~110! and ~111! grown
samples. The~001! values are found to lie intermediate be-
tween those calculated withk–p and tight-binding models.
Our model correctly describes the observation of a Raman
resonance with an excited subband. Differences between ep-
ilayers and multiple quantum wells have not been found,
which indicates that the envelope functions of the electronic
states are localized just as the phonons in the wells and are
heavily damped in the Hg0.3Cd0.7Te barriers.

The degeneracy of theE1 gap is lifted for~110! and~111!
grown samples due to a lowering of symmetry. Two clearly
separate resonance maxima occur. Their positions can be
well predicted theoretically using the effective masses given
above. The Raman selection rules are completely different
for these orientations as compared to the bulk. They are cal-
culated here for theE1 gap in the HS using the well estab-
lished models for deformation potential and Fro¨hlich intra-
band scattering. There is at least a qualitative agreement
between the calculated results and the experimental data. For
a quantitative comparison, values for the optical absorption
in the HS as well as the analytical form of the envelope

FIG. 8. Raman resonances in~111! grown samples Q303~a! and
Q343~b,c! for LO and TO excitations. As was the case previously,
the arrows indicate the calculated resonance positions. The addi-
tional arrows in~b! and ~c! mark the calculated light gap energies
under the assumption of an effective well width ofd54.5 nm due
to a nonrectangular well shape.

FIG. 9. Higher-order Raman resonances~2LO and LO1IF! in
the ~110! sample Q346, for~a! polarized@ z̄(x,x)z# and~b! depolar-
ized @ z̄(y,x)z# geometry.
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functions are needed to calculate the transition matrix ele-
mentsM (qz)n . Such calculations are highly desirable.

The existence of quantum confinement effects at theE1
gap, i.e., above theE0 gap, is based on the observations of
energy shifts of the electronic subbands, which are linear in
d22, and on the correct predictions of the energy gaps cor-
responding to light and heavy masses in growth directions of
lower symmetry. Is there a chance that these effects are
feigned by a small residual concentration of Cd in the wells,
which increases slightly with decreasingd due to nonlinear
diffusion? An additional Cd concentration of about 4% in
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-
ists for our samples.20 They did not experience an annealing
treatment which is found necessary to produce this
effect.19,42Since nonlinear diffusion is presumably mediated
by defects such as vacancies or interstitials,19 such effects
should be more effective in layers grown in@110# and@111#
directions with higher defect concentrations due to the larger
lattice mismatch with the substrate. As has been shown
above, the results on quantum confinement obtained in these
samples agree however very well with the calculated results
using effective masses obtained from high quality~001!
samples with low defect concentration. The observed linear
dependence of the energy shift ond22 is clearly indicative of
quantum confinement but difficult to be interpreted by non-
linear diffusion.
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APPENDIX

TheTJ l matrices for the growth directions defined in Table
III read

@100# orientation:43

TJ15
1

6S 2 21 21

21 2 21

21 21 2
D , TJ25

1

6S 2 1 1

1 2 21

1 21 2
D ,
~A1!

TJ35
1

6S 2 1 21

1 2 1

21 1 2
D , TJ45

1

6S 2 21 1

21 2 1

1 1 2
D ;

@110# orientation:

TJ1,45
1

6 S 3 0 0

0 2 7A2
0 7A2 1

D ,
~A2!

TJ2,35
1

6 S 1 7A2 0

7A2 2 0

0 0 3
D ;

@111# orientation:

TJ15
1

6S 3 0 0

0 3 0

0 0 0
D ,

TJ2,35
1

6 S 7/3 6A4/3 A2/3
6A4/3 1 7A2/3
A2/3 7A2/3 8/3

D , ~A3!

TJ45
1

6S 1/3 0 2A8/3
0 3 0

2A8/3 0 8/3
D .
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